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Preface

This Special Issue honors Prof. Dr. Christian Reichardt, who is a pioneer and leading expert

in the area of solvatochromic probe studies. His most notable research in the area involves the

development of the ET(30) and normalized ETN solvent polarity scales based on the UV-visible

absorption spectrum of the zwitterionic 2,6-diphenyl-4-(2,4,6-triphenyl-1-pyridinium)phenolate dye

molecule (commonly referred to as Reichardt’s dye). ET(30) values have been used to examine

preferential solvation in binary solvent mixtures, to measure trace water concentrations in organic

mono-solvents, to probe the surface polarities of chemically functionalized silica particles, and to

examine the interfacial regions of aqueous micelles formed by cationic surfactants.

Specific topics covered in this Special Issue include five review articles as well as ten

original research papers and communications that report the synthesis of new solvatochromic

probe molecules, measurement of new spectroscopic data, and development of new computational

methods. Each article is authored by leading experts in their respective fields.

The review articles contained in this Special Issue describe the following: (a) the

behavior of solvatochromic and molecular acid-base probes dissolved in molecularly organized

aqueous-surfactant solvent media; (b) the polarity of aqueous-organic cosolvent mixtures as

measured with Reichardt’s B30 and related solvatochromic probe molecules; (c) the strategies

employed by industrial chemicals in identifying replacement solvents for the processing of active

pharmaceutical ingredients (APIs) and related compounds; and (d) the application of solvatochromic

probes to quantify solute-solvent interactions in water, organic mono-solvents, and binary mixtures.

Each review article cites between 60 and 245 published papers. Other topics covered in this Special

Issue include the classification of both conventional and green rubber plasticizers using the Nile

Red and Reichardt’s ET(30) polarity scales; determination of the solvation properties of protic ionic

liquids through spectroscopic probe studies and molecular dynamic simulations; examination of the

lithium-cation induced changes in the physicochemical properties of deep eutectic solvents using

solvatochromic probe molecules; critical comparisons between the different published polarity and

hydrogen-bonding scales; synthesis and photophysical properties of new classes of solvatochromic

probe molecules; use of DFT computations as a tool for designing new solvatochromic probes for

biological applications; and utilization of solvent polarity and hydrogen-bonding scale values to

predict the solubility of crystalline nonelectrolyte solutes in organic mono-solvents and binary solvent

mixtures. The large range of topics covered illustrates that solvatochromic probe studies have been

and still continue to be a very important, active research area.

William E. Acree, Jr. and Franco Cataldo

Editors
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Review

How the Concept of Solvent Polarity Investigated with
Solvatochromic Probes Helps Studying Intermolecular
Interactions
Heinz Langhals

Department of Chemistry, LMU University of Munich, Butenandtstr. 13, 81377 Munich, Germany;
langhals@lrz.uni-muenchen.de

Abstract: Intermolecular interactions form the basis of the properties of solvents, such as their
polarity, and are of central importance for chemistry; such interactions are widely discussed. Solvent
effects were reported on the basis of various polarity probes with the ET(30) polarity scale of Dimroth
and Reichardt being of special interest because of its sensitivity, precise measurability and other
advantages, and has been used for the investigation of solvent interactions. A two-parameter equation
for the concentration dependence of medium effects has been developed, providing insights into
structural changes in liquid phases. Moving from condensed gases to binary solvent mixtures,
where the property of one solvent can be continuously transformed to the other, it was shown how
the polarity of a solvent can be composed from the effect of polar functional groups and other
structural elements that form the matrix. Thermochromism was discussed as well as the effect of very
long-range interactions. Practical applications were demonstrated.

Keywords: solvent polarity scales; ET(30) scale; condensed phases; binary mixtures; solvent structure

1. Introduction

Most chemical syntheses were carried out in the liquid phases [1] where the average
distances between molecules are small [2]. Noncovalent intermolecular interactions [3] are
important in such condensed phases; they dominate the properties of chemical materials,
and will subsequently be analyzed below. Adjusting the pressure of gases is a useful
method for setting intermolecular distances and allows the systematic study of such effects.

2. General Intermolecular Interactions

The impact of a molecular chemical material such as the pressure p of gases depends
on the numbers of particles in a volume, more conveniently indicated by the molar con-
centration c. Starting from highly diluted gases with essentially independent particles,
the impact p is expected to be proportional to the concentration c giving the differential
Equation (1).

dp = const1·dc (1)

As the concentration increases, the impact is changed more and more due to inter-
actions of the particles, and the changes are expected to increase with the concentration
of particles. Inverse proportionality implies a basic approach leading to the differential
Equation (2), where the constant E stands for the energetic effect of c on p.

dp = E/c·dc (2)

Liquids 2023, 3, 481–511. https://doi.org/10.3390/liquids4020015 https://www.mdpi.com/journal/liquids1
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Multiplying Equation (2) by c and dividing by the scaling factor c* for the discrimina-
tion between the two extrema of Equations (1) and (2) and adjusting the dimensions yields
Equation (3), where c = 0 can be included (E/c* = const2).

c/c*·dp = const2·dc (3)

The differential Equation (4) results from the addition of Equations (1) and (3) and the
subsequent separation [4] of the variables p and c.

dp =
const2( c
c∗ + 1

) dc (4)

Finally, Equation (5) is obtained by the integration of Equation (4) with the integration
constant po; the latter is zero for diluted gases because the pressure p vanishes for infinite
dilution of gases.

p = E·ln
( c

c∗ + 1
)
+ po (5)

Equation (5) ends up in the ideal gas equation for diluted gases by a Taylor series
expansion and truncation after the linear term forming Equation (6), where c << c* and the
concentration c is the number of moles n over the volume V.

p ≈ E
(c + c∗) · c ≈ E

c∗ · c =
E n

c ∗ V
(6)

Thus, the ideal gas equation (7) is obtained with R·T = E/c*.

p·V ≈ n · E
c∗ = n · R·T (7)

Equation (5) is an exact description [5] of the concentration dependence of the pressure
of gases such as is shown for the precisely measured isotherms by Michels and Michels [6].
A typical linear correlation (performance of target to actual comparison) according to
Equation (5) is shown in Figure 1 (a high accuracy of the linear correlation is achieved
where deviations from experimental data are within 10 to about 20 ppm).
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Figure 1. Typical linear correlation between p and ln (c/c* + 1) according to Equation (5): CO2 at
75.260 ◦C, c < 3.1 mol·L−1; E = 133.4 at, c* = 4.5 mol·L−1, r = 0.999 998, n = 10; deviations in the
correlation from experimental data of 10 until 20 ppm.
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When the CO2 concentration c exceeds a threshold value ck(I-II) of 3.1 mol·L−1, the
dependence on the pressure in the low concentration region I changes abruptly to reach
the concentration region II (see Figure 2). Equation (5) is also valid for region II, but with
different parameters E and c*, and po is different from 0.

p = po·eE ·c + p∗ (8)
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curves were calculated [5] by means of Equations (5) and (8) and the application of the method of
least squares to fit the experimental data. Measurements at very high pressure were included, but
not shown in the right-hand diagram for graphical clarity. Temperatures (rounded): 25, 32, 40, 50,
75, 100, and 140 ◦C (see Ref. [9]) ck(I-II) ∼= 3.1 mol·L−1 (concentration for the change from solvent
structure I to II), ck(II-III) ∼= 10 mol·L−1 (concentration for the change from solvent structure II to III).
(a) Enlarged region I (c < 3.1 mol·L−1). (b) Complete region I, II, and III; filled circles for region I and
III, squares for region II, triangles for the biphasic region.

At even higher pressure, when c exceeds ck(II-III) of 10 mol·L−1 the region III is
reached. There, an exponential increase in p with concentration c was found and can be
described by Equation (8) where p* means a base pressure.

This more generally observed behavior of gases was interpreted in terms of structural
changes in the medium; such effects are also considered to be fundamentally important for
non-covalent interactions in solvent effects and will be more differentiated. The concentra-
tion ck(I-II) for the transition from region I to region II of about 3.1 mol·L−1 corresponds to
an edge length of 8.1 Å of a cube for one molecule, with mean intermolecular distance of
4.5 Å because of the statistical molecular movement [2]. This means about twice the molec-
ular length between the nuclei of oxygen of 2.3 Å [10]. The concentration ck(II-III) for the
transition from region II to region III of about 10 mol·L−1 corresponds cube lengths of 5.5 Å
and a mean intermolecular distance of 3.0 Å, not far away from the molecular dimensions
and the intermolecular distance of 2.76 Å between the oxygen atoms in solid CO2. There is
a minimal restriction of the molecular motion in the region I, with a comparably abrupt
change to permanent molecular contacts in region II. Finally, when ck(II-III) is exceeded,
the molecules are essentially densely packed, with further increases in concentration and
density, respectively, is restricted by the prevailing effects of molecular compressibility,
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causing an exponential increase in pressure. The formation of the liquid phase is observed
in region II. This may be due to limited miscibility of densely packed molecular aggregates
with loosely packed assemblies. The surface tension between such structures is responsible
for the formation of two phases, becomes smaller with an increasing temperature, and with
lowering the range of two phases, and finally vanishes at the critical point [11] at 31.0 ◦C
for carbon dioxide.

Further information can be obtained from the temperature dependence of the parame-
ters of Equation (5). The values of E and c* in region I increase monotonically and smoothly
with temperature T (see Figure 3), while in region II a slight increase is observed at lower
temperatures, rising rapidly between 70 and 120 ◦C and increasing again slightly when
this range is exceeded (this behavior is clearly observed, even being appreciable above
the critical point of 31.0 ◦C). The influence of the temperature is interpreted in terms of
region I essentially being dominated by isolated molecules, whereas region II has a complex
dynamic arrangement of isolated molecules and aggregates. As a result, two phases formed
at low temperatures due to their limited miscibility which at higher temperatures cause the
rapid change in parameters shown in the inset of Figure 3, for which thermally induced
dissociation of such aggregates is held responsible; the latter resembles the melting of
clusters. Such assemblies are important for solvent effects and will be further discussed
below.
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3. General Solvent Effects

Condensed phases are widely used as media in chemistry and technology. Liquid
phases are not only obviously used as solvents for an easier and more efficient handling
of dissolved solids and to disperse them until the molecular level, but are also capable of
interacting with substrates and imparting new properties through solvation. For example,
the handling of the ethyl anion is very difficult in the gas phase because of the strongly
exothermic tendency to lose one electron to form the ethyl radical [12,13]; on the other
hand, a complexed and solvated ethyl anion such as the ethyl Grignard reagent [14] in
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ether is fully stable and applied in routine preparative chemistry. Moreover, an appreciable
influence of solvents on the rate of chemical reactions was found, documented early on
by Berthelot [15] in esterification reactions. More extended investigations [16] were made
by Menschutkin, who studied the quarternization [17,18] of triethylamine [19]; he not
only found a considerable influence of the solvent on the reaction rate, but also noted
strong effects due to the ions involved. The polarity of a medium seemed to be of central
importance. Menschutkin’s system was not ideal for the general study of solvent effects
on chemical reaction rates because the effects involve both the electrophilic substrate for
nucleophilic substitution reactions and the nucleophile itself; the separation of individual
effects becomes difficult. Clausius Mossotti [20] and Kirkwood [21,22] took a physical
approach to solvent effects using the relative dielectric permittivity (dielectric constant εr)
as the fundamental physical property of a medium in which the solute occupies a spherical
or more ellipsoidal volume in the homogenous solvent. The local electric field of the
solute causes a polarization of the medium with pronounced effects of charged particles.
Debye [23,24] described two extrema of polarization, the orientation polarization where
the positions of atomic nuclei are altered, and the shift polarization when charge separation
is induced by displacement of electrons only. Orientation polarization dominates in media
consisting of sufficiently large dipoles and can be determined using the static permittivity
or at low frequencies compared with the correlation time of molecular orientation; the
Clausius–Mossotti function (Figure 4) was derived (solute occupies a spherical volume)
to describe the effect proportional to (εr − 1)/(εr + 2). Higher frequencies as in the optical
range are useful for determining shift polarization because the comparably heavy atomic
nuclei can no more follow an external field; the index of refraction is a measure of this
because it is quadratic with permittivity at such high frequencies [25]. However, the index
of refraction is a complex number where the imaginary part concerns the optical absorption
of the material. In general, solvents are colorless and thus transparent in the visible range,
with absorption bands only in the UV and NIR causing anomalous dispersion there. As
a consequence, the center of the visible range is far away from such interference and
particular suitable for obtaining the real part of the index of refraction. The sodium D
emission line at 589 nm was a versatile light source for the determination of the refractive
index and proved to be a good choice because it is located approximately in the middle
of the visible range, far from the absorption bands mentioned above. The polarization
polarity is calculated from the index of refraction n at the wavelengths of the D line by the
Lorentz–Lorenz function [25] (n2 − 1)/(n2 + 2).

Liquids 2023, 3, FOR PEER REVIEW 5 
 

 

ether is fully stable and applied in routine preparative chemistry. Moreover, an apprecia-
ble influence of solvents on the rate of chemical reactions was found, documented early 
on by Berthelot [15] in esterification reactions. More extended investigations [16] were 
made by Menschutkin, who studied the quarternization [17,18] of triethylamine [19]; he 
not only found a considerable influence of the solvent on the reaction rate, but also noted 
strong effects due to the ions involved. The polarity of a medium seemed to be of central 
importance. Menschutkin’s system was not ideal for the general study of solvent effects 
on chemical reaction rates because the effects involve both the electrophilic substrate for 
nucleophilic substitution reactions and the nucleophile itself; the separation of individual 
effects becomes difficult. Clausius Mossotti [20] and Kirkwood [21,22] took a physical ap-
proach to solvent effects using the relative dielectric permittivity (dielectric constant εr) as 
the fundamental physical property of a medium in which the solute occupies a spherical 
or more ellipsoidal volume in the homogenous solvent. The local electric field of the solute 
causes a polarization of the medium with pronounced effects of charged particles. Debye 
[23,24] described two extrema of polarization, the orientation polarization where the po-
sitions of atomic nuclei are altered, and the shift polarization when charge separation is 
induced by displacement of electrons only. Orientation polarization dominates in media 
consisting of sufficiently large dipoles and can be determined using the static permittivity 
or at low frequencies compared with the correlation time of molecular orientation; the 
Clausius–Mossotti function (Figure 4) was derived (solute occupies a spherical volume) 
to describe the effect proportional to (εr − 1)/(εr + 2). Higher frequencies as in the optical 
range are useful for determining shift polarization because the comparably heavy atomic 
nuclei can no more follow an external field; the index of refraction is a measure of this 
because it is quadratic with permittivity at such high frequencies [25]. However, the index 
of refraction is a complex number where the imaginary part concerns the optical absorp-
tion of the material. In general, solvents are colorless and thus transparent in the visible 
range, with absorption bands only in the UV and NIR causing anomalous dispersion 
there. As a consequence, the center of the visible range is far away from such interference 
and particular suitable for obtaining the real part of the index of refraction. The sodium D 
emission line at 589 nm was a versatile light source for the determination of the refractive 
index and proved to be a good choice because it is located approximately in the middle of 
the visible range, far from the absorption bands mentioned above. The polarization polar-
ity is calculated from the index of refraction n at the wavelengths of the D line by the 
Lorentz–Lorenz function [25] (n2 − 1)/(n2 + 2). 

  
Figure 4. (Left) Kirkwood function (vertical axis) as a function of the relative dielectric permittivity 
εr. The dashed vertical line corresponds to 90% of the maximal value of the Kirkwood function [22]. 
The εr values of methanol (33) and water (78) are indicated by vertical lines. (Right) The index of 
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values of the highly polarizable carbon disulfide (1.62) as versatile solvent and N-methylacetamide 
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Figure 4. (Left) Kirkwood function (vertical axis) as a function of the relative dielectric permittivity
εr. The dashed vertical line corresponds to 90% of the maximal value of the Kirkwood function [22].
The εr values of methanol (33) and water (78) are indicated by vertical lines. (Right) The index of
refraction nD as a measure of the polarizability of solvents. The region of nD of solvents essential for
preparative chemistry extends between the values for water (1.33) and diiodomethane (1.74). The
values of the highly polarizable carbon disulfide (1.62) as versatile solvent and N-methylacetamide
(1.43) with high εr are marked by vertical lines.
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According to the Debye function, solvent polarity by orientation (named dipolarity for
short) and by displacement polarization (named polarizability for short) were discussed
individually. The use of the relative dielectric permittivity (dielectric constant εr; see
Figure 4, left) to describe the dipolarity of solvents [26] is not consistent with general
chemical experience because of the rapid saturation at which 90% of the effect is achieved for
εr = 28 (this is even worse in models for ellipsoidal occupancies). Moreover, the appreciable
and chemically important difference in chemical solvent polarity between methanol and
water is barely reflected in the model, and solvents such as N-methylformamide (εr = 182)
and N-methylacetamide (εr = 191) would be incorrectly estimated to be even appreciably
more polar than water (εr = 78). The Lorentz–Lorenz [27] function [28] in Figure 4, right,
indicates a comparably narrow range of nD values relevant for solvents most commonly
used in preparative chemistry, between the lower limit given by polar water (nD = 1.33)
and the highly polarizable carbon disulfide (nD = 1.62). The upper limit is given by the
rarely used solvent diiodomethane (nD = 1.74). Again, water is estimated to be less polar
than N-methylacetamide (nD = 1.43). Linear combinations between functions of εr and nD
did not yield substantial improvement [29–33]. Finally, a theory of dipole swarms was
developed [34] but is limited to minor polar solvents. The mentioned discrepancies may
be caused by the fact that a macroscopic volume property of a medium is characterization
by permittivity, while chemical reactions and solvation are determined by microscopic,
molecular effects.
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lg (k/k80E) = m·Y (9)

Significant progress was made by using the solvolysis of tert-butyl chloride, com-
pound 1, as a molecular polarity probe by Grunwald, Winstein, and Jones [35–37]. The 
logarithm of the rate constant k of the unimolecular ionization (SN1 reaction) of an alkyl 
halide over the rate constant k80E of the reference reaction of solvolysis of tert-butylchlo-
ride, compound 1, in 80% ethanol/water (80E) was set to the product of m as the reaction-
characterizing parameter and Y as the solvent-characterizing parameter in Equation (9). 
This linear free energy relationship (LFE) [38] is equivalent to Hammett’s equation [39] for 
substituent effects. By definition, m becomes one for the solvolysis of tert-butylchloride (1) 
and Y becomes zero for the reference 80% ethanol/water (80E). The Y values for solvent 
polarity correspond well to chemical experience, but the polarity scale is not universal 
being limited to sufficiently strong ionizing solvents such as alcohols and mixtures of al-
cohols and water. Substrates more complex than 1 can lead to deviations [40].  

Z = 28,591 [nm·kcal·mol−1]/λmax (10)

Kosower introduced [41] the more universal solvatochromic polarity probe 2 in 
which ionization to generate charge was replaced by the reverse process, the loss of charge 
by an optically induced charge transfer (see Figure 5). Solvation affects the polar ground 
state of salt 2 and lowers its energy, while the electrically neutral electronically excited 
state is only slightly affected by solvent effects, due to the lost charge. The molar energy 
of electronic excitation of the maximum (λmax) of the CT band of 2 is obtained by Equation 
(10) and was defined as the Z polarity scale; the dimension is not given in SI units because 
of the more convenient kcal/mol at the period of publications and is also retained here for 
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lg (k/k80E) = m·Y (9)

Significant progress was made by using the solvolysis of tert-butyl chloride, com-
pound 1, as a molecular polarity probe by Grunwald, Winstein, and Jones [35–37]. The
logarithm of the rate constant k of the unimolecular ionization (SN1 reaction) of an alkyl
halide over the rate constant k80E of the reference reaction of solvolysis of tert-butylchloride,
compound 1, in 80% ethanol/water (80E) was set to the product of m as the reaction-
characterizing parameter and Y as the solvent-characterizing parameter in Equation (9).
This linear free energy relationship (LFE) [38] is equivalent to Hammett’s equation [39] for
substituent effects. By definition, m becomes one for the solvolysis of tert-butylchloride (1)
and Y becomes zero for the reference 80% ethanol/water (80E). The Y values for solvent
polarity correspond well to chemical experience, but the polarity scale is not universal being
limited to sufficiently strong ionizing solvents such as alcohols and mixtures of alcohols
and water. Substrates more complex than 1 can lead to deviations [40].

Z = 28,591 [nm·kcal·mol−1]/λmax (10)

Kosower introduced [41] the more universal solvatochromic polarity probe 2 in which
ionization to generate charge was replaced by the reverse process, the loss of charge by an
optically induced charge transfer (see Figure 5). Solvation affects the polar ground state
of salt 2 and lowers its energy, while the electrically neutral electronically excited state
is only slightly affected by solvent effects, due to the lost charge. The molar energy of
electronic excitation of the maximum (λmax) of the CT band of 2 is obtained by Equation
(10) and was defined as the Z polarity scale; the dimension is not given in SI units because
of the more convenient kcal/mol at the period of publications and is also retained here for
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polarity scales to avoid confusion (the energy has to be multiplied by 4.184 kJ·kcal−1 to
obtain SI units).
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Figure 5. Schematic representation of the solvent effect on the energetic position (E) of dye 2 in the 
electronic ground and excited states: The energy difference is related to the wavelengths λ of the 
absorbed light in the CT transition ΔE = hν = h·c/λ. 

The Z scale exhibits a linear correlation with the Y scale for various solvents (see inset 
of Figure 6). This LFE indicates that the same effect is described. The Z-scale brought about 
an appreciable progress because it is not limited to strongly ionizing solvents (see open 
circles in Figure 6), but can be extended to solvents with lower polarity (see filled circles 
in Figure 6). However, polarity probe 2 is still not optimal because (i) the solubility in low-
polarity solvents such as hydrocarbons is very low and impedes experimental work, (ii) 
the CT band is in the hypsochromic visible region and is shifted to the next absorption 
band for highly polar solvents so that spectral overlap interferes, (iii) the molar absorptiv-
ity of 1 is comparably low and requires appreciable concentrations for UV/Vis measure-
ments with standard equipment, and this addition may alter the polarity of the solvent 
since it is a polar salt. 

 

Figure 5. Schematic representation of the solvent effect on the energetic position (E) of dye 2 in the
electronic ground and excited states: The energy difference is related to the wavelengths λ of the
absorbed light in the CT transition ∆E = hν = h·c/λ.

The Z scale exhibits a linear correlation with the Y scale for various solvents (see inset
of Figure 6). This LFE indicates that the same effect is described. The Z-scale brought about
an appreciable progress because it is not limited to strongly ionizing solvents (see open
circles in Figure 6), but can be extended to solvents with lower polarity (see filled circles
in Figure 6). However, polarity probe 2 is still not optimal because (i) the solubility in
low-polarity solvents such as hydrocarbons is very low and impedes experimental work,
(ii) the CT band is in the hypsochromic visible region and is shifted to the next absorption
band for highly polar solvents so that spectral overlap interferes, (iii) the molar absorptivity
of 1 is comparably low and requires appreciable concentrations for UV/Vis measurements
with standard equipment, and this addition may alter the polarity of the solvent since it is
a polar salt.
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Figure 6. Linear correlation (diamonds) for solvent effects (LFE) between the Y scale (t-BuCl 1) and
the ET(30) scale (compound 3, right ordinate, correlation number 0.97 with 5 solvents, coefficient
of determination 0.94, standard deviation 0.66, slope 0.46, intercept –26; solvents from right to left:
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H2O, HCONH2, CH3CO2H, CH3OH, C2H5OH). Linear correlation for the Z scale (compound 2)
and the ET(30) scale (compound 3, left ordinate, correlation number 0.995 for 18 solvents, coefficient
of determination 0.991, standard deviation 1.0, slope 1.33, intercept 11.0; solvents from right to left:
(hydrogen-bonding solvents: hollow circles) H2O, HOCH2CH2OH, CH3OH, C2H5OH, 2-C3H7OH, n-
C4H9-1-OH, 1-C3H7OH; (non-hydrogen-bonding solvents: Filled circles) CH3CN, DMSO, t-C4H9OH,
DMF, (CH3)2CO, CH2Cl2, pyridine, CHCl3, CH3OCH2CH2OCH3, THF, 1,4-dioxane. Inset: Linear
correlation between the Y scale (t-C4H9Cl 1) and the Z scale (compound 2, correlation number 0.96 for
5 solvents, coefficient of determination 0.91, standard deviation 2.1, slope 2.6, intercept 84; solvents
from right to left: H2O, HCONH2, CH3CO2H, CH3OH, C2H5OH).

4. Pyridinium Phenolate Betaines

Covalent bonding of a negatively charged structural element to the positively charged
pyridinium structure in 3 to form a zwitterionic betaine enabled an intramolecular light-
induced charge transfer. As a result, substantial improvement was achieved not only
by increasing the molar absorptivity, but also by further extending the polarity scales to
low-polarity media due to the application of an electrically neutral polarity probe. The
dipole moment of a structure with a single bond of an iminium anion to the pyridinium
nitrogen atom was still small and resulted in moderate solvatochromism [42] (see further
discussion in Refs. [43,44]), whereas with a 4-oxyphenyl anion [45] as the N-substituent, the
charges were further separated, inducing strong solvatochromism [46]. Dimroth, Reichardt,
and coworkers investigated [47] various N-4-oxyaryl derivatives for solvatochromism and
found optimal properties of the betaine 30 (3, B30, CAS RN 10081-39-7), which provided a
significant advance.
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Dye 3 is remarkably strongly solvatochromic, so that solutions are yellow in water, 
red in methanol, violet in ethanol, blue in 1-butanol, green in acetone, and absorb in 1,4-
dioxane in the NIR. The molar energy of light absorption at the maximum is called ET(30) 
value of a solvent (transfer energy of betaine No. 30 in the first publication) is calculated 
analogously to Z in Equation (11) and are meanwhile determined for almost 400 solvents 
[48]. 

ET(30) = 28,591 [nm·kcal·mol−1]/λmax (11)

The ET(30) values correlate linearly with the Y and Z values for various solvents (see 
Figure 6) and thus describe the same dipolarity effect of solvents. The linear correlation 
with Z values includes lipophilic solvents (filled circles) and polar protic solvents (open 
circles). The correlation with the Z values is of special importance for solvent effects be-
cause hydrogen bonds, as strong non-covalent interactions, are unimportant for the ion 
pair 2 (HI’s remarkably low boiling point of −35.4 °C, in spite of its high molecular weight, 
can be seen as an indicator of the absence of hydrogen bonds to I (see also the related 
discussion in ref. [49])). As a consequence, hydrogen bonds for 3 are estimated to be insig-
nificant. Apparently, the five peripheral phenyl groups in 3 shield the betaine to such an 
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Dye 3 is remarkably strongly solvatochromic, so that solutions are yellow in water, red
in methanol, violet in ethanol, blue in 1-butanol, green in acetone, and absorb in 1,4-dioxane
in the NIR. The molar energy of light absorption at the maximum is called ET(30) value of a
solvent (transfer energy of betaine No. 30 in the first publication) is calculated analogously
to Z in Equation (11) and are meanwhile determined for almost 400 solvents [48].

ET(30) = 28,591 [nm·kcal·mol−1]/λmax (11)

The ET(30) values correlate linearly with the Y and Z values for various solvents (see
Figure 6) and thus describe the same dipolarity effect of solvents. The linear correlation
with Z values includes lipophilic solvents (filled circles) and polar protic solvents (open
circles). The correlation with the Z values is of special importance for solvent effects
because hydrogen bonds, as strong non-covalent interactions, are unimportant for the
ion pair 2 (HI’s remarkably low boiling point of −35.4 ◦C, in spite of its high molecular
weight, can be seen as an indicator of the absence of hydrogen bonds to I (see also the
related discussion in ref. [49])). As a consequence, hydrogen bonds for 3 are estimated to be
insignificant. Apparently, the five peripheral phenyl groups in 3 shield the betaine to such
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an extent that specific solvent effects play a minor role, but still allow the exceptionally
strong solvatochromism. Dye 3 is a highly sensitive optical probe for other solvent effects
as will be discussed later.

The tert-butyl derivative 4 (No. 26 in the first publication [47]) also exhibits very
pronounced solvatochromism (ET(26) values); however, the phenolate oxygen atom does
not appear to be as efficiently shielded as in 3. A good linear correlation is obtained between
ET(30) and ET(26) values (performance of target to actual comparison) for lipophilic solvents,
shown as filled circles and the solid linear regression line in Figure 7. For hydrogen-bonding
solvents (open circles and the dashed linear regression line), deviations from this line are
observed forming a second linear regression. Obviously, the effect of hydrogen bonding
causes a much stronger influence of solvents on the solvatochromic chromophore. The
scattering of points within this second correlation is significantly larger than within the
first, indicating a stronger contribution of specific solvent effects; such effects were already
referred in the first reference to 4 [47].
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1.31; coefficient of determination 0.924. Solvents with increasing ET(30) values: C6H5CH3, C6H6, 
C6H5OC6H5, 1,4-dioxane, 2,6-lutidine, (CH2)4O, C6H5Cl, CH3OCH2CH2OCH3, CHCl3, C5H5N, 
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The solvatochromism of a derivative of 4 without peripheral phenyl groups was stud-
ied by Sander and co-workers [50] and showed a linear correlation with ETN and ET(30) 
values, respectively, for both hydrogen-bonding and non-hydrogen-bonding solvents. 
This indicates the dominance of dipolarity concerning solvatochromism such as for 3. The 
measurements of UV/Vis absorption spectra at low temperature in matrices of solid noble 
gases at 3 K and slightly higher temperatures such as 25 K gave spectra similar to those 

Figure 7. Linear correlation between the ET(30) (dye 3) and ET(26) (dye 4) values for
pure solvents from Ref. [47] the standard deviations are indicated. Filled circles and
solid line: non-hydrogen-bonding solvents; slope: 0.64; intercept: 11.5 correlation num-
ber 0.993 for 15 solvents, standard deviation 0.30; coefficient of determination 0.987.
Open circles and dashed line: Hydrogen-bonding solvents; slope: 1.1; intercept: −12.1;
correlation number 0.960 for 13 solvents; standard deviation 1.31; coefficient of deter-
mination 0.924. Solvents with increasing ET(30) values: C6H5CH3, C6H6, C6H5OC6H5,
1,4-dioxane, 2,6-lutidine, (CH2)4O, C6H5Cl, CH3OCH2CH2OCH3, CHCl3, C5H5N, CH2Cl2,
CH3COCH3, HCON((CH3)2, (CH3)3COH, C6H5NH2, CH3SOCH3, CH3CN, (CH3)2CHCH2CH2OH,
2,6-(CH3)2C6H3OH, CH3CHOHCH3, CH3CH2CH2CH2OH, CH3CH2CH2OH, C6H5CH2OH,
CH3CH2OH, HOCH2CH2OCH3, HCONHCH3, CH3OH, HOCH2CH2OH.

The solvatochromism of a derivative of 4 without peripheral phenyl groups was
studied by Sander and co-workers [50] and showed a linear correlation with ET

N and ET(30)
values, respectively, for both hydrogen-bonding and non-hydrogen-bonding solvents. This
indicates the dominance of dipolarity concerning solvatochromism such as for 3. The
measurements of UV/Vis absorption spectra at low temperature in matrices of solid noble
gases at 3 K and slightly higher temperatures such as 25 K gave spectra similar to those
expected in the gas phase. The targeted addition of a small amount of water allowed the
investigation of its influence and the formation of hydrogen bonds at low temperatures.
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The limitations in the application of 3 could be overcome by slightly adapted deriva-
tives. Dye 3 could not applied for acidic solutions such as acetic acid because of the
protonation of the basic phenolate anion; Kessler and Wolfbeis [51] developed dye 5 in
which the electron depletion by the chlorine atoms lowers the basicity sufficiently to study
acidic media, while the solvatochromic behavior is similar to 3 so that extrapolations by
linear correlation are possible. Wolfbeis named the polarity values obtained with 5 ET(33)
in continuation of the initial publication by Dimroth, Reichardt, and co-workers. The mea-
surements of highly polar hydrogen bond-forming solvents and solution of salts becomes
problematic with 3 because of its low solubility and tendency to aggregate [52]. Reichardt
developed dye 6 with the more hydrophilic structure elements of pyridinyl [53] in the pe-
riphery of 3; the m-positions of the phenolic aryl substituents in 6 appear to cause minimal
interference with solvatochromism, presumably because of the non-conjugation of the phe-
nolate oxygen atom. As a result, the ET(30) values of many polar and electrolyte-containing
solvents can be estimated by extrapolation using 6.
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The measurement of the ET(30) values of media with very low dipolarity such as
aliphatic hydrocarbons or tetramethylsilane is restricted due to the minimal solubility of the
dye. The solubility-increasing effect of tert-butyl groups in lipophilic media [54] was applied
to dye 7, whereby a substitution in the periphery allowed an increase in solubility in such
media without significantly affecting solvatochromism so that the corresponding ET(30)
values could be obtained by extrapolation by means of a linear free energy relationship [55].

Finally, the experimental ET(30) values were scaled for easier comparability, first
according to Reichardt as a relative polarity measure (RPM) [56] where the value for n-
hexane was set to 0.000 and RPM = [ET(30)n-hexane − ET(30)solvent]/ET(30)n-hexane. Next,
the scaled ET

N values were defined [57] where the value for tetramethylsilane was set to 0
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and for water set to 1, such that ET
N = [ET(30)solvent − ET(30)tetrametylsilane]/[ET(30)water −

ET(30)tetramethylsilane]. The experimental ET(30) values were retained here, although scaling
is attractive, because all ET

N values depend on only two references and their accuracy; if
their values might be altered, such as by more precise measurements, the entire set of values
would change. Moreover, the value for tetramethylsilane is less reliable because it was
obtained by extrapolation, and the value for water is at the limit of direct measurements
because of the low solubility of 3. On the other hand, each experimental ET(30) value has
obtained its individual accuracy, which is determined only by the particular experimental
procedure, and is considered to be more reliable.

The molar energy of excitation of dye 3 in various solvents as ET(30) values was taken
from the maximum of the solvatochromic band since an efficient and precise measurement
is possible. On the other hand, the band can be split [58] into more than a single Gaus-
sian [59] band, and the point of gravity may be of greater physical significance than the
maximum because it represents the thermal energy of chromophores. However, accurate
determination is more difficult and requires a clear cut between the most bathochromic
band and other partially overlapping bands of higher electronic energy, leading to uncer-
tainties. As a consequence, the molar energy of excitation is retained for the following
discussions, while trying to avoid over-interpretation.

5. Polarizability: Further Solvent Effects

The concept of estimating solvent polarity on the basis of solvatochromism was devel-
oped by Brooker [60] and co-workers based on the study of a large number of merocyanines
in early work. He found essentially two branches of solvent effects [61] that appear to
be orthogonal to each other, causing blue and red shifts in the absorption spectra as the
polarity of the solvent is increased.
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The most pronounced blue shift was observed for 8 (RN 3210-95-5) where the polarity 
scale based on the molar energy of electronic excitation was named χB, while a pro-
nounced red shift was found for 9 (RN 2913-22-6), giving the polarity scale χR. A linear 
correlation between the χB scale and the Z scale was found for several pure solvents, and 
there is also a linear correlation between χB scale and the ET(30) scale indicating that the 
same effect is described, essentially the dipolarity of solvents. Further study of 8 and 9 is 
hampered by their difficult synthesis; there is only one paper by Brooker (and a patent) 
referred to for 8 by the Chem. Abstr. and six papers for 9. As a consequence, χB is replaced 
here by a more accessible and similar ET(30) scale and further discussion is focused to χR. 
The solvent effect in the χR scale correlates better [62] with a function of the refractive 
index of a medium than with dielectric permittivity. As a result, χR is mainly better at-
tributed to the polarizability of a medium than its dipolarity. This was further confirmed 
by finding the missing link [63] between the two polarity scales: χB (or, respectively, the 
ET(30) scale) and χR. 

8 9

The most pronounced blue shift was observed for 8 (RN 3210-95-5) where the polarity
scale based on the molar energy of electronic excitation was named χB, while a pronounced
red shift was found for 9 (RN 2913-22-6), giving the polarity scale χR. A linear correlation
between the χB scale and the Z scale was found for several pure solvents, and there is also
a linear correlation between χB scale and the ET(30) scale indicating that the same effect
is described, essentially the dipolarity of solvents. Further study of 8 and 9 is hampered
by their difficult synthesis; there is only one paper by Brooker (and a patent) referred to
for 8 by the Chem. Abstr. and six papers for 9. As a consequence, χB is replaced here by
a more accessible and similar ET(30) scale and further discussion is focused to χR. The
solvent effect in the χR scale correlates better [62] with a function of the refractive index of
a medium than with dielectric permittivity. As a result, χR is mainly better attributed to
the polarizability of a medium than its dipolarity. This was further confirmed by finding
the missing link [63] between the two polarity scales: χB (or, respectively, the ET(30) scale)
and χR.
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10

The 4-aminophthalimide 10 is solvatochromic in fluorescence and is similar to N-
methyl-4-aminophthalimide, the fluorescent dye for Zelinski’s [64] universal polarity
scale S.

The molar energy of fluorescence of 10 was defined as the ∑ scale for solvent polarity
and correlates linearly with the ET(30) scale for pure solvents (see Figure 8a). The light
absorption of 10 is also solvatochromic and was defined as the σ scale for solvent polarity
and correlates linearly with the χR scale (see Figure 8b). As a consequence, all solvent
polarity scales can be interrelated.
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Figure 8. Linear correlation of polarity scales for the pure solvents water (1), methanol (2), ethanol
(3), dimethylformamide (DMF, 4), dimethylphthalate (5), butyronitrile (6), acetonitrile (7), acetone
(8), chloroform (9), diethylphthalate (10), tetrahydrofurane (THF, 11), ethylacetate (12), 1,4-dioxane
(13), dichloromethane (14), dimethylsulfoxide (DMSO, 15), bromobenzene (16), chlorobenzene (17),
m-xylene (18), toluene (19), formamide (20), and pyridine (21). (a) Molar energy of the fluorescence
of 10 (∑ scale) versus the ET(30) scale; (b) molar energy of the optical excitation of 10 (σ scale)
versus the χR scale. The larger scattering of points compared to previous plots is attributed to some
contributions of specific solvent interactions.

The correlation in Figure 8b between σ and χR is interpreted in terms of the dynamics
of light absorption of 10 with a low dipole moment electronic ground state and a much
larger dipole moment in the electronically excited state (see Figure 9). The energy of the
electronic ground state is only slightly affected by polar solvents. Light-induced electronic
excitation increases the dipole moment of 10; however, solvation by re-orientation of the
solvent molecules cannot follow this rapid, essentially vertical process. As a result, the
polarizability of the solvent remains important and characterizes the solvent effect on this
transition; the same effect is important for χR and explains the linear correlation between
these two polarity scales shown in Figure 8b. The fluorescent lifetime of the electronically
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excited state of 10 in the order of nanoseconds is long enough for relaxation due to the
re-orientation of the solvent molecules, and this process is energetically strongly influenced
by the dipolarity of the solvent; consequently, a linear correlation of the molar energy of
fluorescence (∑ scale) with the ET(30) scale can be explained because both scales are affected
by the same process of solvation. In summary, for the ET(30) scale, solvation by dipolar
re-orientation of the solvents is crucial, while the χR scale describes the polarizability of
solvents.
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The multi-parameter Equation (12) was applied to the ET(30) and Z polarity scales 
where the optimal parameters s, a, and b for a linear correlation were calculated by the 
application of the least squares method (see Figure 10). Acceptable linear correlations 
were found; the interpretation of the parameter a as a hydrogen-bond-donating property 
remains problematic, in particular for the Z scale. The value is comparably high, although 
no hydrogen bonds to I− of 2 are expected. 
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Figure 9. Schematic representation of the solvent effect on the energetic position (E) of dye 10 in the
electronic ground and excited state (∆E = hν = h·c/λ). The electronic excitation of 10 causes a charge
separation, with subsequent solvent relaxation affecting the wavelength of fluorescence.

Strong solvatochromic effects of other similar merocyanines were reported [65].
The high dipolarity of water (solvent 1) and aliphatic alcohols is manifested in

Figure 8a and corresponds to chemical experience, while the polarizability of these solvents
shown in Figure 8b is only in the middle range and is clearly exceeded by solvents such as
formamide (20) and DMSO (15).

6. Various Solvent Effects: Multi-Parameter Equations

Two orthogonal solvent properties, the dipolarity and polarizability, have been de-
scribed above and are the microscopic, molecular counterpart to Debye’s equation [23,24] of
the linearly independent macroscopic orientation and shift polarization. This may stimulate
the search [66] for further types of microscopic solvent effects that are linear independent
from each other and thus should describe orthogonal molecular solvent properties. The
hydrogen-bonding ability of solvents has already been discussed here with dye 4. Other
solvent properties such as their Lewis acidity and basicity have been the subject of polar-
ity scales such as Gutmann’s [67,68] donor and acceptor numbers, hydrogen donor and
acceptor numbers, and more [69]. Different and specialized solvent scales are appropriate
for different problems. Consequently, the characterization of solvents with a universal
parameter set would be attractive. Various approaches were described in the literature,
such as those by Kamlet, Taft and Abboud [70], Catalán et al. [71,72], Koppel and Palm [73],
and Vitha et al. [74], two examples of which are detailed here.

XYZ = XYZ0 + sπ* + aα + bβ (12)

Kamlet, Taft, and Abboud developed the solvatochromic comparison method as multi-
parameter fit in which solvent-dependent properties or processes denoted XYZ in Equation
(12), such as the ET(30) scale, depend on solvents for a linear set of parameter products;
XYZ0 is the intercept of such correlations, and s, a, and b are parameters to be individual
to the solvent-dependent system. The parameters π*, α, and β describe characteristic
properties of the respective solvent and are tabulated.

The multi-parameter Equation (12) was applied to the ET(30) and Z polarity scales
where the optimal parameters s, a, and b for a linear correlation were calculated by the
application of the least squares method (see Figure 10). Acceptable linear correlations
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were found; the interpretation of the parameter a as a hydrogen-bond-donating property
remains problematic, in particular for the Z scale. The value is comparably high, although
no hydrogen bonds to I− of 2 are expected.

A = A0 + bSA + cSB + dSP + eSdP (13)
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for 18 solvents (see Figure 11). The correlations were slightly better than in Figure 10; how-
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Figure 10. Linear correlations between the ET(30) and the Z scale, respectively, as the abscissa and the
adjusted XYZ scale of Kamlet and Taft as ordinate. Slope 0.927 for ET(30) has a correlation number
of 0.96 (18 measurements; circles), a standard deviation of 2.0, and a coefficient of determination of
0.93, where the parameters are s = 16.9, a = 15.6, b = 4.5, and XYZ0 = 25.1. Slope 0.943 for Z has a
correlation number of 0.97 (18 measurements; diamonds), a standard deviation of 2.4, and a measure
of determination of 0.94, where the parameters are s = 20.8, a = 21.2, b = 7.0, and XYZ0 = 44.6.

Catalán followed a similar multi-parameter approach with Equation (13), where A
describes a solvent-dependent process; b, c, d, and e are the process-dependent param-
eters and A0 is the intercept of a linear correlation, while the tabulated parameters SdP
(dipolarity), SP (polarizability), SA (acidity), and SB (basicity) characterize the medium.

The ET(30) and Z scale were approached by the multi-parameter Equation (13), where
the scale-dependent parameter b, c, d, and e were determined by the least squares method
for 18 solvents (see Figure 11). The correlations were slightly better than in Figure 10;
however, an additional parameter was required.

Several improvements to the multi-parameter concept have been developed [75],
such as those by Spange [75] and co-workers. Hunter and co-workers [76,77] investigated
competing hydrogen-bonding systems as polarity probes. Progress in correlations has been
made for individual descriptions of groups of selected solvents; a universal and precise
description of solvent effects is still lacking [78]. This may be caused by the interference of
residual specific solvent effects with the polarity probes used. Furthermore, the terms of
the applied multi-parameter fits might be not fully linearly independent so that cross terms
become significant; this may become increasingly important for stronger anisotropic, more
ellipsoidal-like solvent molecules where stronger solvent patterning is induced (this might
result in liquid crystals) (see also below). As a result, empirical solvent polarity scales
and their extension to multi-parameter equations are very useful for practical applications;
however, an over-interpretation should be avoided because of their limitations. The size of
solvent shells may be of further influence and will be the subject of the next chapter.
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competing hydrogen-bonding systems as polarity probes. Progress in correlations has 
been made for individual descriptions of groups of selected solvents; a universal and pre-
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the oxygen atom extending into the pyridinium ring with a positive charge. The interac-
tion of the solvent molecules with this dipole moment causes the solvatochromism of 3. 
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solvent and can be used as a probe to estimate the extension of a significant solvent shell. 
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Figure 11. Linear correlations between the ET(30) and the Z scale, respectively, as the abscissa and
the fitted Catalán’s A scale as the ordinate. Slope 0.985 for ET(30) with a correlation number of 0.98
(18 measurements, circles), a standard deviation of 1.6 and a coefficient of determination of 0.96,
with parameters are b = 21.4, c = 4.27, d = 5.05, e = 12.7, and A0 = 25.1. Slope 0.984 for Z with a
correlation number of 0.98 (18 measurements. diamonds), a standard deviation of 2.1 and a measure
of determination of 0.96 where the parameters are b = 28.6, c = 7.40, d = 5.08, e = 16.6, and A0 = 44.6.

7. Solvent Shell

Solvated molecules are surrounded by directly molecular interacting solvent molecules;
the extension of such interactions into the solvent is of special interest for solvent effects.
This topic was investigated using the interaction of strong dipoles with various polar
solvent molecules. Betaine B30 (3), the solvatochromic probe of the ET(30) scale, exhibits
a comparably large dipole moment of about 12 D [79–82] with a negative charge on the
oxygen atom extending into the pyridinium ring with a positive charge. The interaction of
the solvent molecules with this dipole moment causes the solvatochromism of 3. The large
and extended electric dipole of 3 generates an electric field that extends into the solvent
and can be used as a probe to estimate the extension of a significant solvent shell. For such
an assay, two chromophores of 3 were combined [58] anti-colinearly to form the dyad 11.
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excitation energy of 13 was calculated analogously to 3. 

Liquids 2023, 3, FOR PEER REVIEW 16 
 

 

NO N O
+ _+_

1270 pm 1270 pm
2690 pm  

NO N O
+ _+_

1270 pm 1270 pm
3110 pm  

11 12 

The anti-colinearly dipoles in 11 compensate for large distances because no net dipole 
moment remains so that solvent effects become weak, while at small distances, the effects 
are still individual and strong so that the solvent effects of each chromophore remain un-
affected by the attached second chromophore. The molar energy of excitation of 11 is cal-
culated analogously to 3 and denoted ET(30dyad). 

The solvent effect on the UV/Vis spectra of 3 and 11 is very similar, as is indicated by 
the linear correlation between ET(30) and ET(30dyad) for various solvents (even benzyl 
alcohol, although an exception, in many cases, is acceptably included) (see Figure 12). The 
slope of such a correlation can be taken as a measure of the compensation of the dipoles 
in 11 where a slope of zero should be obtained for complete compensation and a slope of 
1 for the absence of any compensation. The slope found experimentally is close to unity, 
indicating that there is no compensation of the anti-collinear dipoles; consequently, the 
significant solvent shell must be very thin, being not much more than one molecular layer 
of solvent thick. A possible artifact due to residual conjugation in 11 between the two 
chromophores could be excluded by using an aliphatic cage in 12 as an isolator; however, 
12 gave the same result as 11 [58]. 

N O
NO
+_ + _

 
13 

Finally, the very rigid diamantane was used as a spacer in 13. ET(30diam) as the molar 
excitation energy of 13 was calculated analogously to 3. 

11 12

The anti-colinearly dipoles in 11 compensate for large distances because no net dipole
moment remains so that solvent effects become weak, while at small distances, the effects
are still individual and strong so that the solvent effects of each chromophore remain
unaffected by the attached second chromophore. The molar energy of excitation of 11 is
calculated analogously to 3 and denoted ET(30dyad).

15



Liquids 2023, 3

The solvent effect on the UV/Vis spectra of 3 and 11 is very similar, as is indicated by
the linear correlation between ET(30) and ET(30dyad) for various solvents (even benzyl
alcohol, although an exception, in many cases, is acceptably included) (see Figure 12). The
slope of such a correlation can be taken as a measure of the compensation of the dipoles
in 11 where a slope of zero should be obtained for complete compensation and a slope of
1 for the absence of any compensation. The slope found experimentally is close to unity,
indicating that there is no compensation of the anti-collinear dipoles; consequently, the
significant solvent shell must be very thin, being not much more than one molecular layer
of solvent thick. A possible artifact due to residual conjugation in 11 between the two
chromophores could be excluded by using an aliphatic cage in 12 as an isolator; however,
12 gave the same result as 11 [58].
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Figure 12. Linear correlation between the ET(30) values of betaine 3 and ET(30dyad) values of
dyad 11 for various solvents [58] (ionic liqu.: 1-butyl-3-methylimidazolium-tetrafluoroborate). Slope
1.02, intercept −2.43, correlation number 0.993 for 20 points, standard deviation 0.7, coefficient of
determination 0.987.

The linear correlation between ET(30) and ET(30diam) for various pure solvents is
shown in Figure 13; the slope of this correlation of close to unity indicates identical solvent
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effects in the ET(30) and ET(30diam), thus ruling out significant compensation of the dipoles
in 13 with respect to the solvent shell.
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13 for various solvents [58]. Slope 1.008, intercept −1.33, correlation number 0.9989 for 12 points,
standard deviation 0.3, coefficient of determination 0.998.

As a consequence, the solvatochromism of the dyads (11, 12 and 13) based on pheno-
latebetaine 3 provides no evidence for compensation effects due to anti-colinear dipoles
and indicates a very thin solvent shell, not much more than one molecular layer thick.
The surprisingly thin solvent shell finds its counterpart in the thin surface of liquids such
as the phase boundary of water and the gas phase, where investigations [83] indicate an
essentially monomolecular active layer, with the hydrogen atoms directed toward the inte-
rior of the liquid phase, while the oxygen atoms were found to be in contact with the gas
phase. The extraordinarily thin active solvent shell may explain some unaccounted solvent
effects such as problems with the relative permittivity (dielectric constant) as a measure of
solvent polarity due to some appreciable exceeding of water (see above) although water
exhibits a higher polarity according to the chemical experience: The relative permittivity
is a three-dimensional property of the volume of a liquid as it is for the refractive index,
whereas solvent effects involve two-dimensional molecular surface effects. These can be
similar; however, they need not to be identical.

8. Liquid Mixtures

Liquid mixtures are of particular interest for chemists and physicist because the prop-
erties of one component can be continuously transformed into the other by changing the
composition. Polar molecules in a solvent are surrounded by solvent molecules in diluted
solutions and move free of forces in the solvent because the outer sphere corresponds
to the solvent. Energy and properties are independent from the positions of the polar
molecules such as molecules in the gas phase at low pressure. As a consequence, the same
formalism described in Section 2 for gases can be applied to polar additives to solvents: The
effect p of the polar component at low concentration is expected to be proportional to its
concentration c (dp = const1·dc) (see also Equation (1)). However, at higher concentrations,
this component is expected to interact with itself reducing the effect (dp = E/c·dc), where
the constant E is a measure of the energetic interaction (see also Equation (2)). The next
steps according to Section 2, combination and integration, result in Equation (5). Neither
the nature of interaction of the polar component with the solvent nor the interaction with
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itself was specified. As a consequence, Equation (5) is to be experimentally verified for
its application in binary liquid mixtures; p was set equal to ET(30) so that Equation (14)
is obtained where c* is the concentration of the polar component at which the interaction
of the polar component becomes important and ET(30)0 is the ET(30) value of the pure
component of lower polarity.

ET(30) = E·ln
( c

c∗ + 1
)
+ ET(30)o (14)

Further approaches [84,85] to the polarity of binary mixtures were reported in the
literature.

The validity of Equation (14) for real systems was tested (performance of target to
actual comparison) with the mixture N-tert-butylformamide/benzene for the ET(30) polarity
scale; a tert-butyl group was attached to the formamide to increase the solubility [86] in
the aromatic hydrocarbon benzene and to be able to set a broad polarity range. A strongly
curved relationship was obtained between the ET(30) values and the concentration c of
the more polar N-tert-butylformamide as is shown in the inset of Figure 14. The entire
range of concentration c, spanning three decades, could be linearized by Equation (14) (see
Figure 14). The strong curvature in the inset is a consequence of the comparably low c*
value of 0.0167 mol·L−1.
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mide/benzene [87] and ln (c/c* +1) where c is the molar concentration of the former and
c* = 0.0167 mol·L−1; slope E = 2.43 kcal·mol−1, intercept ET(30)0 = 35.3 kcal·mol−1, correlation number
r = 0.9993, coefficient of determination r2 = 0.999, standard deviation σ = 0.17 kcal·mol−1. Inset: ET(30)
values of the mixture N-tert-butylformamide/benzene as a function of the concentration c in mol·L−1 of
the former: Measured ET(30) values (filled circles) and the calculated with Equation (14) (solid curve).
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The description of real binary liquid systems using Equation (5) is not limited to the
ET(30) polarity scale, but is more universal [87], as shown by its application to common
polarity scales in Figure 15. The validity of Equation (5) has been demonstrated for more
than 80 binary mixtures. On the other hand, Equation (5) and Equation (14), respectively,
can be used to investigate special properties of liquid mixtures. This will be shown in the
next chapter on hydrogen-bonding solvents.
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9. Hydrogen-Bonding Solvents

Particular attention should be paid to hydrogen bond-forming solvents since hydrogen
bonds are strong and directed non-covalent molecular interactions. Therefore, patterning
of solvents can be performed by such bonds. On the other hand, the lifetime of hydrogen
bonds at room temperature is very short and is in the order of picoseconds [88]. However,
the bonds are re-formed in a similarly short period of time, so that molecular sticking
structures in the liquid are highly dynamic and enable fast exchange processes. Water, as
the most prominent strong hydrogen bond donor is studied here because its low molecular
weight allows it to reach the high molar concentration of 55.4 mol·L−1. Water is combined
with 1,4-dioxane as a moderate and low-polar hydrogen bond acceptor, where complete
miscibility is crucial.

The ET(30) values of water/1,4-dioxane mixtures as a function of the concentration c
of water are shown in Figure 16. Their linear correlation between ln (c/c* + 1) is obtained
for concentrations c below 26 mol·L−1 as a critical concentration ck (Figure 16, left line);
this correlation corresponds to Figure 14. At higher concentrations, c > 26 mol·L−1 (c > ck),
a second steeper correlation results (the c* values are low and similar so that the two lines
can be combined in one diagram). This sudden change is already obvious in a simple
logarithmic plot because of the low values of c* in both correlations (ln (c/c* + 1) ≈ ln c for
c >> c*); see also the inset top left of Figure 16. The change in slope proceeds in a narrow
concentration range and is attributed to a change in solvent structure and corresponds to
such a condensation-like phase transition as described for carbon dioxide in Section 2. The
formation of the hydrogen-bonded structure requires a sufficiently high concentration to
overcome the dissociation at lower concentrations. On the other hand, one can extrapolate
the correlation on the left side to higher concentrations until the concentration of pure water
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(dashed line) and obtain an ET(30) value of 55.9. This value would be expected if water did
not form a hydrogen bonding structure, and the difference from the actual value of 63.1 out
of 7.2 units indicates the appreciable increase in solvent polarity due to the formation of
the hydrogen-bonded structure.
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relation number r = 0.997 for 8 measurements, measure of determination r2 = 0.993. Inset top left: 
ET(30) values of the water/1,4-dioxane mixture as a function of the water concentration c, curves for 
calculated ET(30) values, dashed curve for extrapolation. Inset bottom right: ET(30) values of wa-
ter/1,4-dioxane as a function of ln c; The two linear correlations are already obvious in a simple 
logarithmic plot because of the low values of c*. 

The formation of double linear correlations according to Equation (5) is neither lim-
ited to the ET(30) polarity scale nor to the mixture water/1,4-dioxane, as can be seen in 
Figure 17 [89]. Remarkably, the critical concentrations ck for the transition from one linear 
correlation to the second are independent of the applied polarity scale within the limits of 
experimental error and are therefore attributed to a property of water (the kink appears 
at different position in Figure 17 due to the different scales in the coordinate system). It 
can surmise that water forms clathrate-like [90] structures at sufficiently high concentra-
tions; however, these structures are very dynamic, unlike the crystalline clathrates such as 
the hydrate of methane. 

Figure 16. Linear correlation between ln (c/c* + 1) and the ET(30) values of the mixture water/1.4-
dioxane [87] (c* = 0.48 mol·L−1; measured values as filled circles; linear correlations as lines) as a
function of the concentration c of water. Left correlation: E = 4.27, intercept 35.6, standard devia-
tion 0.2, correlation number r = 0.9992 for 27 measurements, measure of determination r2 = 0.998,
extrapolation with the dashed line. Right correlation: E = 11.1, intercept 8.26, standard deviation 0.2,
correlation number r = 0.997 for 8 measurements, measure of determination r2 = 0.993. Inset top left:
ET(30) values of the water/1,4-dioxane mixture as a function of the water concentration c, curves
for calculated ET(30) values, dashed curve for extrapolation. Inset bottom right: ET(30) values of
water/1,4-dioxane as a function of ln c; The two linear correlations are already obvious in a simple
logarithmic plot because of the low values of c*.

The formation of double linear correlations according to Equation (5) is neither lim-
ited to the ET(30) polarity scale nor to the mixture water/1,4-dioxane, as can be seen in
Figure 17 [89]. Remarkably, the critical concentrations ck for the transition from one linear
correlation to the second are independent of the applied polarity scale within the limits of
experimental error and are therefore attributed to a property of water (the kink appears at
different position in Figure 17 due to the different scales in the coordinate system). It can
surmise that water forms clathrate-like [90] structures at sufficiently high concentrations;
however, these structures are very dynamic, unlike the crystalline clathrates such as the
hydrate of methane.
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10. Elevation of Polarity

As shown in the last chapter, hydrogen bonds can significantly increase the polarity of
the solvent. Consequently, a combination of a moderately polar hydrogen bond donor and
a less polar but strong acceptor should increase the solvent polarity.

Ways to increase solvent polarity were tested [91] using the ET(30) polarity scale
and the mixture 1-butanol as the more polar component and hydrogen bond donor and
nitromethane as the less polar component and hydrogen bond acceptor. The ET(30) values
of such mixtures as a function of the molar concentration c of 1-butanol pass through
a maximum at ck = 3.3 mol·L−1 and decrease again to reach the lower ET(30) value of
pure 1-butanol (see Figure 18). The polarity at ck exceeds the polarity of pure 1-butanol
by about 1.6 ET(30) units. Such an excess of the solvent polarity is interpreted by the
formation of a hydrogen-bridged association [91] between 1-butanol as the hydrogen
bond donor and nitromethane as the hydrogen bond acceptor, such an associate being
more polar than the individual components and means the polar component in Figure 18a
bottom right (of course, the molar concentration of this associate is identical with the
concentration of 1-butanol because of the 1:1 association). This means that all 1-butanol
is captured to form this associate until not enough residual nitromethane is present with
increasing concentrations of 1-butanol. Then, a mixture of this associate as the more polar
component is formed with 1-butanol so that the polarity of the mixture decreases again
because no further associate can be formed. The linear relation between ET(30) and cu,
the molar concentration of nitromethane, in Figure 18b top right, further supports this
interpretation because, according to Equation (5), the polarity increases by the formation of
the hydrogen-bonded associate in the medium 1-butanol until all nitromethane is captured
in the hydrogen-bonded associate and decreases again to finally reach the lower polarity of
pure 1-butanol.

Such mixtures of hydrogen bond donors and acceptors are of particular interest [92]
because they offer the possibility to preparing highly polar solvents from components of
lower polarity. On the other hand, such mixture exhibits many properties of polar alcohols
due to the possibility of rapid intermolecular proton exchange. A completely novel type of
polar protic media can be constructed by using chloroform [93] since this solvent exhibits
the tendency to form hydrogen bonds to strong hydrogen bond acceptors such as the
dipolar aprotic solvents; however, unlike the alcohols, chloroform does not exhibit the
tendency to exchange protons under neutral conditions. As a result, comparably polar
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can be used as a solubilizer for applications in complex mixtures. In most of such cases, 
the solubility of each solvent in the other is limited with the miscibility gap determined 
by the surface energy (surface tension) between both solvents. 

The ET(30) values of methanol/water mixtures as a function of the molar concentra-
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in Figure 19 (squares above) [94]; a change in the solvent structure at high water content 
forms a kink as shown in Figure 16. The same type of double correlation is found for eth-
anol/water mixtures (triangles down) with a kink at about the same water concentration 
as for methanol/water (although at a different position on the abscissa because of the dif-
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Figure 18. ET(30) values of mixtures of 1-butanol/nitromethane [91]. (Left) ET(30) values of the
mixture nitromethane/1-butanol as a function of the molar concentration cp of 1-butanol; the maxi-
mum is exceeded at ck = 3.3 mol·L−1. (Bottom right (a)): Linear correlation between ET(30) and ln
(cp/c* + 1) with cp as the molar concentration of 1-butanol as the solid line and deviations to lower
values after passing ck shown as dashed curve; (Top right (b)): Linear correlation between ET(30)
and ln (cu/c* + 1) with cu as the molar concentration of nitromethane as solid line and deviations to
lower values after passing ck shown as dashed curve.

11. Polarity around Miscibility Gaps

Homogeneous binary mixtures of very different polar solvents are possible such as
1,4-dioxane (ET(30) of 36.0) and water (ET(30) of 63.1), and one solvent in such mixtures
can be used as a solubilizer for applications in complex mixtures. In most of such cases, the
solubility of each solvent in the other is limited with the miscibility gap determined by the
surface energy (surface tension) between both solvents.

The ET(30) values of methanol/water mixtures as a function of the molar concentration
cp of water can be described by Equation (5) and form two linear correlations as shown
in Figure 19 (squares above) [94]; a change in the solvent structure at high water content
forms a kink as shown in Figure 16. The same type of double correlation is found for
ethanol/water mixtures (triangles down) with a kink at about the same water concentra-
tion as for methanol/water (although at a different position on the abscissa because of the
different scaling). The mixture of 1-propanol/water (triangles up) is a further example of
this behavior starting with a lower ET(30) value due to the lower polarity of 1-propanol.
A miscibility gap is observed for 1-butanol/water (circles). However, similar linear corre-
lations are found [95] in both the low water content range and high water content range
where the expected kink is in the miscibility gap (biphasic region) and can be obtained by
extrapolation. The similarity between the mixtures of 1-butanol/water and mixtures of
lower alcohols indicate that the two types of solvent structure are miscible for the lower
alcohols, but no longer completely for 1-butanol. This behavior, dominated by the solvent
structure, seems to be more general.
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domination of the polar component in the binary mixture, while the component with 
lower polarity essentially forms the matrix. The polarity of the more polar component is 
essentially generated by polar functional groups; as a consequence, the molar concentra-
tion of these polar groups should be of fundamental importance. 

To verify this concept, the molar concentration of pure alcohols and water was calcu-
lated from their density and molecular weight and is identical to the molar concentration 
of their polar OH group. Plotting the ET(30) values against their logarithmic concentration 
in Figure 20 (left) shows a linear relation for 1-propanol (3) and higher homologues [96]. 
A second steeper line is found for methanol (1) and water (0) indicating the hydrogen-
bridging structure of these solvents. Interestingly, the ET(30) value of ethanol (2) is close 
to the limit, indicating the special properties of ethanol as a solvent since the hydrogen-
bridging structure is just being realized, while slight perturbance such as an increase in 
temperature or the addition of another component could change the structure to more 
isolated OH groups with different solvent properties. ET(30) values for the molar 

Figure 19. ET(30) values of binary mixtures between n-alkanols and water as a function of ln
(cp/c* + 1) according to Equation (5) with cp as the concentration of the polar water [94]; the ordinate
was scaled by x to obtain a uniform value for water. Squares: water/methanol (x = 0.157); some
values are taken from ref. [47]. Triangles down: water/ethanol (x = 0.318); some values are taken
from ref. [47]. Triangles up: water/1-propanol (x = 1.349). Circles: water/l-butanol (x = 1.705). Solid
lines result from application of Equation (5) and least squares method; dashed lines are extrapolations
into the region of limited miscibility.

12. Polar Functional Groups

The generality of Equation (5) for the polarity of the solvent naturally implies the
domination of the polar component in the binary mixture, while the component with
lower polarity essentially forms the matrix. The polarity of the more polar component is
essentially generated by polar functional groups; as a consequence, the molar concentration
of these polar groups should be of fundamental importance.

To verify this concept, the molar concentration of pure alcohols and water was calcu-
lated from their density and molecular weight and is identical to the molar concentration of
their polar OH group. Plotting the ET(30) values against their logarithmic concentration in
Figure 20 (left) shows a linear relation for 1-propanol (3) and higher homologues [96]. A sec-
ond steeper line is found for methanol (1) and water (0) indicating the hydrogen-bridging
structure of these solvents. Interestingly, the ET(30) value of ethanol (2) is close to the
limit, indicating the special properties of ethanol as a solvent since the hydrogen-bridging
structure is just being realized, while slight perturbance such as an increase in temperature
or the addition of another component could change the structure to more isolated OH
groups with different solvent properties. ET(30) values for the molar concentrations (ln
cp) of OH groups in mixtures of ethanol with the less polar 1,4-dioxane or n-heptane fit
well into the plot for pure 1-alkanoles, as shown in Figure 20 (right). It can be concluded
that the polarity of solvents and solvent mixtures, respectively, is dominated by polar
functional groups (polar structure elements) and structures or components with lower
polarity essentially form the matrix. This concept was further extended and generalized by
Spange and co-workers [97].

23



Liquids 2023, 3

Liquids 2023, 3, FOR PEER REVIEW 25 
 

 

concentrations (ln cp) of OH groups in mixtures of ethanol with the less polar 1,4-dioxane 
or n-heptane fit well into the plot for pure 1-alkanoles, as shown in Figure 20 (right). It can 
be concluded that the polarity of solvents and solvent mixtures, respectively, is dominated 
by polar functional groups (polar structure elements) and structures or components with 
lower polarity essentially form the matrix. This concept was further extended and gener-
alized by Spange and co-workers [97]. 

  
Figure 20. (Left) ET(30) values [56] of homologous linear 1-alkanols as a function of the logarithm of 
their molar concentration cp. Their chain lengths n are given in parenthesis such as (0) for water and 
(1) for methanol. (Right) Comparison of ET(30) values as a function of the logarithm of the molar 
concentration of OH groups (range of low concentrations of OH groups). Circles: Pure linear 1-
alkanols, triangles: Mixtures of ethanol and 1,4-dioxane, squares: Mixtures of ethanol and n-hep-
tane. 

The piezochromism of 3, the pressure-dependent shift in the solvatochromic band, 
may be a further indicator of the importance of the molar concentration of OH groups for 
the polarity of the medium. An increase in the pressure [98] from atmospheric pressure to 
2000 at shifts the solvatochromic band of 3 in ethanol until ET(30) = 52.7 where the com-
pressibility of ethanol increases the molar concentration from 17.1 to 24.6 mol/L. Such an 
increase in the concentration of OH groups could be made responsible for the observed 
increase in the ET(30) values because the values are within the scope of the second linear 
correlation in Figure 20. 

13. Thermochromism 
Most investigations about solvent effects were realized at room temperature or 

slightly above because of experimental convenience; however, solvent effects are appre-
ciably temperature-dependent. Pronounced effects can be expected for hydrogen-bonding 
solvents, since such bonds dominate at lower temperatures and become more and more 
loose at higher temperatures (compare, for example, the high specific heat of water). 

The thermochromism of 3 in ethanol [99] is shown in Figure 21, where there is a pre-
cise linear relation between the temperature T and the polarity of the solvent as the ET(30) 
values. As indicated before, the ET(30) value of ethanol at room temperature is appreciably 
lower than of methanol; however, cooling to −75 °C increases the value so that it overtakes 
even methanol. The thermal expansion of ethanol [100] may be partially responsible for 
the effect (see, for example, Figure 20 for the effect of the content of OH groups in alco-
hols); this expansion is exactly proportional to temperature (compare the use in alcohol 
thermometers); however, one can estimate that the thermal expansion can only cover 
about 1/3 of the effect. The residual 2/3 is attributed to the loosening of hydrogen bonds 
by increasing the temperature. Remarkably, this must also be exactly linearly tempera-
ture-dependent because the high precision of the overall linear correlation. 

Figure 20. (Left) ET(30) values [56] of homologous linear 1-alkanols as a function of the logarithm
of their molar concentration cp. Their chain lengths n are given in parenthesis such as (0) for water
and (1) for methanol. (Right) Comparison of ET(30) values as a function of the logarithm of the
molar concentration of OH groups (range of low concentrations of OH groups). Circles: Pure
linear 1-alkanols, triangles: Mixtures of ethanol and 1,4-dioxane, squares: Mixtures of ethanol and
n-heptane.

The piezochromism of 3, the pressure-dependent shift in the solvatochromic band,
may be a further indicator of the importance of the molar concentration of OH groups for
the polarity of the medium. An increase in the pressure [98] from atmospheric pressure
to 2000 at shifts the solvatochromic band of 3 in ethanol until ET(30) = 52.7 where the
compressibility of ethanol increases the molar concentration from 17.1 to 24.6 mol/L. Such
an increase in the concentration of OH groups could be made responsible for the observed
increase in the ET(30) values because the values are within the scope of the second linear
correlation in Figure 20.

13. Thermochromism

Most investigations about solvent effects were realized at room temperature or slightly
above because of experimental convenience; however, solvent effects are appreciably
temperature-dependent. Pronounced effects can be expected for hydrogen-bonding sol-
vents, since such bonds dominate at lower temperatures and become more and more loose
at higher temperatures (compare, for example, the high specific heat of water).

The thermochromism of 3 in ethanol [99] is shown in Figure 21, where there is a
precise linear relation between the temperature T and the polarity of the solvent as the
ET(30) values. As indicated before, the ET(30) value of ethanol at room temperature is
appreciably lower than of methanol; however, cooling to −75 ◦C increases the value so
that it overtakes even methanol. The thermal expansion of ethanol [100] may be partially
responsible for the effect (see, for example, Figure 20 for the effect of the content of OH
groups in alcohols); this expansion is exactly proportional to temperature (compare the
use in alcohol thermometers); however, one can estimate that the thermal expansion can
only cover about 1/3 of the effect. The residual 2/3 is attributed to the loosening of
hydrogen bonds by increasing the temperature. Remarkably, this must also be exactly
linearly temperature-dependent because the high precision of the overall linear correlation.
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14. Long-Reaching Noncovalent Interactions 
Intermolecular interactions are important for solvent effects where direct molecular 

contacts appear to dominate; such interactions are strongly damped and become vanish-
ing beyond the direct molecular contact. Longer distances are covered by dipole–dipole 
interactions such as those according to Förster’s mechanism [101,102], where a limit of 
interactions seems to be reached at more than 10 nm.  

However, studies of the concentration dependence of the fluorescence lifetimes τ of 
strongly fluorescent dyes in Figure 22 indicate [4,103] that there are still interactions even 
at more than 100 nm because of the large intermolecular distance. Equation (5) was devel-
oped without restriction on the nature of interactions. Consequently, the equation can be 
also used to describe the concentration dependence of τ; see the inset of Figure 22. 

Figure 21. Thermochromism of 3 in ethanol: Filled circles for the measurements (measurements
were taken from ref. [99]) and a filled diamond for the polarity of methanol at room temperature for
comparison. Linear correlation between T and ET(30): slope −0.0385, intercept 52.859, correlation
number −0.99988 (7 measurements), coefficient of determination 0.9998, standard deviation 0.03.

14. Long-Reaching Noncovalent Interactions

Intermolecular interactions are important for solvent effects where direct molecular
contacts appear to dominate; such interactions are strongly damped and become vanishing
beyond the direct molecular contact. Longer distances are covered by dipole–dipole
interactions such as those according to Förster’s mechanism [101,102], where a limit of
interactions seems to be reached at more than 10 nm.

However, studies of the concentration dependence of the fluorescence lifetimes τ of
strongly fluorescent dyes in Figure 22 indicate [4,103] that there are still interactions even at
more than 100 nm because of the large intermolecular distance. Equation (5) was developed
without restriction on the nature of interactions. Consequently, the equation can be also
used to describe the concentration dependence of τ; see the inset of Figure 22.

The long-reaching interactions were attributed to the effect of evanescent waves of
the electronically excited dye molecules. Electronical excitation requires comparably high
energy input and is unimportant at room temperature. On the other hand, molecules are
vibronically excited even at room temperature. As a consequence, such interactions might
be part of solvent effects where an even further reaching can be expected due to the long
wavelengths of vibronic energy. This could be the subject of further investigations.
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Equation (5): E = 1.199; c* = 1.17·10−5 mol/L; correlation number 0.9992 (11 measurements); coefficient 
of determination 0.998; standard deviation 0.02. 
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15. Practical Applications 
The visual effect in the solvatochromism of dye 3 facilitates its application in simple 

color tests. In anhydrous solvents or reagents, residual contents of water can be deter-
mined because these induce strong solvatochromic effects. For example, anhydrous tert-
butylhydroperoxide is required for various applications in preparative chemistry and 
forms pure blue solutions [104] of 3. A low and unimportant water content shifts the color 
so that it is no longer pure blue, but acquires a very slight violet component, while a higher 
water content shifts the color to violet and further to red. A simple color test with 3 allows 
the rapid identification of solvents, as shown for disinfectants [105] and their components. 
It can also be used to determine the efficiency of methods for drying solvents, in particular, 
highly hygroscopic solvents such as ethanol. The measurement of the absorption maxi-
mum of dye 3 and application of Equation (5) allows the accurate determination of the 
composition [106] of binary mixture, in particular, the water content [107] of solvents. The 
use of solvatochromic fluorescent dyes [108] means an extension because higher diluted 
solutions can be applied and the optical quality of a sample is of minor importance. 

Equation (5) was developed for general intermolecular interactions without specify-
ing their nature or method of detection. As a consequence, a linear correlation according 
to Equation (5) was obtained for the densities [109] of mixture between various solvents 
and water such as is shown in Figure 23 (left for water/methanol). Similar linear correla-
tions were obtained for the index of refraction corrected by the density (nD20/ρ), as shown 

Figure 22. Dependence of the fluorescence lifetime τ on concentration c of highly diluted solutions
of the fluorescence dye S-13 (RN 110590-84-6) in chloroform: Measurements as filled circles; curve
calculated by means of Equation (5). Inset: linear correlation between τ and (ln c/c* + 1) according
to Equation (5): E = 1.199; c* = 1.17·10−5 mol/L; correlation number 0.9992 (11 measurements);
coefficient of determination 0.998; standard deviation 0.02.

15. Practical Applications

The visual effect in the solvatochromism of dye 3 facilitates its application in sim-
ple color tests. In anhydrous solvents or reagents, residual contents of water can be
determined because these induce strong solvatochromic effects. For example, anhydrous
tert-butylhydroperoxide is required for various applications in preparative chemistry and
forms pure blue solutions [104] of 3. A low and unimportant water content shifts the color
so that it is no longer pure blue, but acquires a very slight violet component, while a higher
water content shifts the color to violet and further to red. A simple color test with 3 allows
the rapid identification of solvents, as shown for disinfectants [105] and their components.
It can also be used to determine the efficiency of methods for drying solvents, in particular,
highly hygroscopic solvents such as ethanol. The measurement of the absorption maxi-
mum of dye 3 and application of Equation (5) allows the accurate determination of the
composition [106] of binary mixture, in particular, the water content [107] of solvents. The
use of solvatochromic fluorescent dyes [108] means an extension because higher diluted
solutions can be applied and the optical quality of a sample is of minor importance.

Equation (5) was developed for general intermolecular interactions without specifying
their nature or method of detection. As a consequence, a linear correlation according to
Equation (5) was obtained for the densities [109] of mixture between various solvents and
water such as is shown in Figure 23 (left for water/methanol). Similar linear correlations
were obtained for the index of refraction corrected by the density (nD

20/ρ), as shown in
Figure 23 (right). Such correlations are useful for various applications such as precise
interpolations.
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Figure 23. (Left) Linear correlation between the density ρ and ln (cp/c* + 1) according to Equation 
(5); every second measurement is recorded in the graphics for clarity (all measurements were used 
for calculations); slope 0.174, intercept 0.79093; c* = 24.5, correlation number 0.999947 for 71 meas-
urements; coefficient of determination 0.9999. (Right) Linear correlation between the index of re-
fraction over the density nD20/ρ and ln (cp/c* + 1) according to Equation (5); every second measure-
ment is plotted for clarity; slope −0.257, intercept 1.6797; c* = 19.9, correlation number −0.99998 for 
71 measurements; coefficient of determination 0.99996. 

16. Conclusions 
The chemistry-dominating intermolecular interactions can be efficiently investigated

by solvent polarity probes, whereby Dimroth and Reichardt’s ET(30) scale certifies that 
because of the sensitivity of the optical method and other advantages, this essentially re-
flects the dipolarity of solvents; the polarizability of solvents is better characterized by
Brooker’s χR scale. Zelinski’s universal polarity probe forms a link between both types of 
polarity scales because the fluorescence-dependent polarity scale S correlates linear with
ET(30) for various solvents, while the absorbance of the dye correlates with Brooker’s χR

scale. Various solvent effects can be measured by means of multi-parameter approaches. 
Further insight into solvent effects and changes in the solvent structure were obtained by 
the developed two-parameter equation (5) for concentration-dependent effects. The equa-
tion includes condensed phases, binary mixtures where the property of one solvent can 
be continuously transformed into that of the other by changing the composition of the 
mixture, and even the effects in pure solvents with polar functional groups: The polar 
properties of media are dominated by polar groups or polar components, while other el-
ements of structure or components essentially form the matrix. The appreciable thermo-
chromism of 3 leading to a linear correlation between the ET(30) scale and the temperature
(either in °C or K) was reported in relation to the thermal expansion of the solvent, with
about 1/3 of the effect attributed to thermal expansion and 2/3 to temperature-induced 
breaking of hydrogen bonds; both effects are strongly linear with the temperature. Finally, 
very far-reaching intermolecular interactions were studied using the two-parameter equa-
tion (5) indicating intermolecular interactions of electronically excited states even for dis-
tances of more than 100 nm. Practical applications were shown for analytics both for the 
polarity probes and the two-parameter equation (5), the latter of which can be a useful 
tool for further investigations. 
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Figure 23. (Left) Linear correlation between the density ρ and ln (cp/c* + 1) according to Equation (5);
every second measurement is recorded in the graphics for clarity (all measurements were used for cal-
culations); slope 0.174, intercept 0.79093; c* = 24.5, correlation number 0.999947 for 71 measurements;
coefficient of determination 0.9999. (Right) Linear correlation between the index of refraction over the
density nD

20/ρ and ln (cp/c* + 1) according to Equation (5); every second measurement is plotted for
clarity; slope −0.257, intercept 1.6797; c* = 19.9, correlation number −0.99998 for 71 measurements;
coefficient of determination 0.99996.

16. Conclusions

The chemistry-dominating intermolecular interactions can be efficiently investigated
by solvent polarity probes, whereby Dimroth and Reichardt’s ET(30) scale certifies that
because of the sensitivity of the optical method and other advantages, this essentially
reflects the dipolarity of solvents; the polarizability of solvents is better characterized by
Brooker’s χR scale. Zelinski’s universal polarity probe forms a link between both types of
polarity scales because the fluorescence-dependent polarity scale S correlates linear with
ET(30) for various solvents, while the absorbance of the dye correlates with Brooker’s χR
scale. Various solvent effects can be measured by means of multi-parameter approaches.
Further insight into solvent effects and changes in the solvent structure were obtained by the
developed two-parameter equation (5) for concentration-dependent effects. The equation
includes condensed phases, binary mixtures where the property of one solvent can be
continuously transformed into that of the other by changing the composition of the mixture,
and even the effects in pure solvents with polar functional groups: The polar properties
of media are dominated by polar groups or polar components, while other elements of
structure or components essentially form the matrix. The appreciable thermochromism
of 3 leading to a linear correlation between the ET(30) scale and the temperature (either
in ◦C or K) was reported in relation to the thermal expansion of the solvent, with about
1/3 of the effect attributed to thermal expansion and 2/3 to temperature-induced breaking
of hydrogen bonds; both effects are strongly linear with the temperature. Finally, very
far-reaching intermolecular interactions were studied using the two-parameter equation (5)
indicating intermolecular interactions of electronically excited states even for distances of
more than 100 nm. Practical applications were shown for analytics both for the polarity
probes and the two-parameter equation (5), the latter of which can be a useful tool for
further investigations.
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Abstract: This article summarizes a series of seventeen publications by the authors devoted to
molecular dynamics modeling of various indicator dyes (molecular probes) enclosed in surfactant
micelles. These dyes serve as generally recognized tools for studying various types of organized
solutions, among which surfactant micelles in water are the simplest and most explored. The
modeling procedure involves altogether 50 to 95 surfactant molecules, 16 to 28 thousand water
molecules, and a single dye molecule. The presentation of the simulation results was preceded by
a brief review of the state of experimental studies. This article consists of three parts. First, despite
numerous literature data devoted to modeling the micelles itself, we decided to revisit this issue. The
structure and hydration of the surface of micelles of surfactants, first of all of sodium n-dodecylsulfate,
SDS, and cetyltrimethylammonium bromide, CTAB, were studied. The values of the electrical
potential, Ψ, were estimated as functions of the ionic strength and distance from the surface. The
decrease in the Ψ value with distance is gradual. Attempts to consider both DS− and CTA+ micelles in
water without counterions result in a decay into two smaller aggregates. Obviously, the hydrophobic
interaction (association) of the hydrocarbon tails balances the repulsion of the charged headgroups
of these small “bare” micelles. The second part is devoted to the study of seven pyridinium N-
phenolates, known as Reichardt’s dyes, in ionic micelles. These most powerful solvatochromic
indicators are now used for examining various colloidal systems. The localization and orientation of
both zwitterionic and (colorless) cationic forms are generally consistent with intuitive ideas about
the hydrophobicity of substituents. Hydration has been quantitatively described for both the dye
molecule as a whole and the oxygen atom. A number of markers, including the visible absorption
spectra of Reichardt’s dyes, enable assuming a better hydration of the micellar surface of SDS than
that of CTAB. However, our data show that it is more correct to speak about the more pronounced
hydrogen-bonding ability of water molecules in anionic micelles than about better hydration of the
SDS micelles as compared to CTAB ones. Finally, a set of acid–base indicators firmly fixed in the
micellar pseudophase were studied by molecular dynamics. They are instruments for estimating
electrostatic potentials of micelles and related aggregates as Ψ= 2.303RTF−1

(
pKi

a − pKapp
a

)
, where

pKi
a and pKapp

a are indices of so-called intrinsic and apparent dissociation constants. In this case, in
addition to the location, orientation, and hydration, the differences between values of pKapp

a and
indices of the dissociation constants in water were estimated. Only a semi-quantitative agreement
with the experimental data was obtained. However, the differences between pKapp

a of a given
indicator in two micellar solutions do much better agree with the experimental data. Accordingly,
the experimental Ψ values of ionic micelles, as determined using the pKapp

a in nonionic micelles as
pKi

a, are reproduced with reasonable accuracy for the corresponding indicator. However, following
the experimental data, a scatter of the Ψ values obtained with different indicators for given micelles
is observed. This problem may be the subject of further research.

Keywords: surfactant micelles; molecular dynamics modeling; solvatochromic Reichardt’s dyes;
hydration; acid–base indicators; apparent dissociation constants; electrical surface potential
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1. Introduction

Organized solutions belong to the most explored liquid media for performing numer-
ous chemical processes [1]. The origin of the term “organized solutions” can be found
in [2,3]. Among these systems, surfactant micellar solutions are the oldest [4–6] and well-
defined [7–12]. Among the most popular tools for studying the properties of surfactant
micelles in water are indicator dyes of various types [10,13–23]. They are utilized as
acid–base [10,13–20], solvatochromic [1,19,21], and fluorescent [22–26] molecular probes.

These compounds have long been used in sensor devices [27–31], for examining
polyelectrolyte solutions [32,33], gelatin films [34], nanodiamond and fullerenol disper-
sions [35,36], calixarene [37,38] and cucurbituril solutions [39], surfactant monolayers
on water/air interfaces [40–42], monolayers on solid/liquid interfaces [43], multilayers
of different types [44–46], and even water/air interfaces without introducing additional
surfactants [47–49].

With the help of such tools, the electrical surface potential, polarity, hydration, effec-
tive permittivity, and viscosity of the micellar pseudophases and related systems can be
examined. The problems associated with the molecular probes are a matter of detailed
consideration and discussion, and the corresponding publications are huge in number.
Some of them are regarded in the above-cited articles, reviews, and books.

In addition to this abundant, but often quite contradictory information, we decided to
investigate the “micelle + molecular probe” systems, first “micelle + indicator dyes” using
molecular dynamics (MD) simulations. Despite numerous studies devoted to MD modeling
of surfactant micelles in water, the systems containing molecular probes were almost
overlooked. Some works were devoted to dye molecules in phospholipid bilayers [50,51].
An example of such a study of micelles is the MD investigation of the location of a dye
sulforhodamine B in the micellar pseudophase [52].

Within the course of our study, we used first sodium n-dodecylsulfate, SDS, and
n-hexadecyl- (or cetyl-) trimethylammonium bromide, CTAB, micelles in water as the most
well-defined surfactant systems. In addition, six other surfactants were occasionally used.
In total, seventeen molecular probes were examined mainly in SDS and CTAB micellar
solutions. The results of our research group have been reported in seventeen articles from
2016 to the present [53–69]. We thought it is expedient to summarize the data obtained and
the regularities found. In particular, a comparison of the theoretically derived models with
the experimental data is of a special interest.

Since theoretical methods for studying solvation began to be considered as an integral
part of the knowledge of solutions, it was important to apply modern MD modeling
approaches not only to the structure of micelles, but also to the placement and hydration of
molecular probes in the surfactant micelles.

Several theoretical models were proposed in order to qualitatively describe the struc-
ture of surfactant micelles. At the same time, molecular dynamics simulation may serve as
the most physically grounded model to validate the other ones because it explicitly takes
into account most of the interactions present in the solutions discussed. Such simulations
go back several decades and revealed the features, which are hardly accessible otherwise.

The works devoted to MD simulations of surfactants and surfactant micelles are
numerous. Here, we mention only some of them as an example [70–74], as well as a
new review article [75], and a MD modeling of surfactant monolayers on the water/air
interface [76]. There are some studies of surfactant micelles [77,78] or bilayers [79] based on
other theoretical methods, including those analyzing the systems with incorporated lauric
acid [77,79].

Within the course of our studies, the following ionic surfactants attracted our at-
tention: sodium n-dodecylsulfate, SDS; sodium n-hexadecylsulfate (or cetylsulfate, SCS);
cetyltrimethylammonium bromide, CTAB; n-dodecyltrimethylammonium bromide, DTAB;
N-cetylpyridinium chloride, CPC. A zwitterionic surfactant, N-cetyl-N,N-dimethyl-3-
ammonio-1-propanesulfonate, CDAPSn, and a nonionic surfactant Triton X-100 (TX-100),
were also examined (Scheme 1). In order to compare the results with literature data, N-
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cetylpyridinium bromide, CPB, and cetylsulfonic acid with a triethanolammonium cation,
TEACSn, were also studied (not shown in Scheme 1).
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The leitmotif of this article is the MD simulation of “micelle + molecular probe”
systems and comparison of the obtained results with experiment. We started with the
study of solvatochromic dyes, whereas the idea of estimating the surface electric potential
of micelles arose in the course of this research. As such, we performed a series of molecular
dynamics simulations in order to elucidate the state of a set of dyes enclosed in surfactant
micelles. The following characteristics were revealed: localization and spatial orientation
of dye molecules with respect to the micelle surface and their degree of hydration. The
collected data allowed us to identify the effect of various surfactant and dye parameters on
these characteristics:

• Charge of the surfactant headgroup;
• Length of the surfactant hydrocarbon tail;
• Micellar size.
• Substituents in the dye molecule;
• Protonation state of the dye;

2. Simulation Setup

The potential models for all the dyes were manufactured in the framework of the
widely used and well-validated OPLS-AA (Optimized Potentials for Liquids Simulation,
All-Atom) force field, following the methodology recommended therein. The atomic
charges were calculated anew in a two-stage process. Firstly, the geometry of the molecule
was optimized in a quantum chemical calculation using Hartree–Fock method and 6–31G(d)
basis set. The spatial distribution of the electrostatic potential around the molecule was
produced at the same time. Secondly, the distribution was subjected to the RESP (Restrained
Electrostatic Potential) algorithm. The RED server was used to carry out the stages [80].

For the surfactants, the OPLS-AA models developed by us were taken [55,56,58,62,65]
to ensure the mutual compatibility of all species present in the system. Water was described
with the SPC (Simple Point Charges) model.

All simulations were set up uniformly following the same protocol. At first, a surfac-
tant micelle is taken containing the number of monomers corresponding to the range of
typical aggregation numbers of the surfactant. It was 60 for SDS, 80 for CTAB and SCS, as
well as 50 for DTAB. For CTAB, an aggregation number of 95 was also tried. The micelle is
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placed in a water-filled cubic box allowing ~2 nm margins around, and the dye of interest
in the examined protonation state is placed in the micelle. The resulting number of water
molecules is about 16–28 thousands. Three initial configurations are prepared ready to start
three production MD runs of the same system, allowing enough sampling to be achieved
and the uncertainty of the calculated characteristics to be estimated.

The production runs were carried out at standard conditions (temperature of 298 K
and pressure of 1 bar) for 50–130 ns depending on the system. The following parameters
and algorithms were used: time step 2 fs for SDS and DTAB or 1.6 fs for longer-chain
CTAB and SCS, three-dimensional periodic boundary conditions, Berendsen thermostat
and barostat, PME (Particle Mesh Ewald) method for electrostatic interactions, cutoff of
van der Waals interactions at 1 nm, LINCS (LINear Constraint Solvent) constraints for
all covalent bonds. The beginning of the trajectories was discarded during the analysis
as equilibration.

3. Ionic Surfactant Micelles

Although the formation of surfactant micelles in aqueous solutions was proved more
than a hundred years ago [5,6], the exact nature of these particles is still a matter of debate.

The ideas about the structure of surfactant micelles found in the literature were
generally established quite a long time ago and are periodically refined and improved. It
is impossible to consider this issue in detail here. As typical examples of the traditional
approach, the model developed by Stigter [81–83] and the article by Larsen and Magid [84]
should be mentioned. These and similar works correspond rather to Hartley’s model of
spherical micelles. At the same time, Menger [85] leans more towards McBain’s theory of a
lamellar (bilayer, plate-like) surfactant micelle; see also Philippoff’s articles [86,87].

Fromherz proposed a hybrid of the two main models, a surfactant-block model, which
presumes the contact of water molecules with the hydrocarbon core to some extent (“The
entire hydrocarbon chain of all molecules is wettable in time average. The average number
of wetted methylenes per chain is given by the wetted alpha-carbon, by the smooth surface
of saturating cube configuration—about two methylenes—and by roughness”) [88].

The schematic structure of a globular surfactant micelle considered by Grieser and
Drummond on the basis of a number of studies by other authors seems to be quite re-
alistic [13]. In addition to the dynamic character of the micelle
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surfactant monomer
equilibrium, their model includes two important features. These are as follows. First, “a
large hydrocarbon/aqueous solution contact area, i.e., the headgroups do not completely
cover the hydrocarbon core”. This is in line with the scheme proposed by Israelachvili [89].
Second, “a fluid hydrocarbon core, containing no water, in which some chain bending can
occur, thereby permitting some of the terminal CH3 groups to be in contact with the inter-
face.” [13]. Today, both statements have been confirmed by MD simulations (see below).

In addition, Gilanyi [90] proposed a concept of fluctuating micelles, based on the
small system thermodynamics. Rusanov proposed a detailed consideration of structural,
mechanical, thermodynamic, and electrostatic aspects of cylindrical, lamellar, and (first)
spherical surfactant micelles in water [91]. Us’yarov [92,93] also considers a spherical
model of the SDS micelles even at surfactant concentrations up to 0.9 M.

A key characteristic of all micelles of ionic surfactants is their electrostatic potential,
Ψ. A more detailed consideration allows to distinguish between the surface potential, Ψ0,
the Stern layer potential, Ψδ, and the electrokinetic potential, ζ. The last is available for
direct determination, but corresponds to the share surface (slip plane) located in the diffuse
layer of the electrical double layer, EDL. For a charged spherical or cylindrical colloidal
particle, the Ψ value can be calculated by an equation proposed by Ohshima, Healy, and
White, based on the approximate analytical solution of Poisson–Boltzmann equation [94].
For surfactant spherical micelles, the method was adapted by Hartland et al. [95], to give
Equation (1). The left-hand side in this equation is the surface charge density, α = 1 − β,
where β is the degree of counterion binding, si is the molecular area of the headgroup.
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α

si
=

2εεokRT
F

sinh(Y/2)

(
1 +

2
kr cosh2(Y/4)

+
8 ln[cosh(Y/4)]

(kr)2sinh2(Y/2)

) 1
2

(1)

Here, Y = ΨδF/RT, κ is the reciprocal Debye length, r is the micellar radius,
εo = 8.854 × 10−12 F m−1, and ε = 78.5 at T = 298.15 K. It should be noted, that the
calculations require the knowledge of ri, si, and β and therefore are possible only for such
well-defined surfactants as CTAB and SDS.

Though the present article is devoted to hydrophilic colloidal systems, an important
work concerning the EDL at hydrophobic surfaces [96] should be mentioned, as well as a
theoretical approach for the determination of ζ [97].

It is clear that for a better understanding of the nature of surfactant micelles, the α
values are of critical importance. These values determine the micelle charge and electro-
static potential, and can be deduced from experimental data. As early as 1951, Philippoff
presented α values for nine representative ionic surfactants, although even then there was
much more such data; for SDS, α = 0.183 [87]. An overview of the literature accumu-
lated over many years [92,95,98] shows a significant spread of the α values for a given
surfactant. For instance, let us consider the data for SDS and related anionic surfactants.
Sasaki et al. [98] determined α = 0.27 by activity measurements of Na+ and DS− and com-
pared this value with those obtained in thirteen other works by seven different experimental
methods: α varies from 0.14 to 0.54, 0.26 on average. Frahm et al. [99] used two methods
and determined α = 0.36–0.49, while Lebedeva et al. [100] compared values from four
different publications, from 0.272 to 0.322, with 0.290 on average.

Still in practice different methods provide dissimilar values. This is because the posi-
tion of the boundary between bound and free counterions is not an intrinsic characteristic of
the micelle but depends on the method used. Hartland et al. [95] noted that micelle mobility
methods give α values of approximately 0.3 to 0.4, which is higher than those determined
from measurements of sodium ion activity, which give α values of approximately 0.20 to
0.25. Simultaneously, Gilanyi [101] proposed an interpretation of the experimental α values
in terms of specific and nonspecific electrostatic interactions between the colloidal particles
and small ions.

At the same time, utilization of one and the same method reveals the tendency
of α decreasing along with lengthening of the hydrocarbon tails. This is not so pro-
nounced when comparing C10H21OSO3Na and C12H25OSO3Na with C14H29OSO3Na, and
C16H33OSO3Na [98], but for seven surfactants, CnH2n+1OSO3Na, from n = 8 and 9 to 13
and 14, α decreases from 0.41–0.42 to 0.19–0.22 (average of values obtained by different
methods) [99].

The increase in the concentrations of both surfactant and foreign electrolyte can lead to
a decreasing α value. For example, Us’yarov performed a detailed theoretical study of the
SDS solutions within a wide concentration range, without and with NaCl additions [92,93].
At SDS concentrations up to 0.9 M and a total Na+ concentration in the bulk aqueous phase
from 0.01 to ≈0.9 M, the α = 1 − β values vary from 0.19 to 0.025–0.04 [92,93].

4. New Molecular Dynamics Modeling Results for Surfactant Micelles

Now let us consider our results concerning the micellar structure. Particularly, the
simulations show that water molecules do not penetrate deeply into the hydrocarbon core.
In other words, the core is completely dry; see Figure 1A, which is in line with earlier
proposed picture [13] and theoretical results [72]. Nevertheless, the continuous thermal
motion of surfactant monomers and the character of their packing enable every CH2/CH3
bead of the tail to have occasionally contact to water. This occurs when the bead appears
on the micelle surface for some time, which in turn depends on its position in the chain.
However, if a micelle adopts a prolate or rod-like shape instead of being close to spherical,
then the dry core appears rather thin, as was observed for DTAB micelles. Probably, the
most appropriate term for the micellar structure is globular.
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Figure 1. (A) Radial distribution functions of water with respect to the micelle center. (B) Average
number of water molecules within 0.4 nm or 0.5 nm (inset) of the CH2 (CH3) groups of hydrocar-
bon tail in micelles [54,55]. Here, the red color corresponds to the cationic surfactants, solid lines
correspond to the surfactants with a cetyl group.

MD simulation with explicit water allows directly counting the amount of water in
micelles using various metrics. On one hand, we estimated the extent of hydration of
each CH2/CH3 bead of hydrocarbon tails. Figure 1B shows the average number of water
molecules staying within 0.4 nm of each bead in the micelles of SCS and CTAB having a
n-C16H33 hydrocarbon tail, and SDS and DTAB with a n-C12H25 one. In alkylammonium
surfactants, we attributed the first methylene group as belonging to the headgroup, basing
on the charge distribution. While the hydration decreases quickly with moving away from
the headgroups, it still never reaches zero, and even somewhat increases for the last two
beads. The hydration of the first and third beads in the anionic surfactants is ca. 30%
higher than in cationic ones, while it is ca. 9% lower for the second and fourth beads. On
average, the hydration of the first four beads is somewhat higher in the anionic surfactants.
However, this does not mean that the surface layer contains more water because the beads
may share water molecules. Instead, if hydration is calculated using a radius of 0.5 nm then
CTAB ions have some preference. Hence, we conclude the DS− and CTA+ ions in micelles
are hydrated to a similar extent.

On the other hand, we estimated the complete amount of water within the surface
layer of SDS, SCS, DTAB, and CTAB micelles. As such, we used a simplified geometric
model where micelle and its hydrocarbon core were represented as concentric triaxial
ellipsoids; see Figure 2. Axes of the latter ellipsoid were chosen to make its volume and
moments of inertia equal the values computed by MD simulation. The axes of the former
ellipsoid were 2 × δ nm longer to reflect the δ-thick surface layer around the core. Then,
the water molecules within δ nm of the core were enumerated and a time-average number
was computed using the MD trajectories. Having this input data, we found the hydration
H of the complete micelle as volume fraction of water in the Stern layer via Equation (2).

H(δ) =
Vwater

VStern layer
=

Nwater ·V1mol
Vmicelle −Vcore

(2)
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Here, δ is the Stern layer thickness; VStern layer, Vwater, Vmicelle, Vcore are volumes of the
surface layer, water, micelle ellipsoid, and the hydrocarbon-core ellipsoid, respectively;
Nwater is the number of water molecules in the surface layer; and V1mol is the volume of a
single water molecule (0.030 nm3).

The results indicate that, despite the difference in the headgroup charge and micelle
size, the H(δ) parameter appears almost equal for all four surfactants considered (the
spread is no more than 0.05 units). This agrees well with the previously shown similarity
of hydration of individual CH2 beads of the surfactant ions.

As mentioned before, the degree of counterions binding, β (and the related degree
of dissociation, α), is an essential quantity determining the behavior of an ionic micelle in
solution. MD simulation allows examining the complete distribution of counterions instead
of a single-point value. The calculated β values for some of the inspected surfactants
are collected in Table 1 for two values of the boundary position. The lower boundary
is found from the distribution of counterions around headgroups, and corresponds to
the first minimum in the radial distribution function of Na+ (Br−) with respect to S (N)
atoms. The upper one is somewhat arbitrarily chosen as 0.9 nm. The comparison indicates
that considering the most tightly bound counterions only (the lower boundary) leads to
underestimation of β, so the boundary must be chosen farther from the micelle. According
to our simulations of SDS, potential models that provide higher counterion binding within
the lower boundary also lead to deformation of structure of large micelles [55]. The upper
boundary provides β values, which fit in the experimental range, except of CTAB where
small underestimation of ca. 0.05 remains.

Table 1. Computed and experimental degrees of counterions binding of micelles, β.

Surfactant MD Experiment

SDS 0.23–0.67 0.45–0.86
CPC 0.37–0.65 0.45–0.67

CTAB 0.59–0.69 0.74–0.84
Note. Experimental β values for SDS, CTAB, and CPC were taken from various publications [11,102,103] and
[104–107], respectively.

In order to elucidate the role of counterions, we applied an unusual approach. By
means of MD simulations one can easily study systems, which cannot be prepared in the
laboratory. We performed simulations of “bare” micelles, composed of DS− or CTA+ ions
only, without any other ions present in the aqueous solution. Usually, counterions are
considered as a necessary factor for the formation of a micelle, which compensates the
electrostatic repulsion between like-charged surfactant ions. In the simulations, the DS−

micelle of 60 monomers expelled a small aggregate and reduced to 43 monomers. The
CTA+ micelle of 80 monomers was split into two comparable micelles; see Figure 3. This
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result indicates that the hydrophobic interaction itself is able to keep the aggregate together
without additional stabilization up to some size.
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The formation of pre-micellar, or sub-colloidal, species (DS−)2 occurs rather without 
than with the participation of the sodium ions [113,114], though at SDS and NaClO4 
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Though the hydration of ionic groups certainly takes place in the case of counteri-
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Figure 3. The results of 20 ns simulation of DS− (left) and CTA+ (right) micelles without counterions.
The small micelles differ only in the aggregation number.

It is well proven and documented that in mixed nonionic + ionic surfactant micelles
at low content of the second component, the fraction of the counterions is small or even
zero [14,108–110]. In such cases, the hydrophilic portions of the nonionic component
ensured micelle stabilization. In any case, the diffuse layer of counterions exists around the
micelle. In the case of polyelectrolytes, according to Manning’s theory, there is a critical
degree of counterions condensation [111]. It should be noted that some early theories do
not assume an adsorption layer of counterions in the monolayers of ionic surfactants at the
water/air and water/hydrocarbon interfaces [112].

The formation of pre-micellar, or sub-colloidal, species (DS−)2 occurs rather with-
out than with the participation of the sodium ions [113,114], though at SDS and NaClO4
concentrations of 10−4 M, the (DS−)2Na+ particles were fixed by the electrospray spectrom-
etry [115].

Though the hydration of ionic groups certainly takes place in the case of counterion-
free dodecylsulfate aggregates, the MD prediction of formation of such aggregates can be
considered as an illustration of the efficiency of the hydrophobic interaction.

A related issue is the profile of the electrostatic potential around the micelle. This
problem was extensively studied previously, but simplified geometries (sphere, cylinder)
were mostly used because they enable analytical solutions. We performed the calculation
of Ψ(r) considering micelles of natural shapes, which were produced by MD simulation.
The suitable method of calculation was the numerical solution of the Poisson–Boltzmann
equation. The discrete character of charge distribution and complex shape of micelle were
taken into account, as well as the finite size of counterions. Solvent and micelle were
treated as dielectric continuums, as is usually done in such calculations. The profiles Ψ(r)
predict the expected fade of Ψ with distance and ionic strength, Figures 4 and 5. They
were then interpreted in terms of the commonly used characteristics: surface potential Ψ0
and Stern layer potential, Ψδ. For SDS and CTAB micelles, the values Ψ0 = −100 mV and
+(149–151) mV, Ψδ = −75 mV and +(70–78) mV were found (at I = 0.05 M), which stays in
line with the estimations of other methods. The Stern layer boundary δ was chosen 0.32 nm
for SDS and 0.45 nm for CTAB according to the distribution of counterions around the
micelle surface, more details may be found in our previous work [66].
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Figure 5. (A): Dependence of surface electrostatic potential on the ionic strength for SDS and CTAB
micelles; (B): The profile of the electrostatic potential fade with distance for CTAB micelles of different
size at I = 0.05 M. Reprinted from [66] with permission.

Note that Figures 4 and 5B do not show a sharp change in the potential near the
surface.

The method chosen by us allows us to calculate the surface electrostatic potential of
“bare” micelles without counterions. We used the micelles consisting of 41–43 monomers
produced as a result of MD simulations presented before. The Ψ0 values are −420 mV and
+380 mV. Importantly, these numbers are of lesser magnitude than found for the original
size micelles, where Ψ0 is −535 mV and +630 mV. Evidently, a decrease in the aggregation
number led to a reduction in the surface charge density and headgroup—headgroup
repulsion up to the magnitudes, which can be compensated by hydrophobic interactions.
On the other hand, calculations of the electrostatic potential of the dodecylsulfate micelle
with “empty”, i.e., counterions-free Stern layer using Equation (1) lead to a value of
−(193–199) mV at α = 1 [14,95]. The screening of the surface charge by the diffuse layer
was accounted for in this case, contrary to the above mentioned MD simulations. Therefore,
the influence of the diffuse layer corresponds to −340 mV.

From the computational perspective, we identified the importance of bonded parame-
ters for potential models of surfactants. It was previously identified for higher hydrocarbons
and lipids and led to derivation of improved potential models, but it was not applied for
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common surfactants. Usually, the non-bonded parameters (point charges, Lennard–Jones
potential σ and ε) are in focus during the parameterization. However, for SDS, the parame-
ters of dihedral (torsion) angles governing the rotation around C–C bonds strongly affect the
micelle properties, as well. Too rigid tails (i.e., with high potential barriers for the rotation)
superfluously tend to adopt a parallel arrangement. In small micelles (<100 monomers),
this affects only the degree of counterions binding because the headgroups become more
grouped. However, large micelles may artificially adopt a bilayer-like shape instead of
a rod-like one. Whether this occurs depends also on the non-bonded parameters. The
problem was solved by making the tails more flexible, which was achieved by employing
the dihedral parameters proposed for description of higher hydrocarbons and lipids.

A crucial feature of micelles is their ability to bind (adsorb) molecules and ions present
in solutions. The properties of the molecule often undergo a change after adsorption, and
experimental registration of this change is the basis of the method of investigating micelle
properties by means of molecular probes. Still, this method heavily relies on the a priori
information about the state of the molecular probe, which is needed to interpret the regis-
tered changes. This is a severe problem because the state itself cannot be observed directly
and must be deduced from some other experiments. By using properly prepared and
mutually consistent potential models it is possible to recapitulate the adsorption process
in MD simulation and examine the state of the molecular probe including its localization,
local environment, and diffusion coefficient. For example, we simulated the adsorption of
N(C3H7)4

+ ions in SDS micelle, and observed a significant reduction in its diffusion coeffi-
cient as result [53]. Still, even for these oppositely charged species adsorption may demand
a quite long simulation time; therefore, we concluded it is more practically convenient to
have the molecular probe initially located in the micelle at the start of MD. The final result
(Figure 6) demonstrates the location of this cation; it is in line with the scheme proposed by
Bales et al. [116], who considered the tetra-n-propylammonium and other tetraalkylammo-
nium cations in the Stern layer of the micelles of tetraalkylammonium dodecylsulfates.
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Figure 6. Location of the tetra-n-propylammonium cation (colored blue) in a SDS micelle; sodium
ions are not shown.

We also paid attention to nonionic micelles with and without an adsorbed dye
molecule, since they are used in the indicator method of estimating the surface electrostatic
potential [10,13,14].

The micelles of TX-100 with an aggregation number of 110 adapted a curved rod shape
in accordance with experimental observations. The diameter of the rods is ~5 nm and their
length is ~12 nm (in unbend state), as determined by visual inspection in Visual Molecular
Dynamics (VMD) software. The thickness of the hydrophilic shell was approximately 1 nm,
while some polyoxyethylene chains extended for 1.5 nm out of it. The detailed structure of
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the hydrophilic shell is quantified by means of the fraction of O atoms found at a given
distance from the hydrocarbon core. The graph is shown in Figure 7; here, a mistake made
in this graph in the original paper is corrected. Estimated in such a way, shell thickness
equals 1.4 nm, from which the half of O atoms are located within 0.45 nm of the surface [64].
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Figure 7. (A) Rod-like TX-100 micelle. Gray: hydrocarbon core, orange: polyoxyethylene chains,
blue: water molecules within 0.7 nm from the core. (B) fraction of oxyethylene groups that are within
distance d from the core surface.

5. Solvatochromic Indicators in Surfactant Micelles
5.1. Choice of Pyridinium-N-Phenolate Dyes

Solvatochromic dyes have been widely used for studying colloidal systems since
long ago [117], and such works are ongoing [1,118–121]. Among other solvatochromic
indicators, the pyridinium N-phenolate betaine dyes belong to the most powerful ones [21].
These compounds were often used for studying surfactant micelles and similar nano-sized
species [21,117,122,123].

Therefore, we started our research with these dyes in micellar surfactant solutions. The
MD simulations were aimed to reveal the locus of the dyes and the solvation/hydration
character in the micellar pseudophase. Another reason for this choice is the application
of these dyes as acid–base indicators in micellar media. This was first demonstrated for
standard Reichardt’s dye, a solvatochromic pyridinium N-phenolate dye, i.e., 4-(2,4,6-
triphenylpyridinium-1-yl)-2,6-diphenylphenolate (Scheme 2) [19]. Accordingly, not only
the colored solvatochromic neutral (zwitterionic) forms (Scheme 3), but also the colorless
cations were examined here in micellar environments.
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The main results of our modeling are presented below.

5.2. Localization of the Solvatochromic Betaine Dyes in Surfactant Micelles

Overall, molecules of most of the dyes are located on the surfaces of the micelles
staying in contact with both the hydrocarbon core and the solution. Still, the dyes differ by
the depth of immersion (penetration) into the micelles. It can be described as the distance
between the micelle center and the dye molecule center. As dye center, it is convenient to
consider the N atom of the pyridinium ring. The average distances are collected in Table 2
and schematically represented in Figures 8 and 9 as a diagram for convenient comparison.
The distances below 1.35 nm (SDS) or 1.55 nm (CTAB) are highlighted gray to indicate the
approximate extent of the hydrocarbon core. It is difficult to unambiguously set the border
because of the ellipsoidal shape of micelles, so we conventionally defined it here as the
distance where water fraction appears at least 5%.

Table 2. Average distance (nm) of the N atom of the betaine dyes to the center of the mass of micelles.

Dye
SDS CTAB

+D− +DH +D− +DH

RD-H 1.47 1.48 1.73 1.91
RD-Cl 1.52 1.45 1.73 1.94

RD-cyclo9 1.37 1.46 1.67 1.84
RD-tBu 1.31 1.40 1.57 1.89
RD-Ph 1.45 1.41 1.67 1.88

RD-PhtBu 0.96 1.10 1.11 1.39
RD-COOH 1.43 1.44 1.76 1.88

D− D−
RD-COOH 1.51 1.81
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Figure 8. Average distance of the N atom of the betaine dyes to the center of mass of the SDS micelles.
The band length corresponds to the range of typical distances.

Less convenient but a more informative characteristic is the distribution function
of this distance, p(r), which was computed over MD trajectories and served to find the
time-average value. An example of such graphs is shown in Section 5.5 below.

Three observations stem immediately from the diagrams:

• In CTAB micelles, protonation pushes the dye molecule considerably towards the bulk
solution by 0.2–0.3 nm, while in SDS micelles the effect is smaller and depends on
the dye;

• For zwitterionic forms, the immersion correlates with the steric demands of the sub-
stituents. Compact dyes RD-H and RD-Cl are in average located closer to the bulk
solution than bulky dyes RD-cyclo9, RD-tBu, RD-Ph, and RD-COOH, with rare excep-
tions. This becomes most evident in the extreme case of RD-PhtBu, which is deeply
buried in the hydrocarbon cores of both micelles.

• In SDS micelles, the dye RD-PhtBu is located ca. 0.35–0.4 nm deeper in the micelle as
compared with other dyes. In CTAB micelles, this difference is ca. 0.5–0.55 nm, which
is somewhat larger.
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Figure 9. Average distance of the N atom of the betaine dyes to the center of mass of the CTAB
micelles. The band length corresponds to the range of typical distances.

5.3. Orientation of the Solvatochromic Betaine Dyes in Surfactant Micelles

An important aspect of the dye localization is the orientation, or placement, of the dye
molecule with respect to the micelle surface. Typically, the molecule is placed either roughly
parallel to the surface or perpendicular to it (Figure 10). Sometimes both orientations are
sampled by turns. The particular placement depends mainly on the substituents, while
other factors show a smaller effect. The results of our observations are collected in Table 3.
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Figure 10. Typical placements of Reichardt’s betaine dyes in micelles, shown for the example of
the standard dye, RD-Ph. (Left) “horizontal” orientation, (middle) “vertical” orientation, (right)
“inverted vertical” orientation.

Table 3. Dominant orientation of Reichardt’s dyes molecules in micelles. “H” means horizontal
orientation, “V” means the vertical one, “I” means the inverted vertical one. “Sometimes” means a
probability of 10–30%; “often” means a probability of >30%.

Dye
SDS CTAB

+D− +DH +D− +DH

RD-H H, often V H H, sometimes V H
RD-Cl H, sometimes V H H H

RD-cyclo9 H, sometimes V H H H
RD-tBu H, sometimes V H H H
RD-Ph H, sometimes V H, sometimes I H H, sometimes I

RD-PhtBu V, often H I, sometimes H V, often H I, sometimes H
RD-COOH I, sometimes H H H, sometimes I H

D− D−
RD-COOH H H

In more precise terms, we defined the inclination angle of the molecule as ∠(micelle
COM, dye N atom, dye O atom) and calculated it for each MD frame. The molecule was
said to be in the vertical orientation when θ was less than 40◦. The inverted vertical one
corresponded to θ ≤ 130◦, and the horizontal one to 40◦ < θ < 130◦. Fraction of time, which
the molecule spent in a given orientation, indicates probability of the latter. Still, it was
important to perform additional visual examination to check the correct identification of
the major orientation: simple geometric criteria were insufficient for characterizing such
soft and nonspherical particles as micelle + dye aggregates. It was especially important in
the case of RD-PhtBu having very deep immersion into micelles. More elaborate analysis
was made using distribution functions of θ, p(θ), the example of such functions is shown
below in Section 5.5.

The horizontal orientation is observed as the most often. The dyes RD-Cl, RD-cyclo9,
and RD-tBu behave quite similarly, while each of the other dyes has some unique features.
The inverted vertical orientation is sometimes adopted by protonated standard dye RD-Ph
and is dominant for protonated RD-PhtBu. The neutral RD-PhtBu mostly stays vertical,
and neutral RD-COOH in SDS stays in inverted vertical orientation.

We see that the same dye in the same state shows rather similar behavior in both
anionic and cationic micelles, which indicates a minor influence of the headgroup charge
on this characteristic. This is a quite unexpected result due to the opposite signs of the
charge–charge interactions with the micelles.

The substituents also affect the orientation weakly: the zwitterions of RD-Cl, RD-
cyclo9, RD-tBu, and RD-Ph behave similarly. Only the extreme cases of the absence of R3

substituents (RD-H) or with very bulky substituents R1 = R2 = R3 ones (RD-PhtBu) express
some deviations. The dye RD-COOH is also an individual case because in the zwitterionic
form the negative charge is located on the COO− group instead of O−.
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The most influential factor appears to be the protonation state of the betaine dyes,
which determines the overall charge of the molecule. The protonated forms of all betaine
dyes (except of the bulkiest RD-PhtBu) are coherent in having a horizontal orientation in
micelles of both surfactants.

To be more precise, for zwitterionic forms, the horizontal orientation is usually skewed
towards having the phenolate part somewhat pushed towards the bulk solution. Oppositely,
for cationic forms, this orientation implies the molecule being accurately parallel to the
surface, or sometimes having the pyridinium part advanced towards the solution.

It is important to compare our data with the information on the locus of the col-
ored zwitterionic form of these dyes in micelles obtained by 1H NMR spectroscopy.
Zachariasse et al. [122] studied the dye RD-Ph in CTAB micelles, with a surfactant: dye
ratio of 20:1. It was demonstrated that the dye exerts the largest influence on the methyl
groups of N(CH3)3

+ and the hydrogen atoms of the α and β methylene groups. Hence, the
dye is located in the micellar surface region. Tada et al. [124] have found that the dichloro
derivative RD-Cl is rather deeply penetrated into the cationic micelles, though our MD
simulations enable concluding that the locus of the RD-Ph dye is deeper (Figure 9).

For the dye RD-H in cationic micelles, Plieninger and Baumgärtel [125] deduced from
the 1H NMR data the location of the anionic center of the molecule among the N(CH3)3

+

groups, and exposition of the cationic pyridinium part to water. A reverse picture was
proposed for the same dye in the SDS micelles. Here, the pyridinium center of the molecule
is situated in the plane of the O–SO3

− groups, whereas the phenolate moiety is “immersed
in water layers” [125]. Our MD simulations did not confirm such a pronounced penetration
of this betaine dye towards the aqueous phase. Additionally, the change in the direction of
the zwitterion was observed only for three dyes: RD-Ph (protonated form), RD-PhtBu, and
RD-COOH. This is the above-mentioned inverted vertical state.

In Figures 11 and 12, the most probable states of Reichardt’s dyes in zwitterionic and
cationic forms in SDS and CTAB micelles, elicited from the observation of the MD data,
are presented. The orientation of the dyes with the phenolic part placed inside the micelle
occurs due to either their extremely pronounced hydrophobicity (RD-PhtBu) or the good
solvation of the COOH and COO− groups (RD-COOH).

The special case of the acid–base equilibria of the last dye is presented in Scheme 4.
In this case, the colored solvatochromic species is the anion, because of the much

stronger basic properties of the phenolate as compared with the carboxylate.
All the above information concerning the location and orientation of different dye

species in SDS and CTAB micelles should be understood as an average picture of a huge
number of snapshots. It reflects the most probable states of the dyes.

5.4. Hydration of the Solvatochromic Betaine Dyes in Surfactant Micelles

Another essential question that we examined is the local environment, or microen-
vironment, of the dye molecules. In the surface layer of ionic surfactant micelles, water,
hydrocarbon, and electrolyte contact the dye simultaneously, and their proportion affects
its visible absorption spectrum. We employed the following approach to elucidate this
point. At each time point, the atoms located within 0.4 nm from the dye molecule were
enumerated and then divided into three categories: belonging to the micelle hydrocarbon
core, belonging to the surfactant headgroups, or belonging to the water molecules. The
time-average number of atoms of each category was then computed and converted to the
molar fraction of the corresponding component (hydrocarbon, headgroups, or water) in
the dye microenvironment. The values for the discussed dyes are presented in Figure 13.
The protonated forms of all the dyes (except RD-PhtBu) have a similar hydration in both
SDS and CTAB micelles, regardless of the substituent and surface charge. Only RD-PhtBu
is considerably less hydrated, which is natural for its deep localization in the micelles.
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Figure 11. Most probable orientations of the dyes RD-H, RD-Cl, RD-tBu, RD-Ph, RD-cyclo9 in ionic
surfactant micelles as deduced from MD simulations.
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Figure 12. Most probable orientations of the dyes RD-PhtBu and RD-COOH in ionic surfactant
micelles as deduced from MD simulations. Adapted from [61].
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Figure 13. Molar fraction of water atoms (blue columns below) and headgroup atoms (orange
columns above) around molecules of different dyes in various conditions. For the dye RD-COOH,
zwitterion is colorless and contains OH and COO− groups. In the ions section, COOH denotes
RD-COOH cation and COO− denotes its anion.

• For zwitterions, the influence of substituents is somewhat stronger.
• Zwitterions in CTAB micelles are ~20% less hydrated than in SDS ones (the average

difference of χ(water) is ~0.08 out of ~0.38).
• The molar fraction of headgroups around the dye molecules is short (<0.1). Zwitterions

in CTAB and cations in SDS have ca. 2-fold more headgroups around than in the
other cases.

Overall, if RD-PhtBu is not considered, the degree of hydration varies in a rather
narrow interval. This can be explained by the large size of the betaine dye molecules, which
facilitates contact with water, and their quite similar localization.

To get additional insight, similar calculations were performed for the individual
phenolic O atom, Figure 14. As will be discussed below, its microenvironment is of a
particular importance.
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in the following sequence: RD-tBu > RD-H > RD-Ph > RD-Cl >, etc. In turn, in CTAB 
micelles, an interaction of the negative oxygen with the positively charged al-
kylammonium groups takes place. The difference between the hydration of cations 
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Figure 14. Molar fraction of water atoms (blue columns below) and headgroup atoms (orange
columns above) around phenolic O atom of different dyes in various conditions. For the dye RD-
COOH, zwitterion is colorless and contains OH and COO− groups. In the ions section, COOH
denotes RD-COOH cation and COO− denotes its anion.

Here, the substituents pronouncedly affect χ(water) in micelles of both kinds. This is
natural because of their proximity to the phenolic O atom.

• The hydration of the OH group in protonated forms depends only weakly on the
surface charge, as it was observed for the whole molecule.

• Oppositely, the O− atom of zwitterions is much better hydrated in SDS than in CTAB
micelles: the χ(water) difference is ca. 0.4.

• While PhtBu shows the weakest hydration of the OH group among the cations (it is
almost isolated from water), RD-COOH is at this place among zwitterions. This occurs
due to the competition for water with the COO− group in the latter case: the molecule
is oriented in such a way that COO− is hydrated well, while OH is mostly immersed
into the micellar hydrocarbon core.

• Surprisingly, the effect of substituents does not correlate with their steric demand.
Under the same conditions, RD-tBu and RD-Ph have the highest χ(water) together
with RD-H despite of the bulky R3 groups. Instead, RD-Cl and RD-cyclo9 have lower
χ(water), succeeded by RD-PhtBu.

• The O− atom of zwitterions strongly attracts cationic headgroups and repulse an-
ionic ones. Instead, the OH group of cations interacts similarly with both kinds
of headgroups.

• The hydration efficiency of O− atom of the zwitterions +D− in SDS micelles decreases
in the following sequence: RD-tBu > RD-H > RD-Ph > RD-Cl >, etc. In turn, in
CTAB micelles, an interaction of the negative oxygen with the positively charged
alkylammonium groups takes place. The difference between the hydration of cations
+DH in SDS and CTAB micelles is not significant. The special cases of the RD-PhtBu
and the anion COOH (RD-COO−) in CTAB micelles are quite understandable.
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5.5. Influence of Other Factors on the Aforementioned Characteristics

The influence of the length of the hydrocarbon chain of a surfactant on the state of
the dye molecule in the micelles was studied separately. For this purpose, simulations of
the RD-Ph zwitterion in DTAB and SCS micelles were carried out. In the latter case, the
temperature was 50 ◦C, since at room temperature SCS does not form micelles. To ensure
the possibility of a correct comparison with SCS, the simulation of RD-Ph in SDS micelles
was repeated at this temperature. It was found that the indicator dye is localized deeper in
DTAB micelles than in SDS micelles with the same hydrocarbon chain.

Compared with CTAB micelles, in DTAB micelles the pyridinium part of the indicator
molecule is immersed deeper due to the fact that the probability of the orientation shown
in Figure 10b (Figure 15B) is higher. On the contrary, in the micelles of SCS and SDS (at
50 ◦C), the molecule is localized and oriented almost similarly.
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during the transition from a hydrocarbon chain of one length to another may change 
differently, depending on the character of the headgroups.  

With regard to the microenvironment, in surfactant micelles with a longer hydro-
carbon chain, the hydration of both the molecule as a whole and its O atom somewhat 
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In addition to anionic and cationic surfactants, RD-Ph was studied in micelles of the 
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the surface than in CTAB micelles. It is important to note that the molecule is almost not 
in contact with the negatively charged SO3− fragment, i.e., it is actually surrounded by 
positively charged [CH2N(CH3)2CH2]+ fragments. This makes its microenvironment in 
this zwitterionic surfactant close to that in the cationic surfactant CTAB. 

Finally, using the example of SDS micelles, the effect of temperature on the state of 
the solubilized dye in the zwitterionic form was studied. It can be seen that, as the tem-
perature increases from 298 K to 310 K and 323 K, the dye gradually immerses into the 
micelle, although the difference is small (~0.1 nm) and is observed primarily for the 
pyridinium fragment of the molecule (Figure 15A). The orientation of the dye remains 
generally unchanged (Figure 16). 

Figure 15. Distance distribution functions between micelle COM and N, O atoms of RD-Ph and N (S)
atoms of surfactants. (A) SDS at 298 K (solid), 310 K (short dash), 323 K (long dash). (B) DTAB and
CTAB. The curves for CTAB are dashed and shifted left by 0.5 nm.

Thus, the position of the molecule of standard Reichardt’s dye in surfactant micelles
during the transition from a hydrocarbon chain of one length to another may change
differently, depending on the character of the headgroups.

With regard to the microenvironment, in surfactant micelles with a longer hydrocarbon
chain, the hydration of both the molecule as a whole and its O atom somewhat decreases,
while the fraction of hydrocarbon around it increases [57].

In addition to anionic and cationic surfactants, RD-Ph was studied in micelles of the
zwitterionic surfactant CDAPSn. It was found that the location and microenvironment of
the dye in these micelles are generally similar to those in the micelles of CTAB. The dye
molecule is located 0.1–0.2 nm (zwitterionic form) or 0.3–0.4 nm (cationic form) closer to
the surface than in CTAB micelles. It is important to note that the molecule is almost not
in contact with the negatively charged SO3

− fragment, i.e., it is actually surrounded by
positively charged [CH2N(CH3)2CH2]+ fragments. This makes its microenvironment in
this zwitterionic surfactant close to that in the cationic surfactant CTAB.

Finally, using the example of SDS micelles, the effect of temperature on the state
of the solubilized dye in the zwitterionic form was studied. It can be seen that, as the
temperature increases from 298 K to 310 K and 323 K, the dye gradually immerses into
the micelle, although the difference is small (~0.1 nm) and is observed primarily for the
pyridinium fragment of the molecule (Figure 15A). The orientation of the dye remains
generally unchanged (Figure 16).
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Figure 16. Definition of inclination angle θ (left) and its distribution functions p(θ) (right) for RD-Ph
in SDS micelles at 298 K, 313 K, 323 K. Adapted from [57,61].

The effect of temperature on the microenvironment of the molecule is also insignificant,
but in the microenvironment of the O atom the water content gradually decreases from
10.30 ± 0.04 at 298 K to 10.28 ± 0.14 and 9.97 ± 0.09 atoms at 310 K and 323 K, respectively.
This can be caused by the thermal expansion of water, because the microenvironment of a
constant volume accommodates fewer molecules [57].

5.6. Hydrogen Bonding of the Solvatochromic Betaine Dyes in Surfactant Micelles

Formation of hydrogen bonds through the phenolic O atom was shown to affect the
spectrum of Reichardt’s dyes. MD simulation allows calculating the average number of
hydrogen bonds formed between the chosen species, nhb; therefore, we examined this
point in more detail for standard Reichardt’s dye RD-Ph. We used the following criteria to
identify an H-bond: (a) donor–acceptor distance no longer than 0.35 nm, and (b) angle ∠ (H
atom; donor; acceptor) no more than 30◦. As the acceptor, the phenolic O atom was chosen,
the donors were water molecules. The results for micellar solutions, as well as for pure
water solutions, are listed in Table 4 (data for selected entire organic molecular solvents
and an ionic liquid bmim+PF6

− are given for comparison). The values of EN
T parameter of

these solutions are shown alongside for the Discussion below.
This parameter is defined as follows:

EN
T =

ET(30) − 30.7
32.4

(3)

The numbers 30.7 and 32.4 are chosen so that the EN
T values for water and tetramethyl-

silane are 1.00 and 0.00, respectively. Reichardt’s ET(30) parameter is:

ET(30)= hcν̃NA = 28591× 1
λ
(kcal/mol) (4)

Here, h is the Planck constant, c is the speed of light, ν̃ is the wavenumber, cm−1, NA is
the Avogadro number, and λ is the wavelength, nm, of the charge-transfer absorption band
of the dye. The indicator dye denoted here as RD-Ph was numbered “30” in the original
paper, which described a series of similar compounds [126]. This dye is now known as
standard Reichardt’s solvatochromic dye.
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Table 4. Calculated number of hydrogen bonds formed by the O atom of the standard dye RD-Ph with
water and the experimentally measured EN

T parameter of micelles and organic solutions (in italic).

Surfactant t, ◦C nhb EN
T

a

No (pure water) 25 2.17 1.000
No (pure water) 50 2.08 0.969 b

SDS 25 1.85 0.828
SDS 50 1.78 0.810
SCS 50 1.74 0.783

Methanol 25 — 0.762
DTAB 25 1.16 0.716 c

CTAB 25 1.12 0.687 d,e

bmim+PF6
− 25 — 0.667

CDAPSn 25 1.01 0.657 d

Ethanol 25 — 0.654
Acetonitrile 25 — 0.460

Dimethyl sulfoxide 25 — 0.444

Note. a [14], c(surfactant) = 0.01 M; b [127]; c [128]; or 0.724 [19]; d c(surfactant) = 0.001 M, [14]; e 0.705 [19].

An interesting observation follows from Table 4: the EN
T (nhb) dependence is monotonic

(Figure 17). The formation of extra hydrogen bonds with surrounding water proportionally
increases the measured polarity parameter. The points in Figure 16 form three separate
groups: alkylammonium surfactants (left), alkylsulfate surfactants (middle), and water
(right). Within each group, the dependence is close to linear with almost the same slope:
0.39 for the first two groups and 0.34 for the third one.
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CDAPSn 25 1.01 0.657 d 
Ethanol  25 — 0.654 

Acetonitrile  25 — 0.460 
Dimethyl sulfoxide 25 — 0.444 

Note. a [14], c(surfactant) = 0.01 M; b [127]; c [128]; or 0.724 [19]; d c(surfactant) = 0.001 M, [14]; e 0.705 
[19]. 
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separate groups: alkylammonium surfactants (left), alkylsulfate surfactants (middle), and 
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slope: 0.39 for the first two groups and 0.34 for the third one.  
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in the hydrogen-bonding energy between the electronic ground and excited states. It is 
natural to assume that the number of H-bonds in both states is the same, because ac-
cording to the Franck–Condon principle, the system has no time to rearrange during the 
excitation–relaxation act. Therefore, this term is proportional to the number of H-bonds 

Figure 17. EN
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and water.

This observation has a clear theoretical justification: in the total excitation energy of a
Reichardt’s dye molecule a term can be distinguished that corresponds to the difference
in the hydrogen-bonding energy between the electronic ground and excited states. It
is natural to assume that the number of H-bonds in both states is the same, because
according to the Franck–Condon principle, the system has no time to rearrange during the
excitation–relaxation act. Therefore, this term is proportional to the number of H-bonds in
the ground state (Equation (5)). This explains the linearity of the dependence EN

T vs. nhb of
micellar solutions.

ET(30) = E1 − E0 = ∆Ehb + ∆Enon-hb = (ehb 1 − ehb 0) nhb + ∆Enon-hb (5)

where E0 and E1 are the ground and excited state energies of the RD-Ph molecule, ∆Ehb
and ∆Enon-hb are contributions of hydrogen bonding and of other interactions to ET(30),

54



Liquids 2023, 3

ehb 0 and ehb 1 are the average energies of a single RD-Ph—water H-bond in the ground and
excited states.

Beginning from the publication by Zachariasse et al. [122], there is a number of
papers that give evidence for higher values of the EN

T parameter of SDS and other anionic
surfactants as compared with that of cationic ones [14,19]. For example, in our laboratory,
the values for 16 different anionic surfactant systems, at different concentrations, ionic
strength, and temperature, including microemulsions, are determined to be within the
range of 0.779–0.835 [14]. For nine different cationic surfactant systems, EN

T was 0.623 to
0.708, whereas for seven nonionic surfactants, it was 0.645–0.702 [14]. On the first glance,
this allows concluding that the surface of the anionic surfactants is better hydrated than
that of the cationic ones.

Moreover, it would not be an exaggeration to say that at least a dozen of publications
give evidence for a more hydrated or more polar state of different molecular probes in SDS
micelles as compared with those in the case of CTAB. Such information is provided by
visible spectra of nitroxides [129], fluorescence of 3,3-dimethyl-2-pheny1-3H-indole [130],
fluorescence of rose Bengal B [131], absorption and pKa of this dye [132], and position of the
visible absorption maximum of the anion of 4-n-heptadecyl-7-hydroxy coumarin [133]. The
formation of the nonpolar lactone of 5-(N-octadecanoyl)aminofluorescein is less expressed
in the SDS micellar aqueous solution as compared with cationic and nonionic surfactants
micellar systems [134].

MD simulations demonstrate similar hydration of surfactant ions in anionic and
cationic micelles if the tail length is the same (Figure 1). In contrast, it should be noted
that the Krafft temperature for SCS is approximately 30 ◦C higher than that of CTAB. This
allows assuming that the Stern layer of the SCS is less hydrated than in the case of CTAB. At
the same time, the EN

T value for SCS, 0.783, even after taking into account the temperature
influence (see Table 4), can be estimated at 25 ◦C as 0.801 and is substantially higher than
the value EN

T = 0.687 for CTAB. Additionally, the EN
T value for SDS, 0.828, is substantially

higher than that for DTAB, 0.716–0.724. The corresponding values for CTAC and CPC are
close to that for CTAB, and the same is true for DTAB and DTAC [14,19]. At the same time,
Figure 1 shows similar hydration of the Stern layers of DTAB and SDS.

Therefore, the different behavior of numerous molecular probes in SDS and CTAB
is caused by a more pronounced hydration of foreign molecules involved in the Stern
layer of SDS, despite comparable water content on the surfaces of the two micelles. Hence,
a hypothesis about the more pronounced hydrogen bond ability of water molecules in
anionic micelles can be deduced. In any case, the resulting effect manifests itself in the form
of an (apparently) more polar surface of SDS micelles.

Here, it is appropriate to recall a new paper, that allows to shed additional light upon
the origin of the λmax and, accordingly, EN

T values [135]. The authors consider the problem
of one of the most common solvatochromic indicators, the aforementioned Reichardt’s dye,
in terms of micro- and macrosolvation. In this work, based on the study of IR spectra in an
argon matrix with water additives, it was shown that the direct formation of a hydrogen
bond between a water molecule and the oxygen atom of the indicator dye does not itself
introduce fundamental changes in the dye, but enhances the effect of the entire solvent
continuum. So, even if the true polarity of the micellar surface of CTAB and SDS is similar,
more numerous hydrogen bonds in the last case cause an EN

T increase.
In some cases, the location character of the solvatochromic or solvatofluoric dyes is

more specific. For example, Pal et al. report that some fluorescent 3H-indoles are able
to recognize two different sites in SDS micelles, while only one type of locus is observed
in the case of CTAB micelles [136]. Another very popular fluorescent molecular probe is
pyrene [137]. Thiosemicarbazide and thiosemicarbazide pyrene derivatives are also used
for examining CTAB and SDS micelles [137]. The location of pyrene in surfactant micelles
will be considered in Section 9.
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6. Acid–Base Indicators as Useful Tools for Studying Micelles
6.1. Acid–Base Dissociation in Surfactant Micelles

The application of acid–base indicators began from the papers by Hartley [138] and
Hartley and Roe [139]. In reviews by El Seoud [140] and Jana and Pal [141], data for a
large number of molecular probes, mainly indicators, in surfactant micelles and related
systems were accumulated. The key characteristic is the so-called apparent dissociation
constant, Kapp

a :

pKapp
a = pH + log

[HB]
[B]

(6)

Here, pH refers to the aqueous phase, the values in brackets are equilibrium con-
centrations of the acidic and basic forms of the molecular probe; charges are omitted for
simplicity. They may or may not be fully bonded by the micellar pseudophase, with the
former being preferred. The articles by Mukerjee and Banerjee [142], Fromherz [143,144],
and Funasaki [145–147] enabled substantiating the relation between the electrical surface
potential of micelles, Ψ, and the pKapp

a value of an indicator (or other molecular probe)
completely bound by the micellar pseudophase. This equation therefore may be named as
the Hartley–Mukerjee–Fromhertz–Funasaki, or HMFF, equation:

pKapp
a = pKw

a + log
γB

γHB
− ΨF

RT ln 10
= pKi

a −
ΨF

RT ln 10
(7)

Here, Kw
a is the dissociation constant in water, γ is the activity coefficient of transfer

from water to the micellar pseudophase, and Ki
a is the so-called intrinsic dissociation

constant. Hence, the Ψ value can be determined as given below:

Ψ =
RT ln 10

F

(
pKi

a − pKapp
a

)
(8)

From these positions, one may consider data for a variety of compounds: nitro-
phenols [148], hydroxyanthraquinones [149], substituted diarylamines [150], fluorescein
dyes [17,18,132,134], rhodamines [31,151–155], azo dyes [156]; acridines [157], and many
other indicators [13,19,97,133,140–147,158–166].

Sulfonephthaleins (Scheme 5) belong to the most popular acid–base indicators, and it is
not surprising that they were widely used in examining surfactant
micelles [142,145–147,164,166–176].

Liquids 2023, 3, FOR PEER REVIEW 27 
 

 

 
Scheme 5. Dissociation of sulfonephthalein dyes (phenol red: no substituents; bromophenol blue: 
3,3’,5,5’-tetrabromo phenolsulfonephthalein; bromocresol green: 2,2’-dimethyl- 
3,3’,5,5’-tetrabromo-; bromocresol purple: 3,3’-dimethyl-5,5’-dibromo-; bromothymol blue: 
2,2’-dimethyl-5,5’-di-iso-propyl-3,3’-dibromo-; o-cresol red: 3,3’-dimethyl-; m-cresol purple: 
2,2’-dimethyl-; thymol blue: 2,2’-dimethyl-5,5’-di-iso-propyl phenolsulfonephthalein.). 

Some app
apK  values of these dyes, which were used for the Ψ determination, will be 

analyzed below.  
Coumarin dyes are of particular interest due to their frequent use in determining the 

electrical potential of interfaces. The indicator properties of the relatively hydrophilic 
mother compound were demonstrated as early as 1970–1973 [177,178]. In order to ensure 
the fixation of the reporter molecule to lipid and surfactant assemblies, long hydrophobic 
hydrocarbon chains were tailored to the coumarin dye [25,95,97,143,144,179–184]. The 
hydrophobic coumarins (Scheme 6) were basic compounds for developing the quantita-
tive interpretation of the app

apK  values in micelles [95,97,133,144,160,161,184].  

OO

C17H35

N(CH3)2O

C11H23

O OH

 
Scheme 6. Molecular structures of two hydrophobic coumarins. 

Petrov and Möbius used the hydrophobic coumarin for studying mono- and multi-
layers [40,41,43–45], and Yamaguchi et al. applied it to pH spectrometry both in surfac-
tant monolayers on water [42] and on pure water interface [48,49].  

As mentioned above, the standard solvatochromic Reichardt’s dye was applied as an 
acid–base indicator for micelles [19]. The large size of the dye raises questions about the 
credibility of the information about the micelle itself, because the obtained data rather 
reflect the properties of the dye [185]. Nevertheless, the Ψ values obtained via Equation 
(8) [13,14,20] did not differ significantly from those determined using other indicators. 
The app

apK  values of different Reichardt’s dyes were determined also in surfactant mi-
celles [186] and microemulsions [187]. These and other results are referred to in a review 
paper by Machado et al. [21].  

Several rarely used molecular probes should also be mentioned. For example, 
Zakharova et al. [188] determined the app

apK  values of a NH-acid, 4-nitroanilide of 
bis(chloromethyl) phosphinic acid (Scheme 7), in CTAB and SDS micellar solutions:  

H
+

NO2HNP
O

ClCH2

ClCH2

NO2NP
O

ClCH2

ClCH2
+

_

 
Scheme 7. Dissociation of the 4-nitroanilide of the bis(chloromethyl) phosphinic acid. 
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Scheme 5. Dissociation of sulfonephthalein dyes (phenol red: no substituents; bromophenol blue:
3,3′,5,5′-tetrabromo phenolsulfonephthalein; bromocresol green: 2,2′-dimethyl-3,3′,5,5′-tetrabromo-
; bromocresol purple: 3,3′-dimethyl-5,5′-dibromo-; bromothymol blue: 2,2′-dimethyl-5,5′-di-iso-
propyl-3,3′-dibromo-; o-cresol red: 3,3′-dimethyl-; m-cresol purple: 2,2′-dimethyl-; thymol blue:
2,2′-dimethyl-5,5′-di-iso-propyl phenolsulfonephthalein).

Some pKapp
a values of these dyes, which were used for the Ψ determination, will be

analyzed below.
Coumarin dyes are of particular interest due to their frequent use in determining

the electrical potential of interfaces. The indicator properties of the relatively hydrophilic
mother compound were demonstrated as early as 1970–1973 [177,178]. In order to ensure
the fixation of the reporter molecule to lipid and surfactant assemblies, long hydrophobic
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hydrocarbon chains were tailored to the coumarin dye [25,95,97,143,144,179–184]. The
hydrophobic coumarins (Scheme 6) were basic compounds for developing the quantitative
interpretation of the pKapp

a values in micelles [95,97,133,144,160,161,184].
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Scheme 6. Molecular structures of two hydrophobic coumarins.

Petrov and Möbius used the hydrophobic coumarin for studying mono- and multilay-
ers [40,41,43–45], and Yamaguchi et al. applied it to pH spectrometry both in surfactant
monolayers on water [42] and on pure water interface [48,49].

As mentioned above, the standard solvatochromic Reichardt’s dye was applied as an
acid–base indicator for micelles [19]. The large size of the dye raises questions about
the credibility of the information about the micelle itself, because the obtained data
rather reflect the properties of the dye [185]. Nevertheless, the Ψ values obtained via
Equation (8) [13,14,20] did not differ significantly from those determined using other indi-
cators. The pKapp

a values of different Reichardt’s dyes were determined also in surfactant
micelles [186] and microemulsions [187]. These and other results are referred to in a review
paper by Machado et al. [21].

Several rarely used molecular probes should also be mentioned. For example, Za-
kharova et al. [188] determined the pKapp

a values of a NH-acid, 4-nitroanilide of bis(chlorom-
ethyl) phosphinic acid (Scheme 7), in CTAB and SDS micellar solutions:
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Even earlier, a set of derivatives of phosphonic acid were examined in CTAB, CTAC,
and SDS solutions [189]. In both studies, the dependence of the pKapp

a values on the
surfactant concentrations was obtained in order to estimate the pKapp

a s under conditions of
complete binding to micelles, which is difficult to reach experimentally.

Khaula et al. [162] used the following two indicators (Scheme 8): in solutions of CTAB,
SDS, and a nonionic surfactant Tween 80.
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In addition to such small molecules, large-sized ones are also used in studying col-
loidal and biocolloidal systems. For instance, relatively recently, Clear et al. [190] applied
polymethine dyes (Scheme 9) as optical liposome pH sensors:

57



Liquids 2023, 3

Liquids 2023, 3, FOR PEER REVIEW 28 
 

 

surfactant concentrations was obtained in order to estimate the app
apK s under conditions 

of complete binding to micelles, which is difficult to reach experimentally.  
Khaula et al. [162] used the following two indicators (Scheme 8): in solutions of 

CTAB, SDS, and a nonionic surfactant Tween 80.  

  

NH2
+

C12H25

 
Scheme 8. Hydrophobic indicators used for studying micellar solutions [162]. 

In addition to such small molecules, large-sized ones are also used in studying col-
loidal and biocolloidal systems. For instance, relatively recently, Clear et al. [190] applied 
polymethine dyes (Scheme 9) as optical liposome pH sensors:  

''

NH+

R
CH3H3C

R
N

R

C

H3C CH3

RO

''

N

R
CH3H3C

R
N

R

C

H3C CH3

RO

_ H+

+ H+

 
Scheme 9. Acid–base equilibrium of polymethine dyes proposed for pH sensing [190]. 

Of special interest is the experimental and theoretical study of the acidic dissociation 
of the so-called GFP (or green fluorescent protein) fluorophore (Scheme 10) [191,192]:   

H ++

_ O

N N

O

HN CH3
HO

O

HO

N N

O

HN CH3
HO

O_ H+

 
Scheme 10. Acid–base equilibrium of Green fluorescent protein fluorophore (GFP) [191,192]. 

In addition to spectrophotometric and fluorimetric methods, potentiometric deter-
mination of the app

apK  values of molecular probes, including carboxylic and phospho-
rorganic acids, in surfactants were described in detail [193–201].  

Maeda performed a detailed thermodynamic analysis of potentiometric acid–base 
titrations in micellar systems [202,203]. Popović-Nikolić et al. [204,205] used the poten-
tiometric method in studying some biologically active compounds in water in the pres-
ence of surfactants.  

The dependence of the 13С NMR shifts on pH was used for determination of the 
app
apK  value of tetradecanoic acid in micelles of a sugar-derived surfactant [206]. ESR 

probes were also used as acid–base indicators in different colloidal systems [207–212].  
  

Scheme 9. Acid–base equilibrium of polymethine dyes proposed for pH sensing [190].

Of special interest is the experimental and theoretical study of the acidic dissociation
of the so-called GFP (or green fluorescent protein) fluorophore (Scheme 10) [191,192]:
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Scheme 10. Acid–base equilibrium of Green fluorescent protein fluorophore (GFP) [191,192].

In addition to spectrophotometric and fluorimetric methods, potentiometric determi-
nation of the pKapp

a values of molecular probes, including carboxylic and phosphororganic
acids, in surfactants were described in detail [193–201].

Maeda performed a detailed thermodynamic analysis of potentiometric acid–base
titrations in micellar systems [202,203]. Popović-Nikolić et al. [204,205] used the potentio-
metric method in studying some biologically active compounds in water in the presence
of surfactants.

The dependence of the 13C NMR shifts on pH was used for determination of the pKapp
a

value of tetradecanoic acid in micelles of a sugar-derived surfactant [206]. ESR probes were
also used as acid–base indicators in different colloidal systems [207–212].

6.2. Binding of Indicators by Surfactant Micelles

In any case, the problem of the completeness of binding by micelles is of key signifi-
cance. A potentiometric study of eleven carboxylic acids with concentrations of 5 × 10−4 M
in 0.01 M Triton X-100 solutions allowed Chirico et al. [196] to conclude that, judging by
their pKapp

a s, acids from acetic to valeric were not bound by the micelles. Even pelargonic
and undecanoic acids are included into the micelles almost completely only on increase
in the TX-100 concentration. The results obtained by Boichenko et al. with propanoic,
butanoic, pentanoic, and hexanoic acids in Brij 35 and SDS solutions [199] and by Eltsov
and Barsova with undecanoic, tetradecanoic, and hexadecanoic acids in solutions of CTAB,
SDS, Brij 35, and CDAPS [197] confirm these observations.

The binding of indicator dyes can be described by so-called binding constants, Kb; see
Equation (9).

Kb =
[im]

[iw](csur f − cmc)
(9)

Here, the equilibrium concentrations of the dye ion or molecule, i, fixed at micelles
(m) or located in the bulk phase (w) are expressed in moles per liter of the whole solution;
csur f − cmc corresponds to the micellized surfactant; cmc is the critical micelle concentra-
tion. These constants can be determined using the dependence of pKapp

a on csur f [188,189].
For the above shown p-nitroanilide of the bis(chloromethyl) phosphinic acid, the binding
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constants were determined using the dependence of pKapp
a on the CTAB concentration [188].

For the anion and molecule in CTAB solutions, Kb = (4.0–4.8)× 104 M−1 and (300–540) M−1,
respectively, depending on the buffer nature. In SDS solvents, the values were much lower,
1 and 64, respectively. These values of binding constants enable estimating the pKapp

a values
at complete binding [188].

Sarpal et al. [130] estimated the binding constant of the equilibrium forms of 3,3-
dimethyl-2-phenyl-3H-indole (Scheme 11), a fluorescence polarity probe, using fluorescence
measurements.
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Scheme 11. Acid–base equilibrium of 3,3-dimethyl-2-phenyl-3H-indole.

In SDS micellar solutions, the values Kb = 1.01 × 103 M and 12.9 × 103 M for the B and
HB+ forms were determined at pH 9.5 and 1.0, respectively. Therefore, the ionic strength is
relatively high in the second case. This is in line with the cmc values of SDS determined
by the authors in these two cases, (7.0–7.4) × 10−3 M and (1.4–1.8) × 10−3 M, respectively.
Whereas the value in water, pKw

a , equals to 3.25, the pKapp
a value in 0.06 M SDS solution is

4.75. As it follows from the Kb,B value, under these conditions the [Bm]/[B w] ratio is 61,
and hence the experimental pKapp

a should be considered as a value at complete binding
by micelles.

In Table 5, the binding constants obtained using the dependencies of pKapp
a vs. csurf,

as a rule at 25 ◦C; the values of the ionic strength, I, are indicated. Here, some typos in the
previous paper [14] are corrected.

Table 5. Binding constants, Kb, of indicators and the pKapp
a values [±(0.03–0.06)], obtained by

extrapolation to complete binding of both equilibrium forms [154,174,213].

Indicator System Surfactant I, M Kb,HB, M−1 Kb,B, M−1 pKapp
a

Methyl yellow, HB+/B Brij 35 0.05 65 5.8 × 103 1.12
Rhodamine B, HB+/B± Brij 35 0.05 4.0 × 103 5.9 × 102 4.08

Bromophenol blue, HB−/B2− Brij 35 0.01 1.2 × 104 1.25 × 103 5.10
Bromophenol blue, HB−/B2− Triton X-100 0.01 1.1 × 104 1.7 × 103 5.00
Bromophenol blue, HB−/B2− Triton X-305 0.01 2.4 × 103 1.3 × 102 4.88
Bromophenol blue, HB−/B2− Nonylphenol 12 0.05 2.0 × 104 2.7 × 103 4.80
Bromophenol blue, HB−/B2− Tween 80 0.05 1.3 × 104 9.0 × 102 5.09

Phenol red, HB−/B2− Brij 35 0.01 2.85 × 102 32 8.73
Phenol red, HB−/B2− CTAB 0.02 (KBr) 3.75 × 104 9.06 × 104 7.45
Phenol red, HB−/B2− CTAB 0.05 (KBr) 1.64 × 104 1.55 × 104 7.71
Phenol red, HB−/B2− CTAB 0.4 (KBr) 2.5 × 103 2.6 × 102 8.72

Bromothymol blue, HB−/B2− SDS 0.2 (NaCl) 1.3 × 104 16 9.90

Corresponding values were also determined for indicator dyes in microemulsions [172,173]
and phospholipid liposomes [171].

The most popular method for ensuring complete binding of acid–base indicators to
micelles is attaching long hydrocarbon chains to them [25,40,41,43–45,95,99,133,134,143,
144,152,153,155,160,162,179–184,190]. Otherwise, the opposite charge of the ionic forms of
indicators and inclusion of halogen atoms and nitro groups favors the binding by micelles.
Therefore, another issue is the depth of penetration of such modified molecular probes into
the pseudophase. This will be considered in the present paper using MD simulations.

Application of the NMR spectroscopy method allows expecting the location of the
acid–base indicators as a rule in the Stern layer region [99,122,124,125,160,181,182].
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Finally, it is important to know to what extent the pKw
a values of long-tailed indicators

coincide with those of the unmodified compounds [133,134].
The same refers to the pKapp

a values, which is easy to check experimentally, contrary to
the case of aqueous solutions, where the long-tailed dyes are poorly soluble and can form
their own micelles.

Additionally, despite firm fixation to micelles, similar dyes with hydrocarbon tails
of unequal length sometimes exhibit different properties. For example, the quenching of
fluorescence by N,N-dimethylaniline in CTAB micelles occurs dissimilarly for two eosin
derivatives with hydrocarbon length, n = 11 and 15, respectively (Scheme 12) [214].
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As the pKw
a values for long-tailed dyes are difficult to determine in water, the compar-

ison was made in aqueous 1-butanol (Table 6).

Table 6. Indices of the dissociation constants of esters of fluorescein dyes in aqueous 1-butanol and
CTAC micelles.

Dye n-Butanol—Water, 82: 18 by Mass [215] CTAC Micelles, 4.0 M KCl [18]

pKa0 pKa1 pKapp
a0 pKapp

a1

Ethylfluorescein 2.68 ± 0.02 8.44 ± 0.07 1.86 ± 0.02 6.59 ± 0.03
n-Decylfluorescein 2.53 ± 0.02 8.56 ± 0.03 2.13 ± 0.01 6.61 ± 0.07

n-Hexadecylfluorescein — — 1.58 ± 0.04 7.06 ± 0.03
Ethyleosin — 3.71 ± 0.05 — 1.11 ± 0.03

n-Decyleosin — 3.86 ± 0.04 — 1.18 ± 0.05

Additionally, the data in CTAC micelles at high ionic strength of the bulk phase
shed some light upon the role of the length of the hydrophobic radical on the acid–base
properties of the firmly bound indicator.

Bissell et al. created earlier a very interesting complicated construction [216]. These
authors synthesized a number of fluorescent photoinduced electron-transfer sensors with
targeting/anchoring modules called by the authors as “molecular versions of submarine
periscopes” for mapping membrane-bounded protons. The pKapp

a s in micellar solutions of
CTAC, SDS, and Triton X-100 were determined; the complete binding is observed at proper
hydrophobicity of the anchoring tail group [216].

On the other hand, an approach was developed for estimating the Ψ values in the
diffuse layer beyond the micellar surface with the help of indicators—derivatives of the
benzoic acid [15,16].

In addition to examining surfactant micelles, the pKapp
a values of indicator dyes were

determined in phospholipid liposomes [19,25,133,143,171,178–183,190,207], polyelectrolyte
solutions [32,33], gelatin films [34], solid surfaces [35,36,217], mono- and multilayers of
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surfactants [40–45] and polymers [46,152], and on pure water surface [47,48,218–223],
including air bubbles in water [49].

7. Experimental Determination of the Surface Electrical Potential of Micelles Using
Acid–Base Indicators

Now it is important to consider different methods used for the Ψ determination
(Equation (7)), first, for evaluation of the pKi

a in ionic micelles. This question has been
systematized by Grieser and Drummond [13] and afterwards discussed in several articles
from this group [10,14,224].

The first approach is based on equating the pKi
a to pKw

a [139,145]. However, it was
revealed that as a rule, the pKapp

a value in nonionic surfactant micelles substantially differs
from the value in water [142,146,225]. The above assumption is reasonable only if the sur-
face is well hydrated, and there are some other reasons for using such an approach [35,36].

The second approach consists in screening the surface charge of micelles by high
concentrations of an electrolyte in the bulk (aqueous) phase [18,169,170,226]. This allows
consider the pKapp

a value in the same ionic micelles at high ionic strength as the pKi
a. How-

ever, there is some evidence for incomplete charge screening even at several moles per
liter of electrolytes, and too high concentrations also strongly influence the viscosity and
other properties of the aqueous phase [10,14,18,156,157,163,164]. Contrary to the micellar
solutions of CTAB and nonionic surfactants, in the case of SDS the precipitation at high
NaCl concentrations may occur [149]. High ionic strength often leads to polymorphic trans-
formations of the micelles. Additionally, the interpretation of the pH measurements using
glass electrodes in cells with liquid junction in such salt solutions becomes less obvious.

The third approach uses the pKa value of an indicator in water–organic solvents for
estimating the pKi

a value. In this case, two steps are to be made: (i) the composition of a
water–organic solvent “s” should be selected, and (ii) the pKi

a value should be equated to
the difference (pKa − log wγs

H+ ) [19,133,134,144,147,156,157,163,164,227,228]. The choice of
the appropriate composition of the binary solvent is made using the absorption maximum
of the dye. This value must coincide with that in the micelles, and the relative permittivity
of the mixed solvent is equated to that of the micellar pseudophase. However, it should
be remembered that both λmax values and pKas in isodielectric solvents sometimes differ
substantially. Additionally, the wγs

H+ values used in the cited papers differ from those
estimated by the commonly accepted tetraphenylborate assumption [10,14,224].

The fourth approach proposes to use the pKapp
a value in micelles of nonionic surfac-

tants as the pKi
a in ionic micelles [10,13,14,62,95,144,146,149,229]. This method is probably

the most often used. The idea of equating the pKi
a to the pKapp

a of the same indicator
located at a noncharged surface was also implemented at studying mono- and multilay-
ers [40,41,43–45].

The fifth approach presumes utilization of two indicators, which are cationic and
nonionic acids, HB+ and HA, respectively [99,144,162,183]. The main idea consists in
the assumption wγs

HB+ = wγs
A− for the two indicators. This is based on comparing the

dependence of the pKas of a cationic and neutral hydrophobic coumarins [144]. Our
experiments with the n-decylfluorescein that is a dual cationic and neutral acid two-step
indicator demonstrated that the wγs

H2R+ = wγs
R− assumption is not universal [14].

However, the determination of Ψ values both by different approaches and by different
indicators, as a rule, leads to different results for the same ionic micelle.

In Tables 7–11, some examples of the Ψ scatter are presented. Here, the pKapp
a values

in micelles of nonionic surfactants were used as the pKi
a in ionic micelles, Equation (8). The

data refer to the complete binding by all kinds of micelles under consideration, as a rule, at
25 ◦C or room temperature. The ionic strength is indicated if the exact value is available in
the cited papers. At low ionic strength, its variation has a particularly noticeable effect on
the Ψ value.
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Table 7. Value of Ψ of the CPC micelles at an ionic strength of 0.05 M [14].

Indicator ∆pKapp
a = pKapp

a −pKw
a

In CPC Micelles,
0.05 M Cl−

In Nonionic
Micelles Ψ, mV

Bromophenol blue, −/= −2.16 0.61 +164
Bromocresol green, −/= −1.68 1.03 +160
Bromocresol purple, −/= −1.32 0.91 +132
Bromothymol blue, −/= −0.94 1.64 +152

n-Decyleosin, 0/− −1.9 0.71 +154
n-Decylfluorescein, 0/− −1.39 0.69 +123
n-Decylfluorescein, +/0 −2.15 −0.80 +80

Reichardt’s dye, +/± −1.55 0.46 +118
N,N’-di-n-

octadecylrhodamine,+/± −0.76 0.97 +102

Table 8. Value of Ψ of the CTAB micelles at low ionic strengths [10,148,160,197].

Indicator pKapp
a

In CTAB
Micelles

In Brij-35
Micelles Ψ, mV Ionic

Strength, M

Bromophenol blue, −/= 2.26 5.10 +168 0.011
Bromothymol blue, −/= 6.59 9.19 +153 0.011

2-Nitro-4-n-nonylphenol, 0/− 5.86 8.52 +157 <0.01
4-Octadecylnaphthoic acid, 0/− 4.20 6.60 +142 0.014

N,N’-di-n-octadecylrhodamine, +/± 2.24 4.12 +111 0.019
Tetradecanoic acid, 0/− 5.34 6.36 +60 <0.01

Table 9. Value of Ψ of the SDS micelles at an ionic strength of 0.05 M [10,14,62].

Indicator ∆pKapp
a

In SDS Micelles,
0.05 M Na+

In Nonionic
Micelles Ψ, mV

2,6-Dinitro-4-n-dodecylphenol, 0/− 1.51 −0.09 −95
n-Decyleosin, 0/− 2.63 0.71 −113

n-Decylfluorescein, 0/− 2.65 0.69 −116
n-Decylfluorescein, +/0 2.23 −0.80 −179

Reichardt’s dye, +/± 2.06 0.46 −94
N,N’-di-n-octadecylrhodamine, +/± 1.97 0.97 −59

Rhodamine B, +/± 2.10 1.0 −65
Hexamethoxy red, +/0 2.14 −0.90 −179

Neutral red, +/0 ≈2.3 ≈−0.8 −183
Methyl yellow, +/0 1.56 −2.13 −218

Table 10. Value of Ψ of the SDS micelles at low ionic strengths [10,148,156,160,197].

Indicator pKapp
a

In SDS
Micelles

In Brij-35
Micelles Ψ, mV Ionic

Strength, M

2-Nitro-4-n-nonylphenol, 0/− 10.05 8.52 −90
4-Octadecylnaphthoic acid, 0/− 8.10 6.60 −88

Tetradecanoic acid, 0/− 8.45 6.36 −123
N,N’-di-n-octadecylrhodamine, +/± 5.52 4.12 −83 0.02
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Table 10. Cont.

Indicator pKapp
a

In SDS
Micelles

In Brij-35
Micelles Ψ, mV Ionic

Strength, M

Rhodamine B, +/± 5.70 4.08 −96 0.015
Hexamethoxy red, +/0 5.89 2.10 −224 0.01

Neutral red, +/0 9.17 5.64 −208
Methyl yellow, +/0 5.28 1.12 −245 0.01

Acridinium, +/0 7.01 3.69 −196

Table 11. Value of Ψ of surfactant—1-pentanol—benzene microemulsions; 1.3 vol.% pseudophase;
ionic strength 0.05 M [14,173,187].

Indicator
Ψ, mV

CPC-Based SDS-Based

Bromophenol blue, −/= +179 —
Bromocresol green, −/= +200 —
Bromocresol purple, −/= +165 —
Bromothymol blue, −/= +152 —
n-Decylfluorescein, +/0 +71 −150
n-Decylfluorescein, 0/− +101 −90

Reichardt’s dye, +/± +65 −86
N,N’-di-n-octadecylrhodamine, +/± +98 −47

The ∆pKapp
a values of sulfonephthaleins in cationic micelles gradually increase from

bromophenol blue to thymol blue [167,168,175]. For example, Politi and Fendler [167]
reported the values ∆pKapp

a = –1.25 (bromocresol green); –1.05 (bromophenol red); –0.9
(bromothymol blue); and –0.2 (thymol blue) for a 0.008 M CTAB solution, ionic strength
0.01 M NaCl. Kulichenko et al. [175] reported the values ∆pKapp

a = –1.89 (bromophenol
blue); –1.51 (bromocresol green); –1.21 (bromocresol purple); –0.70 (bromothymol blue);
–0.85 (phenol red); –0.54 (m-cresol purple); –0.74 (cresol red); and –0.20 (thymol blue) for a
0.06 M tridecylpyridinium bromide solution. Rosendorfová and Čermáková studied three
sulfonephthaleins in micellar solutions of a cationic surfactant Septones, 1-(ethoxycarbonyl)-
pentadecyl-trimethylammonium bromide (Scheme 13) [168]:
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At ionic strength 0.2 M, the values app
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At ionic strength 0.2 M, the values ∆pKapp
a = –0.80 (bromophenol blue); –0.45 (bromocre-

sol green); and +0.12 (phenol red) were determined [168]. Our study for eight sulfoneph-
thaleins in CPC micelles at ionic strength 0.05 M demonstrated the increase in ∆pKapp

a
from –2.16 for bromophenol blue to –0.37 for thymol blue [230]. In CTAB at KBr + HBr
or KBr + buffer concentrations of 0.005 M, the ∆pKapp

a s of four sulfonephthaleins change
from –2.11 to –0.43 for bromophenol blue to thymol blue, respectively [231]. Importantly,
the same sequence of the ∆pKas of the standard series of sulfonephthaleins is observed in
binary water–acetone solvents [232] and in other mixtures of non-hydrogen bond donor
solvents (acetonitrile, dimethyl sulfoxide) [213]. In the last named systems, the ∆pKa
values are substantially positive. It should be recalled here that, while studying acid–base
reactions in CTAB micelles, Minch et al. [233] noted that “intramicellar water has a lower
tendency to hydrogen bond with organic molecules than “ordinary” water”. Though the
∆pKapp

a s in cationic micelles are negative owing to the positive Ψ values, the differentiating
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influence of this kind of the organized solutions is the same as in the above solvents. The
more pronounced the delocalization of the negative charge in the R2− anion is, the lower is
the ∆pKa value. However, the ∆pKapp

a values in nonionic micelles obey other regularities.
Here, the total hydrophobicity of the compounds is of key significance. Obviously, the use
of the pKapp

a values of these indicators in nonionic micelles will lead to different Ψ values
for the same ionic micelles as calculated according to Equation (8).

The scatter of the Ψ values in Tables 7 and 8 reaches 100 mV.
Even more substantial it is in Tables 9 and 10.
The data gathered in Tables 7–11 may be supplemented by the results reported by

Pal and Yana, who determined the pKapp
a s of seven hydroxyanthraquinones (Scheme 14)

in micelles of cationic, anionic, and nonionic surfactants at an ionic strength of 0.3 M,
25 ◦C [149].
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Scheme 14. Molecular structure of hydroxyanthraquinones used as acid–base indicators in micellar
solutions. I: R1 = OH; II: R1 = R2 = OH; III: R1 = R4 = OH; IV: R1 = R7; V: R1 = R2 = R7; VI: R1 = R2 =
R5 = R7; VII: R1 = R2 = OH, R3 = SO3Na (the nonspecified substituents: R = H).

The authors compare the electronic absorption spectra and fluorescence in water,
organic solvents, and micellar media, and demonstrate the increase and decrease in pKapp

a
values along with increasing concentration of NaCl in CTAB and SDS micellar solutions,
respectively. This study presents an abundant material demonstrating the role of the dye
location in the interfacial region. The Ψ values, as determined by Equation (8) using the
pKapp

a values in Triton X-100 micelles as pKi
a of ionic micelles, vary in a wide range, and in

some cases are positive even in SDS micelles [149].
Fernandez and Fromherz [144] used the long-tailed indicators 4-undecyl-7-hydroxyco-

umarin and 4-heptadecyl-7-(dimethylamino)coumarin. At CTAB and SDS concentrations
of 0.024 M, the Ψ values at low bulk ionic strength were determined as +148 and −137 mV,
respectively. The pKi

a values of the indicators, 8.85 and 1.25, were determined in nonionic
micelles of Triton X-100 [144]. The indicator 4-heptadecyl-7-hydroxycoumarin was used by
Hartland et al. [95] for determination of the Ψ value of the SDS micelles at different NaCl
concentrations; the pKi

a = 9.10 of the indicator in C12E8 micelles was used for calculations.
At 0.02 M SDS, the Ψ values are −141; −125; −110 mV at 0.007; 0.02; and 0.065 M NaCl,
respectively [95]. Simultaneously, the Ψ values for micelles of series surfactants were
determined with this indicator [133].

Concluding, the Ψ value of the interfacial region of a given micelle at a fixed ionic
strength can vary within a wide range, as obtained with different acid–base indicators.

8. Theoretical Determination of the Surface Electrical Potential of Micelles
8.1. Formulation of the Problem

For well-defined micellar systems, different methods were used for theoretical calcula-
tion of the Ψ values. As an example, Equation (1) in Section 3 can be mentioned. Lukanov
and Firoozabadi [78] developed more detailed approaches in this direction. For the SDS
micelles, the calculated electrostatic potential values at 0.1 nm from the charged surface [78]
agree quite well with the experimental Ψ values, determined with acid–base indicators at
various NaCl concentrations [95,114,229]. Us’yarov calculated the whole set of parameters,
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including α and Ψ [92,93], within a wide range of SDS and NaCl concentrations [92,93].
Some other papers were devoted to the theoretical estimations of the pKapp

a values in
micelles and different biocolloidal systems [77,79,192]. However, the most popular method
so far is the experiment with acid–base indicators.

Below we present the main results obtained by our group. Our approach was based
on the utilization of the acid–base indicators. Namely, the MD simulations were used
for evaluation of the ∆pKapp

a of indicators, and the difference between the ∆pKapp
a s in

nonionic and ionic micelles allows the estimation of the Ψ values of the latter. This study
was accompanied by consideration of the localization, orientation, and hydration of the
equilibrium forms of the acid–base indicators following the methodology described above
for the betaine solvatochromic dyes.

The first step in this direction was devoted to the indicator 4-[(E)-([1,1′-biphenyl]-4-
yl)diazenyl]-2-nitrophenol, which was first used for this purpose in a study published by
Hartley and Roe as early as 1940 [139]. In this case, triethanolammonium cetylsulfonate,
TEACSn, and N-cetylpyridinium bromide, CPB, (Scheme 15) were used in the modeling [59]
because the same surfactants were used by the cited authors [139]. Sodium cetylsulfonate,
SCSn, was also involved in our simulations.
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Scheme 15. Molecular structure of the surfactants used in modeling with the Hartley indicator. 
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sented in Scheme 16. In addition to the Hartley indicator, the 
4-n-heptadecyl-7-hydroxycoumarin used by many authors for the Ψ determination (see 

Scheme 15. Molecular structure of the surfactants used in modeling with the Hartley indicator.

The acid–base dissociation of this and other indicators selected for modeling is pre-
sented in Scheme 16. In addition to the Hartley indicator, the 4-n-heptadecyl-7-hydroxycou-
marin used by many authors for the Ψ determination (see above), was also involved in our
theoretical study. Other three indicators were used in our experimental determinations
of the electrostatic potential. They are as follows: 2,6-dinitro-4-n-dodecylphenol [62], n-
decylfluorescein [14,173,213], and N,N’-di-n-octadecylrhodamine [14,152,153]. The results
are published in a set of publications [59,62,64,65,67–69].
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Scheme 16. Dissociation of the acid–base indicators used in molecular dynamics modeling. HD:
Hartley indicator; DDP: 2,6-dinitro-4-n-dodecylphenol; HHC: 4-n-heptadecyl-7-hydroxycoumarin;
DF: n-decylfluorescein; DR: N,N’-di-n-octadecylrhodamine.

8.2. Location of Acid–Base Indicators in Micelles

These phenomena were considered in detail for the dyes HD [59], DDP [62,64], and
coumarin and xanthenes dyes [67].

The chromophoric moieties of the molecules are located either on the surface of the
micelles between the hydrocarbon core and solution, or within the hydrocarbon core having
only hydroxyl groups and adjacent atoms contacting with water. Both locations may be
typical for the same molecule and alternate. Consequently, the dyes differ by the depth
of immersion into micelles. Following the betaine dyes, we quantified it as the distance
between the micelle center and a chosen atom of the dye molecule (the N atom bound
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to the nitrophenol moiety of HD, the C atom of the α-CH2 group of the hydrocarbon tail
of DDP and HHC, and the C atom carrying the positive charge in carbocations of DF
and DR). The average distances are collected in Table 12 and schematically represented
in Figures 18 and 19. As before, the distances below 1.35 nm (SDS) or 1.55 nm (CTAB,
CPB) are highlighted gray to indicate the approximate extent of the hydrocarbon core,
conventionally defined as the distance where the water fraction appears to be at least 5%.
The data were obtained from the distribution function of the distance p(r), computed over
MD trajectories.

Table 12. Average distance (nm) of acid–base indicator molecules to the center of mass of micelles.

Dye
SDS CTAB

Acidic Form Basic Form Acidic Form Basic Form

HD 1.62 a 1.93 a 1.37 b 1.56 b

DDP 1.23 1.16 1.48 1.30
HHC 1.29 1.42 1.48 1.50
DR 1.37 1.47 1.64 1.60
DF 1.47 1.35 1.90 1.65

anion anion
DF 1.44 1.61

a Data for SCSn at 323 K; b data for CPB at 308 K.
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tion) considerably pushes it towards the bulk solution, the only exception being DDP. In 
the cationic ones, the effect depends on the dye: for HD, DF cation, and HHC (a little) the 
trend is the same, while for the DR cation and the anions of DDP and DF acquiring charge 
immerses the molecule in average deeper into micelles. The exceptional advancement of 
the DF cation in CTAB micelles is accompanied with reorientation of the molecule, as 

Figure 19. Average distance of the acid–base indicator molecules to the center of mass of CTAB
micelles. The band length corresponds to the range of typical distances. a For HD, data for CPB
are given.

Hence, the distance for the acidic forms in SDS micelles is 1.27–1.47 nm, while for
the basic forms it is 1.16–1.47 nm. In CTAB micelles, the distances are 1.48–1.90 and
1.30–1.65 nm, respectively.

In SDS micelles, introducing charge to the molecule (by protonation or deprotonation)
considerably pushes it towards the bulk solution, the only exception being DDP. In the
cationic ones, the effect depends on the dye: for HD, DF cation, and HHC (a little) the
trend is the same, while for the DR cation and the anions of DDP and DF acquiring charge
immerses the molecule in average deeper into micelles. The exceptional advancement
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of the DF cation in CTAB micelles is accompanied with reorientation of the molecule, as
shown below. Similar exceptionally far location is observed for HD anion in anionic SCS
(not shown in Figure 18) that is explained by electrostatic repulsion and absence of a long
hydrocarbon radical that would hold the molecule in micelle.

8.3. Orientation of Acid–Base Indicator Dyes in Surfactant Micelles

Despite structural differences from Reichardt’s betaine dyes (in particular, the pres-
ence of a long hydrocarbon tail), molecules of the considered acid–base indicators show
similar placements: they are either roughly parallel or perpendicular to the micelle surface
(Figure 20). Often both orientations are sampled by turns. The summary of our observa-
tions from MD trajectories is collected in Table 13. For analysis, the approach used for RD
was employed (see Section 5.3 for details). The inclination angle of the molecule θ was
defined for each dye. The fraction of time a molecule had θ < 40◦ was assumed to be the
probability of “vertical” orientation, and the rest of the time corresponded to the “horizon-
tal” one. The inverted vertical orientation was not observed for these dyes, in contrast to
Reichardt’s betaines. For HD, the results of calculations were corrected according to visual
examination of the MD trajectories.
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CTAB micelles is shown in accordance with the MD data. It summarizes the information 
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Figure 20. Typical placements of acid–base indicator dyes in micelles shown using DDP as an
example. Left: vertical orientation, right: horizontal orientation.

Table 13. Dominant orientations of acid–base indicator molecules in micelles. “V” means the vertical
orientation, “H” means the horizontal one. “Sometimes” means a probability of 10–30%, “often”
means a probability of >30%, “and” means a probability of approximately 50%.

Dye
SDS CTAB

Acidic Form Basic Form Acidic Form Basic Form

HD a V and H H, sometimes V V, sometimes H V
DDP V and H V H, often V V
HHC V V V V
DR V and H H V H, sometimes V
DF H V H V

anion anion
DF V V

a For HD, the data are for SCSn and CPB instead of SDS and CTAB, respectively.

In Figures 21 and 22, the most frequently observed state of the indicators in SDS and
CTAB micelles is shown in accordance with the MD data. It summarizes the information of
Table 13.
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deduced from the MD simulations.
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Figure 22. Most probable orientations of the dyes DR and DF in ionic surfactant micelles as deduced
from the MD simulations. Adapted from [67].

The presence of a long hydrocarbon tail in a molecule (or even two of them in the
case of DR) does not fix the position of its chromophoric moiety and does not prevent its
rotation within a micelle. The particular placement of the molecule is difficult to predict on
the basis of its molecular structure. Still, the common point is that the ionizing group (both
protonated or deprotonated) continuously preserves contact with water molecules in the
bulk solution.

8.4. Hydration of Acid–Base Indicator Dyes in Surfactant Micelles

Following the procedure used above for describing the local environment of betaine
dyes (see Section 5.4), we examined it for acid–base indicators. The molar fractions of water
and headgroups are depicted in Figure 23 for entire molecules and in Figure 24 for O atoms
of ionizing groups.
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are given.
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Figure 24. Molar fraction of water atoms (blue columns below) and headgroup atoms (orange
columns above) around O atom(s) of the ionizing group of different acid–base dyes. For HD, the data
for SCSn and CPB are given.
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The most evident trend is higher hydration of anionic forms of the dyes in SDS as
compared with CTAB, the difference approaches 0.2. The same is true for neutral forms,
too, albeit to a smaller extent. The main reason for the effect is the close contact of anions
with cationic headgroups of CTAB and their repulsion from the anionic ones of SDS.

The microenvironment of the ionizing groups quantitatively differs from that of the
whole molecules. Still, the trend stated above is true, as well: transferring neutral and
anionic forms from SDS to CTAB reduces the amount of water molecules around the
groups. In all cases, deprotonation improves hydration of the group or, in few cases, keeps
it constant.

8.5. Effect of Other Factors on the above Considered Characteristics

Following the original experiment, we investigated the Hartley’s dye in two kinds
of anionic micelles, which differ in counterions, namely, SCSn and TEACSn [59]. Both
the localization and orientation of the molecule were found to be almost equal; however,
hydration of the dye in the latter micelles was 1.4-fold less. The reason was that TEA+

ions considerably screened the dye and its hydroxyl group from water. An important
consequence of this observation is that the two characteristics (placement and hydration)
are not directly and unambiguously connected.

With the example of DDP we studied the role of the length of the hydrocarbon chain, of
substituents, and of surfactant head groups on the molecule location. Firstly, an analogue of
DDP with a shorter hydrocarbon tail, namely, 4-n-pentyl-2,6-dinitrophenol, was examined
in SDS [59]. Both forms are situated 0.1–0.2 nm closer to the water phase than DDP, which
proves that the effect is present albeit it is rather small.

Secondly, the impact of substituents was studied with the example of 2-nitro-4-n-
nonylphenol in CTAB. The molecule has a single nitro group and a one bead shorter tail
than DDP. Interestingly, this change affected neutral and anionic forms differently: while
the former shifted deeper by ca. 0.15 nm, the latter advanced towards water by ca. 0.07 nm.
As a result, the molecular form is hydrated 15% weaker than that of DDP, while the anionic
form has 30% more water around than DDP anion.

Lastly, DDP was simulated in zwitterionic micelles of CDAPSn [62]. The neutral
form was found to be immersed 0.1–0.2 nm deeper into the hydrocarbon core than in
CTAB, while location of the anionic form was very similar. Orientation was similar, as
well. Still, the bulkier headgroups of CDAPSn made the dye 10–15% less hydrated because
of expulsion of water from Stern layer. Importantly, despite the zwitterionic headgroup
having both positively and negatively charged moieties, [CH2N(CH3)2CH2]+ and SO3

−,
the indicator contacted almost exclusively with the former ones. This observation explained
the highly positive value of Ψ determined for CDAPSn micelles with DDP.

8.6. Estimation of the ∆pKapp
a and Ψ Values

The opportunities provided by the MD simulation extend much beyond revealing
geometric characteristics of “micelle + indicator” aggregates. One of the features of the
method is evaluation of free energy changes that accompany both physical and chemical
processes. We utilized this feature to computationally reproduce the described above
experimental method of determination of Ψ.

The in silico method is based on computing the free energy change in deprotonation
of an indicator molecules, ∆Gdeprot, in water and in micelles. A well-suitable technique
for this task is so-called alchemical transformation [65]. The difference of these ∆Gdeprot
values is proportional to the pKa shift of the indicator on transfer from water to micelles, as
is illustrated by Figure 25 and Equation (10).
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This equation is possible because both pKw
a and pKapp

a contain proton activity in
bulk solution.

Estimated in this way ∆pKapp
a values appeared considerably more negative than ex-

pected (in average, by 1 unit in SDS and 3 units in CTAB), but overall a pronounced linear
proportionality was found for each individual indicator. Furthermore, it was similar for
different indicators (Figure 26A), and the order of increase in ∆pKapp

a values was mostly
reproduced. We attributed the distortion to inaccurate reproducing indicator—water inter-
actions by the used potential models [65]. In SDS micelles, the indicators are well-hydrated;
hence transfer to water causes limited dehydration. Its contribution to ∆pKapp

a calc is limited,
as well. Conversely, when an indicator is transferred from water to CTAB micelles, it loses
a large fraction of interacting water molecules around, and the energy effect of dehydration
is high. If the energy effect is reproduced inaccurately, the distortion is bigger in the case of
CTAB where the effect itself is higher. Other sources of errors in computed ∆Gdeprot values
were also discussed, but their role was identified as minor.

From the computational perspective we pointed out the importance of incorporating
corrections to so-called finite-size effects, which appear when ∆G between states of different
charge is computed in an MD cell of a finite size. In our simulation setup, their magnitude
was found to be 0.2–0.7 units (if converted to ∆pKapp

a calc) for SDS and CTAB, and even
≥1 units for CDAPSn and TX-100 [234].
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Following the experimental method of estimating Ψ, the calculations of pKa shifts were
done in ionic (SDS, CTAB) and nonionic (TX-100) micelles, and their difference gives Ψ:

Ψcalc =
RT ln 10

F

(
∆pKapp

a calc(nonionic)− ∆pKapp
a calc(ionic)

)
(11)

It also may be found directly from ∆Gdeprot values, if the water phase is replaced with
nonionic micelles in the thermodynamic cycle shown in Figure 25 [68].

Ψcalc =
1
F

(
∆Gdeprot(nonionic )− ∆Gdeprot(ionic )

)
(12)

Surprisingly, despite the large distortion of the input ∆pKapp
a calc values, the obtained

Ψcalc values were in fine agreement with experimental results [68,69] (Table 14 and Figure 26B).
For CTAB, the distortion was often of the order of magnitude of the experimental uncer-
tainty (±5 mV), while for SDS the coincidence was reasonable (±30 mV), except for two
cases where only the order of magnitude was preserved. We think this stems naturally
from our explanation of ∆pKapp

a distortion: there, the hydration energy error was high
upon transfer from water to CTAB (and TX-100) where the indicator is poorly hydrated;
while it was small upon transfer to SDS. Here, the transfer is done from TX-100 to CTAB
having a similarly low hydration of the indicator; and between TX-100 and SDS where it
differs strongly. This matches fine accuracy of Ψcalc values determined in the former case
and some distortion in the latter case.

Table 14. Experimental and calculated values of surface electrostatic potential of micelles. The values
correspond to the ionic strength of 0.05 M. Adapted with permission from [68]. Copyright 2023
American Chemical Society.

Indicator
SDS CTAB

Ψcalc, mV Ψexp, mV Ψcalc, mV Ψexp, mV

DDP −123 −96 189 172
HHC −198 −114 115 127
DR −82 −58 105 100

DF (cation) −209 −178 85 79
DF (neutral) −169 −118 142 119

The results of this in silico computation of surface electrostatic potential by means of
indicator dyes may be compared with those presented above computed for entire micelles.
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While the two methods differ by the basic principle, treatment of water, usage of probe,
they still share atomic models of surfactant micelles. Importantly, the obtained values lie in
the same interval (70–200 mV by magnitude). Ψcalc estimated with probes are close to Ψ0
from Figure 4: average Ψcalc(SDS) = −156 mV, Ψcalc(CTAB) = +127, while Ψ0 was found
−100 mV and +(149–151) mV, respectively. Taking into account the ca. 35% overestimation
of Ψcalc(SDS) with respect to experimental values, the correspondence is notable, which
proves the consistency of our calculations. Furthermore, this shows that the indicator
method provides rather surface potential Ψ0 than Stern layer potential Ψδ, albeit probe
molecules are proven to be located in the latter layer.

An essential point is that the computations reproduce the experimental variation
in Ψ values of the same micelles as determined by different indicators. On one hand,
this confirms the validity of the computations, on the other hand, this indicates that the
spread is an intrinsic problem of the discussed method of estimating Ψ. Using the MD
trajectories we investigated the problem deeper and deduced two origins of the spread.
At first, pKapp

a in nonionic micelles of TX-100 is predicted to often mismatch the pKi
a in

ionic micelles because of different hydration of a dye molecule in these micelles. Second,
each micelle + indicator aggregate has an individual structure, which also should affect the
average value of electrostatic potential sensed by the indicator. Still, for the studied set
of indicators, we did not find a correlation between these characteristics and reported Ψ
values [69].

9. Some Other Reporter Molecules

Apart from indicator dyes, another instrument used to provide information about
hydration of micelles are spin probes. We investigated a single probe, namely, methyl-5-
doxylstearate (Scheme 17) that was previously examined in SDS and DTAB micelles [235,236].
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The EPR measurements were originally interpreted as the molar fraction of water in
the Stern layer, which was found to be 0.68 in the anionic micelles and 0.44 in the cationic
ones. This stays in line with the information from previously discussed dyes, which in
general shows higher hydration of the former micelles. We hypothesized that the values
are relevant rather to the microenvironment of the spin label alone than for the entire Stern
layer. Our simulations of these systems showed that hydration of the O atom carrying the
unpaired electron in these micelles is 0.64 and 0.39 if compared with pure water solution,
and number of O˙—water hydrogen bonds reduces in a similar proportion. At the same
time, hydration of the whole molecule is almost the same in both micelles [63].

Fluorescent dyes are another important group of molecular probes [22–31,130,131,
134,149,237–241]. An example of a fluorescent molecular probe that is not a dye in the
traditional sense is the above mentioned pyrene [137]. Its solubility in aqueous micellar
solutions is almost five orders of magnitude higher than in water [242]. The specific features
of pyrene emission were used to determine the cmc values of surfactants, micellar polarity,
and to investigate the extent of water penetration in micellar systems [243,244], to study
the partition of n-pentanol [95], n-hexanol, and n-heptanol [245] between bulk water and
the SDS micelles. MD simulations of the state of pyrene in SDS and CTAB micelles were
studied in [246,247], respectively. The study revealed that the pyrene molecule is located
in the last-named micelles in a more polar region than in SDS micelles [137,246]. The
reason is the interaction of the electron-rich pyrene ring with the quaternary ammonium
groups [137,247]. As a result, the pyrene molecule is located not only in the interior cavity,
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but also in the palisade layer of the CTAB micelles [247]. By contrast, in the SDS micelles,
the pyrene molecule is located in the hydrophobic core region only [246].

The acid–base indicators considered in the present paper also belong to fluorophores,
e.g., coumarins [23,25], rhodamines [24,31,51,52,151–155], and fluorescein and its deriva-
tives [24,29,30,131,134,240]. Additionally, fluorescence is used also for determination of
the pKapp

a and Ψ values not only for coumarins (see Section 6.1), but also for fluorescein
dyes [248]. Therefore, the results of MD modeling of these compounds in micellar media
presented above can be useful for a better understanding of the systems where they are
used as fluorescent molecular probes, too.

At last, a recent application of our approach for understanding the behavior of sub-
strates in calixarene-based catalytic systems should be mentioned [249].

10. Conclusions
10.1. Molecular Dynamis Modeling of Micelles

Molecular dynamics modeling of SDS, CTAB, and some other surfactant micelles in
water makes it possible to reveal their structure, hydration, and counterion binding. The
electrical potential, Ψ, as a function of the distance from the micellar surface and bulk ionic
strength may be computed and interpreted in terms of the surface potential Ψ0 and the Stern
layer potential Ψδ. Numerical methods of solving the Poisson–Boltzmann equation enable
using atomic models of micelles instead of idealized spherical and cylindrical models.

Consideration of the surfactant ions DS− and CTA+ in water without counterions re-
sults in appearance of two small micelles in both cases. Hence, the hydrophobic association
of the hydrocarbon tails balances the repulsion of the charged headgroups of these small
“bare” micelles. The experimental verification is impossible in this case.

10.2. Location, Orientation, and Hydration of Seven Reichardt’s Solvatochromic Dyes in Micelles

In CTAB micelles, the dye zwitterions, +D−, penetrate deeper than the cations. This is
not the case in SDS micelles. The dye RD-PhtBu in both forms is situated in the hydrocarbon
region. The same is found but much less pronounced for the zwitterions of RD-tBu and
RD-cyclo9 in SDS micelles and that of RD-tBu in CTAB.

For the zwitterions, +D−, of the dyes RD-H, RD-Cl, RD-cyclo9, and RD-tBu, the
horizontal orientation is most probable, and the vertical one is sometimes found in SDS
micelles. For the +DH cations, the horizontal orientation predominates in both kinds of
micelles. The inverted orientation, with the phenol part directed to the micellar center, is
probable for the cation of the most hydrophobic dye, RD-PhtBu, and for the RD-COOH
dye in both forms bearing the OH group.

For the standard solvatochromic dye, 4-(2,4,6-triphenylpyridinium-1-yl)-2,6-diphenyl-
phenolate, RD-Ph, the horizontal orientation is more typical. The orientation, intermediate
between inverted and horizontal, can be sometimes expected only for the colorless cation.

The obtained data do not contradict intuitive expectations based on the concepts of
hydrophobicity and hydrophilicity of molecules, ions, and their individual fragments.
For example, the dye RD-PhtBu, bearing five additional C(CH3)3 groups, is always most
deeply immersed into the micelles of both types and hence less hydrated, though some
contacts with water molecules nevertheless take place owing to the dynamic character of
the surfactant micelles.

This is not the case for solvation of the oxygen atom of the O− and OH groups. Indeed,
the hydration of the phenolate oxygen of the +D− forms is much more pronounced in SDS
than in CTAB micelles. This is more than a convincing confirmation of the higher value of
the EN

T value in SDS micelles than in the CTAB ones.

10.3. Hydration of Surfactant Micellar Surfaces: SDS vs. CTAB

MD modeling does not demonstrate a serious difference in the hydration of micellar
surfaces of anionic surfactants compared to cationic ones at the same tail length. The
consideration of the Krafft temperature allows expecting even a better hydration in the case
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of CTAB micelles. Therefore, the pronounced exceeding of the EN
T values for SDS and other

anionic surfactant micelles as compared with those for CTAB is caused by better hydration
of the betaine dye. The same can be said about the data obtained with other molecular
probes. Hence, it is more correct to speak about the more pronounced hydrogen-binding
ability of water molecules in anionic micelles than about better hydration of the anionic
micelles themselves.

10.4. Acid–Base Indicators in Surfactant Micelles: Molecular Dynamics Modeling

Location, orientation, and hydration of several popular acid–base indicators, used in
experiments of Ψ determination, were studied using molecular dynamics simulation. They
are 4-[(E)-([1,1′-biphenyl]-4-yl)diazenyl]-2-nitrophenol, a dye proposed in the pioneering
work by Hartley and Roe as early as 1940 [139], 4-n-heptadecyl-7-hydroxycoumarin, a
standard indicator used for this purpose, and three other dyes.

The simulation results generally consistent with the intuitive assumption about the
location of acid–base indicators. The dyes are located in such a way that the ionizing groups
remain in contact with water and on the surface, while the chromophore part can either
lie at the interface between the hydrocarbon core and water, or be immersed in the core.
Two positions can be observed for the same molecule as alternating. The immersion depth
nontrivially depends on the state of protonation.

The vertical orientation is typical for both forms of 2,6-dinitro-4-n-dodecylphenol
and 4-n-heptadecyl-7-hydroxycoumarin, neutral and anionic forms of n-decylfluorescein,
cationic form of N,N′-di-n-octadecylrhodamine, and for neutral form of the Hartley dye;
this is true for micelles of both charges. The horizontal orientation is typical for an-
ionic forms of the Hartley dye and n-decylfluorescein, for the neutral form of N,N′-di-n-
octadecylrhodamine; and it is also observed for some other cases.

Regarding the hydration of acid–base dyes, the important factor is the protolytic form
and micelle charge. The neutral (including zwitterionic) forms are slightly more hydrated
in anionic micelles, while the anionic forms are much more hydrated. This is observed
both for entire dye molecule and for its ionizing group; however, the particular values
are dissimilar.

10.5. Determination of the Electrical Surface Potential of Micelles Using Acid–Base Indicators

Utilization of techniques for computing free energy changes allows finding ∆pKapp
a

values for transferring a dye molecule from water to micelles. The results appear strongly
distorted. However, the correlation between experimental and computed values is pro-
nounced and linear. The distortion is explained by the poor reproduction of the hydration
energy by used potential models.

Nevertheless, if ∆pKapp
a is computed for both ionic and nonionic micelles, then Ψ

can be found from the difference between the values in nonionic and ionic micelles. It
may be called in silico implementation of the “wet” method. The calculated values agree
well with the experiment: there is almost a quantitative match for CTAB and 35% (in
average) overestimation for SDS. The reason is the partial cancellation of error of input
∆pKapp

a values.
The in silico calculation of Ψ is accurate enough to reproduce the variation in Ψ values

of the same micelles as determined by different indicators. Hence, this variation is an
intrinsic problem of the indicator method of estimating Ψ. We did not find a correlation
between reported Ψ values and such characteristics of micelle + indicator aggregates as
depth of immersion of the indicator in micelle and its hydration.

Still, the set of dyes currently under consideration is limited, and only TX-100 was
studied as nonionic surfactant and used in the assumption that pKi

a (in ionic micelles)
= pKapp

a (in nonionic micelles). Therefore, there is room for further developing this issue.
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Review

Polarity of Organic Solvent/Water Mixtures Measured with
Reichardt’s B30 and Related Solvatochromic Probes—A
Critical Review
Stefan Spange

Department of Polymer Chemistry, Institute of Chemistry, Chemnitz University of Technology,
Straße der Nationen 62, 09111 Chemnitz, Germany; stefan.spange@chemie.tu-chemnitz.de

Abstract: The UV/Vis absorption energies (νmax) of different solvatochromic probes measured in
co-solvent/water mixtures are re-analyzed as a function of the average molar concentration (Nav) of
the solvent composition compared to the use of the mole fraction. The empirical ET(30) parameter of
Reichardt’s dye B30 is the focus of the analysis. The Marcus classification of aqueous solvent mixtures
is a useful guide for co-solvent selection. Methanol, ethanol, 1,2-ethanediol, 2-propanol, 2-methyl-
2-propanol, 2-butoxyethanol, formamide, N-methylformamide (NMF), N,N-dimethylformamide
(DMF), N-formylmorpholine (NFM), 1,4-dioxane and DMSO were considered as co-solvents. The
ET(30) values of the binary solvent mixtures are discussed in relation to the physical properties of the
co-solvent/water mixtures in terms of quantitative composition, refractive index, thermodynamics of
the mixture and the non-uniformity of the mixture. Significant linear dependencies of ET(30) as a
function of Nav can be demonstrated for formamide/water, 1,2-ethanediol/water, NMF/water and
DMSO/water mixtures over the entire compositional range. These mixtures belong to the group of
solvents that do not enhance the water structure according to the Marcus classification. The influence
of the solvent microstructure on the non-linearity ET(30) as a function of Nav is particularly clear for
alcohol/water mixtures with an enhanced water structure.

Keywords: Reichardts dye; solvatochromism; solvent mixtures; refractive index; solvent composition;
average molar concentration

1. Introduction

The development of Reichardt’s dye 2,6-diphenyl-4-(2,4,6-triphenyl-1-pyridinium)-
phenolate (B30) (see Scheme 1) was a milestone in the study of solvent properties [1]. Recall
that the original empirical solvent parameter ET(30) is defined as the molar absorption
energy of B30 expressed in kcal/mol, measured in a given solvent [1]:

ET(30) (kcal/mol) = 28,591/λmax (nm) (1)

There are numerous studies in the literature classifying the polarity of pure solvents
and solvent mixtures according to their composition, measured with B30 and other solva-
tochromic probe molecules [2–35].

Explanatory concepts on solvatochromism can be found in the informative review
of [34]. A preliminary summary of the solvent mixtures treated can be found in Table 3
of [35]. In this context, B30 and related solvatochromic probes have been used to establish
so-called hydrogen bond strength (HBD) scales for organic solvents [36–41]. In addition to
the HBD classification, there is a definition for the hydrogen-bond-accepting (HBA) strength
of solvents [42]. The HBD and HBA classifications reflect the molecular properties of the
solvent molecule in relation to hydrogen bonding in terms of the Kamlet–Taft approach
and other similar concepts by Catalan and Laurence [36–41]. The interaction of the solvent
HBD groups with the phenolate oxygen was considered to be critical in measuring the
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HBD strength of solvents and solvent mixtures. However, this approach is only partially
justified, as we have recently shown [43]. The concept of determining HBD parameters
works quite well for ionic liquids (ILs) and other salts due to the electrostatic interaction
between the B30 phenolate anion and the constituent cation of the IL [41,44–46]. However,
due to some contradictions between theory and experimental results, the phenomenon is
still under investigation [46].
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B30 in particular is routinely used as a polarity indicator for binary solvent mix-
tures [2,6–9,13–21]. One of the most difficult problems in interpreting the solvatochromism
of B30 in solvent mixtures is the issue of preferential solvation and its influence on the
ET(30) value [10,15–21,24,34]. However, the concept of preferential solvation is interpreted
differently in the literature [9–12,24]. The fundamental problem with the definition of
preferential solvation was correctly recognized by Ghoneim [24]. Two basic scenarios must
be distinguished in this question for B30:

i. The solvent mixture (true micelles are a different situation) is inherently inhomo-
geneous and the solute B30 is therefore preferentially entrapped by a specific mi-
crodomain.

ii. The solute probe such as B30 preferably forms a specific complex with one of the two
solvent components.

A complementary good definition for preferential solvation is given by Morisue
and Ueno regarding case ii. “Preferential solvation is a phenomenon, whereby solvent
proportion of binary mixed solvent in the vicinity of a solute molecule differentiates from
the statistic proportion in bulk” [29]. It is therefore necessary to clearly distinguish whether
the probe molecule is specifically solvated by the solvent molecule or is present in a
partial volume enriched with a component of the mixture. Scenario i. assumes that the
physical structure of the solvent mixture is not affected by the solute B30. In the case of
scenario ii., the type of probe itself determines the extent to which preferential solvation
occurs. Thus, if scenario ii. is true, then different solvatochromic probes should each show
different UV/Vis absorption energy dependencies on the quantitative solvent composition
for the same mixture. Langhals had already shown in 1981 that different solvatochromic
probes used for the same mixture measure the same qualitative dependencies as a function
of solvent composition, e.g., for ethanol/water [5]. This crucial finding would rule out
scenario ii. But the situation is not so simple.

Despite ambitious work on the subject, the problem of solvatochromism in solvent
mixtures has not really been adequately addressed in the literature. It is therefore necessary
to explain the chronological development of the concepts for interpreting UV/Vis spectro-
scopic absorption energy data of probe molecules in solvent mixtures. In the first papers
on B30 [1,2], the ET(30) values of various binary solvent mixtures, including ethanol/water
and 1,4-dioxane/water, were determined. It was shown that ET(30) depends in a com-
plex way on the quantitative composition of the mixture. Langhals recognized that the
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solvatochromism of B30, the ET(30) values, can be described empirically as a logarithmic
function depending on the concentration of the solvent components [6]. As early as 1982,
Langhals also showed that the ET(30 values of the homologous primary n-alcohol series
are a linear function of the total molar concentration of the respective alcohol (N) [7]. The
core problem was that no theoretical justification for this link had been presented in the
past. Perhaps as a result, this very important discovery was not properly understood by
many scientists and its significance was not fully appreciated. These seemingly empiri-
cal findings [6,7] have an important physical background based on the Lorentz–Lorenz
relation [47].

Later in 1986, Haak and Engberts presented a valuable paper on the influence of
temperature (T) on the solvatochromic properties of B30 in aqueous solvent mixtures [8]. It
is worth analyzing this study in detail, as the authors have correctly identified the effects of
the hydrophobic alcoholic component such as 2-n-butoxyethanol (BE) in water on ET(30).
However, several interpretations need to be re-evaluated in the light of new physical
research on specific solvent mixtures, as will be shown in the course of this study.

Since 1982, the general topic of preferential solvation in solvent–water mixtures has
been studied in detail by Marcus in numerous papers based on thermodynamics using
the Kirkwood–Buff theory for fully miscible aqueous solvent mixtures [48–51]. Even
then, Marcus was aware of various discrepancies between thermodynamic results and
solvatochromic measurements [12]. He stated: “A single probe, such as the betaine used
for the ET(30) polarity parameter, cannot provide an answer”. As early as 1988, Dorsey [9]
concluded that B30 perceived the hydrogen bond network rather than direct hydrogen
bonds: “Therefore, it could be that a change in the hydrogen-bonding network of the
solution is being sensed by the ET-30 probe in the dilute alcohol concentration as well”.
This is the thesis that reaches the heart of the matter.

Since 1992, O. Connor and Rosés have independently developed the preferential
solvation model [11,15,16]. The preferential solvation model suggests the formation of
stoichiometrically defined complexes between the solvatochromic probe (solute) and the
two solvents, as well as between solvent molecules. It was assumed that the measured
UV/Vis shift was caused by the formation of a complex between the B30 probe or similar
probes and the solvent molecule [1,36,37]. This scenario belongs to case ii. These models
assume that the strength of the H-bridge bond to B30 is linearly correlated with the
magnitude of the UV/Vis shift.

In the important paper by Kipkemboi [13], which was not considered further, the sol-
vatochromism of B30 in 2-methyl-2-propanol/water and 2-amino-2-methylpropane/water
mixtures was studied in detail. The authors concluded that preferential solvation cannot be
the main reason for the observed effects. Taking into account the refractive index and the
partial molar concentration of the components in the qualitative interpretation, both the
polarizability and the number of water dipoles have an influence on the solvatochromic
shifts of B30.

In 2004, however, Bentley took up Langhals’ discovery [7] and showed the dependence
of ET(30) on the global polarity of alcohols with respect to N. In addition, the relationships
between the ET(30) values of alcohol/water mixtures were alternatively analyzed as a
function of volume or molar fraction of the mixture composition [27]. Bentley concluded
that preferential solvation may be overestimated.

An actual preferential solvation could be demonstrated for B30 in the phenol/acetone
and phenol/acetonitrile systems [43,44]. A stoichiometric 1:1 complex of B30 with phenol
can be clearly identified. In phenol/1,2-dichloroethane, depending on the quantitative com-
position, both effects i. and ii. can be observed simultaneously with different proportions
depending on the phenol concentration [43,52–54]. Importantly, these UV/Vis studies have
convincingly demonstrated that the effect of specific hydrogen bond formation on ET(30)
is much less than that of the bulk solvent phenol [43]. Recent studies show that preferen-
tial solvation can be detected, but the solute/solvent complexes must be unambiguously
identified by independent spectroscopic measurements. [55,56].
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As mentioned above, the preferential solvation models are based in particular on the as-
sumption that the UV/Vis shift of B30 and related probes such as 1-ethyl-4-(methoxycarbonyl)
pyridinium iodide (K), cis-dicyano-bis(1,10-phenanthroline) iron II (Fe), or Brookers Mero-
cyanine (BM), is mainly caused by the formation of specific interactions (hydrogen bonds)
between the solvent and the probe. This assumption is a fundamental misunderstanding.
This fact can be clearly demonstrated, independently of each other, using three different
derivatives of the Reichardt dye family found in the literature [57–59]. C. Reichardt himself
ignored the results of the solvatochromism of the thiolate betaine derivative of B30, which
did not show the desired difference from B30 when measured in HBD solvents [57]. It
was an unpleasant experience for us to discover that the H-bridge bonding patterns at the
barbiturate anion substituent of the B30 derivative caused only a negligible UV/Vis shift
compared to the bulk HBD solvents [58]. However, at the time, we did not fully appreciate
the implications of this finding for understanding the UV/Vis shift. Unfortunately, we
had to abandon the concept of molecular recognition by UV/Vis shift of solvatochromic
probes. Recently, the Sander group showed that the [2,6-di-tert.-butyl-4-(pyridinium-1-yl)]
phenolate forms a defined 1:1 complex with water, leading to only small shifts in the π-π*
transition compared to the influence of the global polarity of the bulk water [59]. Thus,
B30 and other related probes do not fulfil this purported property as an indicator of the
HBD strength of the solvent molecule when the bulk solvent is measured [36,37,40,41].
The overall UV/Vis shift of B30 in pure HBD solvents is mainly due to the effect of the
global polarity of the hydrogen bonding network of the solvent and not to direct hydrogen
bonding with the dissolved probe [7,9,28,43,60–62]. Sander and co-workers also showed
that the stoichiometric B30/HBD solvent complex is the true solvatochromic species and
not the original B30. This result was the missing link in understanding the discrepancies
between the different interpretations of the derivatives of Reichardt’s dye, as it was known
that steric shielding of the phenolate oxygen of the B30 derivatives leads to a change in the
solvatochromic properties [1].

The misinterpretation that the total UV/Vis shift is primarily due to the direct forma-
tion of hydrogen bonds at B30 must be fundamentally corrected, even though many papers
have taken this as a defined basis. Accepting this fact will be difficult for many scientists
working in this field, as it overturns entrenched patterns of thought. Following Bentley [27],
we question the classical preferential solvation approach of special solvatochromic probes
for certain alcohol/water and related aqueous binary solvent systems with respect to
scenario ii., as reported in [4,19–21,25–27,30–32].

Suppan also concluded that the process of hydrogen bonding between solute and
solvent in water can be endergonic, using the preferential solvation index for interpreta-
tion [63]. Later, Rezende recognized that the concept of preferential solvation has some
weaknesses, and the preferential solvation index was also recommended to overcome some
problems in explaining difficult results [64,65].

However, the real scientific problem with the evaluation of UV/Vis absorption energy
data of solvatochromic probes in solvent mixtures in the literature is much more serious.
Most authors routinely use the mole fraction x of a component of the solvent mixture to
define the quantitative composition in physical terms. It has been assumed that a strictly
linear dependence of the UV/Vis absorption energy of the dissolved solvatochromic dye
on x would indicate ideal mixing behavior [10,14–31]. This thesis must be fundamentally
questioned, since only the change in the Gibbs free energy (∆G) of a solvent mixture can
be linearly related to the mole fraction of the components involved [10,66]. The Gibbs free
energy is a composite variable [66]. For the UV/Vis absorption energy of a dissolved probe
molecule in a solvent mixture, however, the situation is somewhat different. The number
of transition moments, i.e., the atoms and molecules that are affected by both the light and
solvent in a given volume depends on the average molar concentration (Nav,x) of the solvent
dipoles with respect to x, but not directly on x [47,67,68]. Therefore, the experimentally
found curvilinear relationship ET(30) as a function of x(water) may indicate a preferred
solvation [10,14–21], since Nav,x is reciprocal to x(water). We assume that the real reason for
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the curved shape of the function ET(30) or EPHBD (see later Equation (2)) as a function of
x(water) is not necessarily the preferred solvation, but the influence of inhomogeneity due
to the difference in mass of the two different solvents. This aspect is particularly relevant
for aqueous mixtures due to the low molar mass of water. EPHBD is usually the UV/Vis
absorption energy (νmax in cm−1) or in kcal/mol [ET(30)] of the solvatochromic probe such
as B30 measured at λmax, Equations (1) and (2).

EPHBD ≡ νmax (cm−1) ≈ aN (mol/cm3) + b. (2)

N refers to the molar concentration, according to Equation (3), of the solvent dipoles or
the polarized solvent molecules according to the Debye–Lorenz, Clausius–Mosotti–Lorenz
or Lorentz–Lorenz relation [47]. σ is the physical density and M the molar mass of the pure
solvent substance.

N (mol/cm3) = σ(g/cm3)/M (g/mol). (3)

There are hardly any well-founded studies on the subject of the various quantities
of mixture composition, as the mole fraction x seems to have become established as a
routine basis for calculation. There are only a few papers that briefly mention the influence
of the different composition variables on ET(30) and qualitatively illustrate it with some
examples [9,27,43,50]. Significantly, Marcus already suspected that this topic would raise
a number of unanswered questions; he mentioned timidly “the different measures of
composition of a binary solvent mixture should be borne in mind” [50].

In addition, it has been empirically found that the EPHBD of pure solvents is linearly
correlated with the N (total molar concentration) of the solvent under solvent variation for
specific solvent families [7,27,43,61,62]. Furthermore, there is a fundamental relationship
between N and the spectroscopic quantities νmax and εmax (Lmol/cm = 103 cm2/mol) as
the molar absorption coefficient as shown in Equation (4).

N (mol/cm3) = νmax(cm−1)/εmax(cm2/mol),
νmax (cm−1)) = N (mol/cm3) εmax (cm2/mol).

(4)

Equation (4) has been completely overlooked in the past. The relationship is not artifi-
cial. The physical relationship between the absorption energy νmax, the molar absorption
coefficient εmax and N is theoretically determined through Beer’s approximation and the
Lorentz–Lorenz relation [67,68]. The fundamental Lorentz–Lorenz relation is given by
Equation (5).

f
(

n20
D

)
= N 4/3π Rm. (5)

With n20
D the refractive index measured at 589 nm; Rm molar refractivity and f(n20

D ) =
[(n20

D )2 − 1]/[(n20
D )2 + 2].

It is a matter of identifying the physically correct amount of N in the solvent system [69].
The general factor N in the original Lorentz–Lorenz relation, Equation (5), refers to the molar
concentration of the total number of solvent molecules [47]. It has recently been shown that,
within homologous series of n-alkane derivatives, the correlation of the refractive index as
a function of N results in a negative slope [69], which theoretically does not agree with the
original Lorentz–Lorenz relation [47]. Since N is empirically related to νmax by Equation (2),
many correlations of νmax with n20

D from the literature are not meaningful. Only when
the actual molar concentration of the “chromophore” of the solvent molecule, the C-H
bond concentration NCH, is taken into account, is the applicability of the Lorentz–Lorenz
relationship for correlation analysis fulfilled. The reason for this is simple, because N ~
−NCH. [69]. Therefore, instead of N, the respective concentration of the corresponding
functional fractions of the solvent is actually required which is NCH for special solvent
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families. Accordingly, N should be replaced by NCH when investigating structure–property
relationships with respect to refractive index. Then, Equation (6) is obtained:

f
(

n20
D

)
= NCH 4/3π Rm. (6)

For solvents containing hydroxyl- and/or -CO-NH-groups, the situation is straightfor-
ward, as the HBD groups are the dominant dipoles in the solvent volume. Thus, Equation (2)
essentially holds when solvent families are treated individually, but is convincingly appli-
cable to HBD solvents [6,27,61]. Indeed, many EPHBD correlate linearly with the physically
determined hydroxyl group density, which is proportional to the molar concentration N
[Equation (2)], rather than with the acidity in terms of the pKa of the solvent [43]. For
non-HBD solvents, linear relationships between EP and N are only found if one stays
within the series of a particular solvent family [61].

The reason for the clear result of Equation (2) is that εmax of negative solvatochromic
probes, Equation (4), changes inversely linearly with νmax as the solvent is varied [1,70,71].
Equation (2) works only moderately well for positive solvatochromic dyes as the prelim-
inary evaluation of Nile Red shows; see Figure S1a in the supplementary materials; the
UV/Vis-spectroscopic data are taken from [72]. In this context, the question is how the
molar absorption coefficient εmax of the solvatochromic probe changes systematically lin-
early with N, since εmax also correlates with the refractive index due to the Kramer–Kronig
relation [73]. For positive solvatochromic dyes, εmax remains essentially unchanged within
structurally similar solvent series [70,71]. This consideration is in line with older studies
by Suppan [74,75]. Since the electromagnetic coupling of the solvent chromophore with
the dye is theoretically understood for negative solvatochromic dyes [70,71], only the
solvatochromism of such dyes with respect to N is analyzed in this review.

There are several reasons for the motivation of this review and re-evaluation of the
ET(30) parameters of organic co-solvent/water mixtures. Enormous progress has been
made in the study of aqueous solvent mixtures, both experimentally and theoretically.
Many new insights into their microstructure and dynamics, structure and properties have
been gained in recent years for alcohol/water mixtures [76–96] and other co-solvent/water
mixtures (see references in the main text). In particular, these new findings on the mi-
crostructure of alcohol/water mixtures require a re-evaluation of many older results on
the solvatochromism of probes in these mixtures. A crucial argument for testing the solva-
tochromism of B30 in aqueous mixtures is that water is not a strongly acidic solvent in the
sense of the HBD property, but is one of the most polar solvents due to its exceptionally
high molar concentration N and the polarization of the volumetric OH bonds [60]. A
very precise distinction must be made between volumetric water and smaller quantities
of water as a solute in a mixture [75]. From x(water) < 0.2, the situation is different for
aqueous mixtures than in the water-rich range, as water behaves more like a solute than a
solvent [75–77].

Another key argument concerns the appropriate use of the various measures of mix
composition [50]. Recently, we have shown that ET(30) is an approximately linear function
of the average molar concentration (Nav) of ethanol/water and methanol/chloroform mix-
tures [43]. This is true for certain concentration ranges, then the correlation coefficient for
the linear relationship r (regression coefficient) is ~0.99 [43]. It is likely that linear depen-
dencies ET(30) as a function of Nav only arise if the thermal motion of the solvent molecules
overcomes the structuring of the solvent mixture. Is the solvatochromic probe measuring an
average number of different solvent dipoles as a snapshot in certain compositional ranges?
To answer such questions, we need to take a closer look at the dynamics of the solvent
mixture [84–86]. Pure alcoholic solvents and alcohol/water mixtures fit into a relationship
when the dielectric relaxation time τ1 and the number of OH dipoles are correlated on
the basis of N (see Figure 4 in [86]). Relaxation time of ethanol/water mixtures increases
with decreasing number of OH dipoles due to increasing alcohol content. Reminder, the
dielectric relaxation time τ1 is defined as the time it takes 63% of the molecules in the
sample to return to disorder [87]. Thus, the degree of ordering of binary alcohol/water
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mixtures containing two different types of OH-dipoles probably increases with increasing
structuring, i.e., concentration of C-C bonds originating from the alcohol molecules.

The following question arises: Can (binary) solvent mixtures can be treated in the
same way as pure solvents with regard to the average molar concentration (Nav) of relevant
solvent dipoles or polarizable solvent molecules? The situation regarding the appropriate
measure to use is complicated. To correlate the results of UV/Vis spectroscopy or dielectric
spectroscopy, different composition variables, such as the molar and volume fractions of
the mixture, are sometimes used alternately [9,27,88,89]. For ternary mixtures or multi-
component systems, the determination of the composition in suitable parameters is even
more complex. However, the work of F. Martin et al. shows that solvation models can in
principle also be used to explain the solvatochromism of probes in ternary mixtures [97,98].
Measuring the physical properties of ternary solvent mixtures in terms of density, refractive
index and heat of mixing requires careful and extensive studies. There is not as much data
available in this area. Therefore, only binary mixtures will be considered in this review.
The fundamental aspect of compositional quantities is covered in the methods chapter of
this paper.

2. Methods

The average molar concentration Nav is a crucial physical property of all non-homogeneous
substances. It must be clearly defined which atoms and molecules are being considered.
This study deals with binary solvent mixtures. The Nav of any homogeneous binary solvent
mixture can be easily calculated from the composition of the two components, their molar
masses and the actual physical density of the solvent mixture according to Equation (7) [66].

Nav,Z = ρm/MAV,z = ρm(1,2)/(Z1M1 + Z2M2) (7)

ρm(1,2) is the actual density (after mixing) of the mixture at given Z.
M1 and M2 are the molar masses (g/mol) of solvent 1 and 2, respectively;
Mav,z is the average molar mass of the solvent components.
The factors Z1 and Z2 are either:
the molar fraction (Z = x;→Nav,x),
mass fraction (Z = w;→Nav,w), or
volume fraction (Z = ϕ;→Nav,v) of solvent 1 and solvent 2 before mixing.
The average molar concentrations Nav.z in terms of different Mav,z have not yet been

fully considered as quantitative composition size in evaluating physical measurands of
solvent mixtures. We had underestimated this point in a previous paper [62]. The linearity
of a relationship between a measured quantity and a quantitative composition is not
necessarily a criterion for physical correctness. It must be emphasized that the decisive
quantity is the average molar mass Mav,z which can be calculated either by x, w or ϕ [99];
see Equation (8):

Mav,z = z1(M1 −M2) + M2 (8)

Therefore, the numerical differences between Nav,x, Nav,w and Nav,v are due to the
differences in M1 and M2 as well as the quantitative ratio of the two solvents, rather than to
the density changes, as shown for various alcohol/water mixtures when Nav,x is plotted as
a function of x(water) (see Figure S1b in the Supplementary Materials).

The problem of average molecular weight is a central one in polymer chemistry.
Different physical measurement methods, such as end-group analysis through NMR or
acid-based titration, viscosity, osmotic pressure of the polymer solution, light scattering and
ultracentrifugation, are used to measure different numerical values of the average molar
mass for the same polymer sample [100]. The numerical value of the average molecular
weight depends not only on the method of measurement but also on the shape of the
molecular weight distribution curve [101]. Note that colligative physical methods measure
the number average (Mn) of the polymer sample. This would correspond to the Mav,x of
solvent mixtures. Non-colligative physical methods (preferably) measure data related to
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the weight average (Mw). The result of the non-colligative method depends on the nature
of the solvent and polymer solute. For example, the refractive index is a non-colligative
measurement. It is therefore not surprising that the determination of mixture composition
through refractive index measurements is always controversial [102–104].

The non-uniformity of a polymer is defined by the ratio Mw/Mn [100,101]. Following
the teachings of polymer chemistry [101], the ratio of Mav,w/Mav,x = DI has been defined in
this work as the dispersion index of a binary solvent mixture. Accordingly, Equation (9)
is used in practice as an indicator of the non-uniformity of the solvent mixture. DI is an
artificially constructed variable, but the approach is borrowed from polymer chemistry.

Mav,w/Mav,x = DI (9)

For a binary mixture, this approach is straightforward. Figure 1a shows the de-
pendence of DI as a function of x(water) for methanol/water, 2-propanol/water and
2-methyl-2-propanol/water mixtures. Mav,x and Mav,w are calculated by Equations (10)
and (11), respectively.
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Figure 1. (a) Dependence of DI as a function of x(water) for methanol/water (blue), 2-propanol/water
(orange) and 2-methyl-2-propanol/water (grey); (b) Nav,z (in mol/cm3) of the 2-methyl-2-
propanol/water mixture as a function of x(water). Nav,x (blue) and Nav,w (orange), calculated
according to Equations (10) or (11); for data see Table S12a. The connections between the individual
points serve to orientate the reader.

The 2-methyl-2-propanol/water mixtures show the greatest inhomogeneity at
x(water) = 0.8 (strongest curvature of the graph in Figure 1b), since the quotient Mav,w/Mav,x
as a function of x(water) has its maximum at this position. This x(water) = 0.8 corresponds
to Nav,x = 0.25 mol/cm3 and Nav,w = 0.15 mol/cm3, respectively. As would be expected
arithmetically, the greater the mass difference, the greater the DI for a given x. The smaller
the mass difference, the wider the distribution of DI at DImax. It cannot be overlooked that
the position of DImax with respect to x(water) corresponds to both the order of the excess
molar volume of water and the excess thermodynamic properties for these alcohol/water
mixtures [78–80,83,95]. This is remarkable because the DI only considers the masses and
their proportions and does not include any other physical data. It can be assumed that
this agreement is rather random for alcohol/water mixtures. Therefore, the suitability
of the DI to support the interpretation of ET(30) as a function of solvent composition in
alcohol/water mixtures will be demonstrated in this work.

As explained in the introduction, for the evaluation of UV/Vis spectroscopic absorp-
tion data) [67,68], the mole fraction (x) is theoretically suitable for the determination of the
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average molar mass. Therefore, Nav,x, determined through Equation (10), is preferred in
this paper for correlation with ET(30).

Nav,x = ρm/MAV,z = ρm(1,2)/(x1M1 + x2M2) (10)

The weight fraction w1 is calculated from the mass fractions m1 and m2 of the two
components according to w1 = m1/(m1 + m2). Nav,w is obtained from Equation (11).

Nav,w = ρm/MAV,w = ρm(1,2)/(w1M1 + w2M2) (11)

Since Mav,w is inherently greater than Mav,x [100,101], Nav,x is always greater than
Nav,w. For example, Figure 1b shows the relationships between the compositional quantities
Nav,x and Nav,w with x(water) for the binary solvent mixture 2-methyl-2-propanol/water.
Figure 1b clearly shows that Nav,w reflects the inhomogeneity of the mixture as a function
of the quantitative composition more strongly than Nav,x, since the curve Nav,w versus
x(water) shows a stronger deviation from linearity than Nav,x versus x(water) (see also
Figure S1b in the Supplementary Materials section).

The volume fraction can also be used to determine Nav,v, Equation (12). However,
there are still some open questions regarding the physical meaning of this quantity.

Nav,v = ρm/MAVv,v = ρm(1,2)/(ϕ1M1+ ϕ2M2). (12)

This consideration refers to the solvent volume of each solvent component before
mixing according to the IUPAC definition of volume fraction: “Volume of a constituent of
a mixture divided by the sum of volumes of all constituents prior to mixing” [105]. This
definition assumes ideal mixing behavior, which is not the case for most aqueous and non-
aqueous solvent mixtures [106]. When two liquids are mixed, neither the total number nor
the total mass of molecules changes, but the sum of the volumes may change compared to
the volumes before mixing. Therefore, the use of the volume fraction in the determination
of Nav,v is controversial as to its true physical meaning. The use of Nav,v (average molar
concentration related to volume fraction) can only serve as an empirical guide.

Because of these well-known problems with volume changes after mixing, the issue
is treated thermodynamically in terms of excess molar volume (VE) by Equation (13) and
described semi-empirically by several sophisticated concepts and approaches [66,78,107].
Equation (13) is well established in the textbooks.

VE = (x1M1+x2M2)/ρm(1,2) − (x1M1/ρm(1)) − (x2M2)/ρm(2)) (13)

where ρm(1) and ρm(2) are the densities of the pure solvent 1 and 2, respectively. x1
and x2 are the mole fractions of solvent 1 and solvent 2, respectively. Analyses of VE as a
function of x(solvent 1) and x(solvent 2) can provide valuable information on the partial
excess partial molar volumes of solvents 1 and 2 as a function of composition.

If only the molar fraction of the OH groups of a component on Nav is considered, i.e.,
that of the HBD solvent fraction (M1), then Equation (7) can be modified to Equation (14).

Nav (component1) = x1.ρm/MAV = x1.ρm(1,2)/(x1M1 + x2M2) (14)

The approach of Equation (14) is useful in determining whether the influence of the
proportion of HBD solvents mixed with non-HBD solvents is due to the overall polarity or to
the preference of the HBD component. This procedure has been demonstrated for the depen-
dencies of ET(30) as function of Nav,x compared to Nav,x(CH3OH) for methanol/chloroform
mixtures [43]. It has been shown that methanol is the dominant solvent according to
scenario i of preferential solvation.

Equation (14) can also be used to consider the average number of OH groups (D,av,xDHB)
of a multifunctional OH component in the mixture, e.g., for dihydric alcohols such as 1,2-
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ethanediol [62]. For pure 1,2-ethanediol, then, 2N = DHBD. See later the treatment of
1,2-ethanediol/water mixtures in relation to ET(30).

The problem with the average molar concentration is that the sum of the two dipoles
is considered, e.g., for methanol and water. This is correct if the sum of the dipoles of the
solvent and their effects is proportional to the measured quantity. Recently, we have shown
that the total molar concentration N of pure solvents is not suitable to describe the changes
in refractive index n20

D as a function of structural variation within homologous series of
n-alkane derivatives [69]. Instead, the molar concentration of the C-H bonds (or N-H) is
crucial to adequately reflect the theoretically required linear relationship between n20

D and
N according to the modified Lorentz–Lorenz Equation (6). Equation (15) is particularly
suitable for co-solvent/water mixtures to calculate the average molar concentration of C-H
and/or N-H bonds of the co-solvent [71].

Nav,x,CH = [m x(co-solvent)] Nav,x, (15)

The factor m is the number of C-H and N-H bonds per co-solvent molecule; x is the
mole fraction of the respective co-solvent. Since the atomic refraction of the C-H and N-H
(amide) bonds are nearly equal [108], no additional correction is necessary for formamide
(FA), N-methylformamide (NMF) and N,N-dimethylformamide (DMF). For mixtures of
organic solvents, the situation is more complicated because additional chemical bonds
contribute to the molar refraction of the individual solvent molecules. This is particularly
important for halogenated and aromatic solvents. Therefore, only the co-solvent/water
mixtures are straightforward, as water is a weak (negligible) chromophore.

Basically, the general statement of this chapter shows that the absorption energy
(EP) of a dissolved dye in a mixture is inversely proportional to the mole fraction due to
Mav ~ x(co-solvent) ~ 1/EP according to Equations (4) and (8). These basic relationships
are independent of a physical law such as the Lorentz–Lorenz equation.

3. Results
3.1. Selection of the Solvent Mixtures

Because of the huge amount of data, we looked for a common thread to make state-
ments that are as representative as possible and that also reveal fundamental correlations.
Marcus distinguishes two groups of aqueous solvent mixtures in which the co-solvent
either enhance or does not enhance the water structure. The evaluation is based on the
excess partial molar volume or the excess partial molar heat capacity of the water [109,110].
Note that the Marcus classification only applies to the water-rich section of the mixture
[x(water) > 0.7, xco-solvent < 0.3] [109,110]. Marcus stated “Some solutes such as ethylene gly-
col, 1,4-dioxane, acetonitrile, NMF, FA, urea, ethanolamine, and dimethylsulfoxide, many of
which hydrogen-bond very strongly with water, do not enhance the water structure” [110].
The selection was made according to this scientifically justified criterion. However, the
Marcus evaluation can only be used as a rough guide because some co-solvents can be
classified differently depending on whether the excess partial molar volume or the corre-
sponding heat capacity is used. For some co-solvents, such as DMF, acetone, acetonitrile
or THF, the classification is borderline [109,110], which shows how difficult the issue is.
The binary mixtures acetonitrile/water, acetone/water and THF/water are each unique
and will be discussed together in a separate publication. The situation regarding the non-
enhancement of the water structure is quite clear for the FA/water, 1,2-ethanediol/water
and glycerol/water mixtures [109,110]. Enhancement of the water structure is particu-
larly relevant for the ethanol/water, 2-propanol/water and 2-methyl-2-propanol/water
mixtures [109,110]. However, the term “water structure enhancement” sounds mysteri-
ous. [78,79]. The problem is that there are qualitatively different microdomains of water
in alcohol/water mixtures in terms of structure and size [90–93,111]. Marcus [110] noted
that the “Enhancement of the water structure then consists of the changing of some of
the dense (water) domains to bulky ones”. This phenomenon would inevitably lead to
an increase in the average alcohol concentration in the remaining mixed phase compared
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to the co-existing microdomain water phase or the hypothetical phase resulting from the
initial mixing ratio for each composition. Therefore, the overall polarity of the actual
ethanol/water mixed phase should be lower than the phase that would result if ethanol
and water were statistically completely mixed at a given composition. This should be kept
in mind.

The ethanol/water mixture seems to be one of the most difficult solvent mixtures
to understand when considering simple systems; see [111] and the references cited. The
temperature increase associated with volume shrinkage when ethanol and water are mixed
is apparently a thermodynamic anomaly [79]. The strongly negative entropy of the mixing
process suggests complex structure formation depending on the composition, as demon-
strated through dielectric spectroscopy and a special microscopic technique [86–89,111].

The curves of the solvatochromic parameters as a function of x(water) in [18,19] agree
remarkably well with those of the partial excess molar volume as a function of x(water) of
methanol/water, ethanol/water, 2-propanol/water and 2-methyl-2-propanol/water [95,96].
Therefore, the physics of alcohol/water mixtures deserves special attention in this study.
There has been little discussion of the effect of the microstructure of alcohol/water mixtures
on a solvatochromic probe [33].

3.2. Refractive Index of Aqueous Solvent Mixtures

The suitability of Equation (6) in combination with Equation (15) is illustrated for
several amide derivative/water, DMSO/water and 1,4-dioxane/water mixtures. These
solvent mixtures belong to the class where no enhancement of the water structure is
observed [109,110]. References for n20

D data are given in Tables in the Supplementary
Materials section. No usable refractive index data could be found in the literature for
NMF/water mixtures.

Plotting the refractive index (n20
D ) measured at a wavelength of 589 nm as a function

of Nav,x,CH gives a straight line, as can be seen in Figure 2a and from Equation (16) to
Equation (20). The 1,2-ethanediol/water and glycerol/water mixtures, both of which show
excellent linearity of n20

D as a function of Nav,x,CH, are described in Section 3.4.6.

n20
D = 1.5 Nav,x,CH + 1.34,

n = 12 (FA/water); r = 0.9997.
(16)

n20
D = 1.736 Nav,x,CH + 1.334,

n = 8 (NFM/water); r = 0.9977.
(17)

n20
D = 1.065 Nav,x,CH + 1.34,

n = 14 (DMF/water); r = 0.988.
(18)

n20
D = 1.5 Nav,x,CH + 1.34,

n = 18 (DMSO/water); r = 0.9952.
(19)

n20
D = 1.5 Nav,x,CH + 1.34,

n = 12 (1, 4-dioxane/water); r = 0.9977.
(20)

The positive slopes ∆n20
D /∆Nav,x,CH and the excellent quality of the linear correlations

n20
D as a function of Nav,x,CH for several co-solvent/water mixtures are a clear proof of the

approach of Equations (6) and (15) for solvent mixtures. The quantity Nav,x,CH fulfils the
theoretical requirements of Beer’s approximation and the Lorentz–Lorenz relation [47,67,69].
The ET(30) parameters of these aqueous solvent mixtures decrease with increasing n20

D (see
Figure S2 in Supplementary Materials). These results will be explained at the appropriate
place in the following text where the particular mixture is discussed.
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Figure 2. (a) Correlations of refractive index n20
D as a function of Nav,x,CH (mol/cm3) for co-

solvents that do not enhance the water structure of co-solvent/water mixtures; (b) Plots of re-
fractive index n20

D as a function of Nav,x,CH (mol/cm3) for co-solvents that enhance the water struc-
ture of co-solvent/water mixtures; to (a) FA/water (orange), water/N-formylmorpholine (NFM)
(yellow), DMF/water (grey), 1,4-dioxane/water (light blue) and DMSO/water (dark blue); to
(b) methanol/water (dark blue), ethanol/water (orange), 2-propanol/water (grey), and 2-methyl-2-
propanol/water (yellow). The links between the individual points are a guide for the reader.

The conclusive linear relationships in Figure 2a clearly demonstrate the approach of
Equations (6) and (15) when analyzing the refractive index of aqueous solvent mixtures.
However, this is only true as long as alcohol/water mixtures are not considered.

Remarkably, the linearity n20
D as a function of Nav,x,CH does not apply to alcohol/water

mixtures in which the water structure is enhanced [109,110]. In particular, the methanol/
water and ethanol/water systems give a maximum curve of n20

D as a function of Nav,x,CH;
see Figure 2b. For the other alcohol/water mixtures, an asymptotic curve is obtained, but
with a positive slope along the curve; Figure 2b. In the past there were empirical concepts
to get around the non-linearity n20

D as function of composition for methanol/water; i.e., by
using the quotient n20

D /density instead n20
D alone [112]. However, the physical background

is more complicated and is still under investigation [113–115]. Recent studies have shown
that at the mesoscale there are microdomains of water and ethanol/water consisting of
different refractive indices [111]. Depending on the balance between segregation and
aggregation of these regions [115], the non-linearity of n20

D as a function of composition is
due to the coexistence of two different microdomains with different compositions and hence
different refractive indices. The ratio of the two domains is a function of the original solvent
proportions before mixing. The polarization effects and dipolar dispersion forces relevant
to methanol/water mixtures may have an additional influence [60,93,94]. Figure 2b clearly
supports the hypothesis of the coexistence of different microdomains of water/alcohol
mixtures [90,91,111]. The following preliminary result can be stated: the alcohol/water
mixtures that show an enhancement of the water structure according to Marcus do not
show a linear dependence n20

D on Nav,x,CH.
Alcohol/water mixtures will be further discussed in this paper under the aspect of the

co-existence of different microdomains.

3.3. Temperature Influence on ET(30) in Terms of Density Impact

The ET(30) data of ethanol measured at different temperatures are taken from the
original work of Dimroth–Reichardt and Linert to his subject [1,116]. The used data are
provided in Supplementary Materials, Table S1. With increasing temperature, ET(30)
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decreases due to the decreasing density of the solvent and thus the decreasing number of
dipoles per volume, which leads to perfect linear correlations of ET(30) as a function of
N(T); see Equations (21) and (22). The diagram is shown in Figure S3.

ET(30) = 1834 N (T) + 20.9,

n = 8 (Reichardt), r = 0.9969.
(21)

ET(30) = 2205 N (T) + 14.3,

n = 7 (Linert), r = 0.9978
(22)

The influence of temperature on the ET(30) value of solutions of B30 in ethanol and
methanol was also investigated by Zhao [117]. The authors hypothesized a de-defined
B30/methanol complexation with decreasing temperature due to the appearance of an
apparent isosbestic point in the UV/Vis spectrum series, in contrast to B30 in ethanol.
This conclusion is not yet clear because the increase in the intensity of the UV/vis absorp-
tion band is probably due to volume shrinkage on cooling, for which correction is not
included in the reference. It is therefore possible that the isosbestic point is caused by the
contribution of two or more different species. The presence of alcohol/B30 complexes was
also suggested by temperature-dependent UV/vis studies performed by El Soud [118].
However, complexation of B30 with ethanol has not been directly demonstrated through
independent spectroscopic measurements. Sanders suggested that the B30/HBD solvent
complex would be the actual solvatochromic species as derived from theoretical considera-
tions [59]. However, the specific influence of the dye/solvent complex on ET(30) is much
smaller than the volume effect of the global hydrogen bonding network. For these reasons,
these few results represent only a snapshot, as much remains to be done to understand the
effect of temperature on ET(30) in terms of density fluctuations associated with structural
changes as a function of temperature [118,119]. However, this first inventory shows that
the increase in ET(30) with decreasing temperature is mainly due to an increase in density
and thus in N.

3.4. Solvatochromism of B30 in Aqueous Solvent Mixtures

This part of the manuscript is the central concern. It is about correcting many misinter-
pretations in the literature. Most of the ET(30) data of the solvent mixtures to be evaluated
were taken from [1–4,11–20] and others. Some specific comments on the datasets used are
necessary, as several aspects have to be taken into account. It is necessary to check which
ET(30) value corresponds exactly to the given concentration, as mole fractions, weight
fractions and volume fractions are used alternatively [1,2,8,11–20].

The densities of the mixtures for each specific composition and temperature are
required for evaluation. This was the most difficult problem to solve. Fortunately, the
densities of alcohol/water mixtures often correlate significantly with the mole fraction (x)
in certain ranges of the composition. Thus, unknown densities for certain compositions can
be calculated from correlation equations using accurate data from the literature. References
are given in the headings of the figures and tables in the Supplementary Material section.

Fortunately, many of the measured ET(30) values from the literature are in very good
agreement between different authors for series of measurements. We have compared the
data of Reichardt [2] and Rosés [18–20] and found that an almost perfect agreement of
the measured ET(30) values as a function of Nav,x is found. For an example, see Figure
S4a for the ethanol/water mixture. For this task, it was necessary to convert the volume
percentages from [1,2] to derive a mole fraction. Despite the very good agreement, a dataset
from the same source was generally used for the analysis if sufficient measured values
were available. For the FA/water mixture, data from two different references were mixed
because the authors’ measurements covered different composition ranges [21,120]. The
deviations are very small. When staying within one data series, the regression coefficient
r approaches one for FA/water. For the NMF/water mixtures, there is no large variation
above x(water) > 0.2, see Supplementary Materials of [21].
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The high quality of the overall dataset from Rosés should be emphasized. Rosés
also used the carboxylate substituted betaine dye of B30; the B30-COONa to study al-
cohol/water mixtures due to the low solubility of B30 in pure water and highly water
concentrated mixtures [19]. There is an almost perfect agreement between ET(30) and
ET(30-COONa) over the whole composition range. This aspect will be taken up again in
the discussion section.

The perfect complementarity of the different ET(30) values for DMSO/water from
several references [7,12,14,121,122] should be noted (see Figure S4b). All datasets fit exactly
in one relationship (see below). However, there are very small differences [∆ET(30) ~ 1 kcal)
between the authors’ results.

Since the ET(30) datasets for 1,2-ethanediol/water show some unacceptable differences
in the low water concentration range between the data from [12,15], we used only the
dataset from [12] which fits well (see Figure S5).

The perfect complementary agreement of the ET(30) data from [13,19] for the 2-methyl-
2-propanol/water mixture at high water concentration is also particularly noteworthy.

An unfortunate and common problem was that many measured UV/Vis data of
various solvatochromic dyes were accurately reported neither in the tables nor in the
Supplementary Materials [6,10]. Often only the coefficients of the applied solvation models
or artificially modified parameters were given instead of the original spectroscopic data.

To support the correlations of ET(30) as a function of Nav,x, Kosower’s Z-scale was
considered appropriate [123–125] because of the linear correlation of Z with the ET(30)
parameter [1,34,35]. However, this proved not to be the case. It is important to clarify
the situation of the different Z values for DMSO/water and ethanol/water mixtures in
the literature, as only the Z values given by Kosower have been directly determined with
K [123,124]. The Z values used by Marcus for correlations were calculated by himself
indirectly using Brownstein’s S values [126] (see note in citation 23 of Marcus’ paper) [12].
The same applies to Gowland’s Z values, which were also determined indirectly from 4-
pyridine-N-oxide via a correlation equation [127]. We are convinced that the main problem
is the reproducible measurement of Z values with Kosower’s dye, because in [127] it was
mentioned that the Z value depends on the concentration of K in ethanol/water. Sufficient
dilution is necessary or, alternatively, extrapolation to infinite dilution if experimental
problems may occur.

To test whether case ii. of preferential solvation is significant, the literature data
of other negatively solvatochromic probes such as B1 [(2,4,6-triphenyl-1-pyridinium)-
phenolate] [1], Brooker’s Merocyanine (BM) [128] or Fe [129] were considered, although
fewer data points per individual correlation are available. For this purpose, EP of BM or
the UV/Vis absorption energy at the peak maximum νmax(Fe) are analyzed as a function
of Nav,x.

3.4.1. 1,2-Ethanediol/Water, Methanol/Water and Ethanol/Water Mixtures

The reason for considering 1,2-ethanediol/water mixtures in comparison to methanol/
water and ethanol/water mixtures is as follows. In all three binary solvent mixtures, the
enthalpy of mixing is exothermic over the whole composition range [82,83,130]. While
1,2-ethanediol as a co-solvent does not enhance the water structure, methanol and ethanol
do [109,110].

As mentioned above, the relationship ET(30) as function of x(water) resulted in a
curved line, regardless whether methanol/water, ethanol/water or 1,2-ethanediol/water
mixtures were considered, as seen in Figure 3b. This was discussed in the introduction and
is well described in the literature [2,8,10–20]. The greater the difference in molar mass, the
more non-uniform the mixture will be. The order of DImax is as follows: ethanediol/water
mixtures (green) > ethanol/water mixtures (blue) > methanol/water mixtures (grey) (see
Figure 3b). This in turn depends on the x(water) in the mixture. It can be clearly seen that
the strongest curvature along a line of ET(30) as a function of x(water) for each specific
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co-solvent/water mixture occurs when the DI is highest. This is a purely physical effect
and has nothing to do with the specific solvation.
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Figure 3. (a) Comparison of correlations of ET(30) (kcal/mol) as a function of Nav,x (mol/cm3) for
1,2-ethanediol/water (blue dots) with methanol/water (grey dots) and ethanol/water (yellow dots).
The orange dots belong to the correlation of ET(30) as function of DHBD for 1,2-ethanediol/water;
(b) plots of ET(30) (kcal/mol) as a function of x(water) and DI, respectively, for methanol/water (grey
and yellow), 1,2-ethanediol/water (light blue and green) and ethanol/water (orange and blue).

The situation is different when ET(30) is theoretically correctly correlated with Nav,x
(see Figure 3a). An excellent linear correlation of ET(30) as a function of Nav,x is then ob-
tained for the 1,2-ethanediol/water mixtures (Equations (23) and (24)). This overall result is
very significant. This corresponds to the physical finding that the 1,2-ethanediol/water mix-
tures do not show abrupt structural changes over the entire composition range [77,110,130].
The interpretation of the ET(30) curve as function of Nav,x for the 1,2-ethanediol/water
mixtures requires an essential comment, because each 1,2-ethanediol molecule contains
two OH groups. Therefore, the number of OH dipoles per 1,2-ethanediol is doubled. For
the 1,2-ethanediol/water mixtures, the hydroxyl group concentration is calculated as a
function of the number of the total OH dipoles using the DHBD model [62]. The D,av,xHBD
quantities are calculated from Equation (14) using the partial OH concentration of the 1,2-
ethanediol component in the mixture (see Table S2). The function ET(30) versus DHBD for
1,2-ethanediol/water mixtures determined according to Equation (14) is the orange dotted
line in Figure 3a. This curve is completely congruent with the relationship ET(30) versus
Nav,x for methanol/water mixtures in the water-rich range (Nav,x > 0.04 mol/cm3) (grey dot-
ted line of Figure 3a). However, it is noteworthy that the correlation ET(30) versus Nav,x of
methanol/water mixtures from Nav,x < 0.04 mol/cm3 runs parallel to the correlation ET(30)
versus Nav,x (dark blue) for 1,2-ethanediol/water mixtures. This agreement illustrates the
significant influence of the concentration of OH dipoles on ET(30). This result also shows
the strong influence of the total number of OH groups of binary aqueous mixtures in terms
of D,av,xHBD or Nav,x on ET(30) [62]. These clear results completely exclude a preferential
solvation of B30 in methanol/water, ethanol/water and 1,2-ethanediol/water mixtures in
the sense of scenario ii. The results for the methanol/water and ethanol/water mixtures
do not really correspond to scenario i either. It is always the total number of dipoles per
volume that determines the ET(30) value within certain composition ranges, regardless of
structural variations.

A kink can be seen in the correlation line ET(30) as a function of Nav,x for both
methanol/water and ethanol/water mixtures in Figure 3a. These noticeable kinks in
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the graphs of ET(30) as a function of composition in alcohol/water mixtures have been
recognized in several previous studies and attributed to structural changes in the solvent
structure [5,6,131,132].

However, the linear correlations of ET(30) as function of Nav,x for each section of the
solvent mixture are of excellent quality as shown by Equations (23)–(28).

ET(30) = 181.3 Nav,x + 53.02,

n = 12 (1,2-ethanediol/water); r = 0.999.
(23)

ET(30) = 341.1 DHBD + 44,

n = 12 (1,2-ethanediol/water); r = 0.999.
(24)

ET(30) = 342 Nav,x + 44.02,

n = 7 (methanol/water; Nav,x >0.04); r = 0.9957.
(25)

ET(30) = 162 Nav,x + 51.5

n = 6 (methanol/water; Nav,x < 0.04; r = 0.9985.
(26)

ET(30) = 500.7 Nav,x + 35.6,

n = 8 (ethanol/water; Nav,x > 0.04; r = 0.995.
(27)

ET(30) = 158.6 Nav,x + 49.27,

n = 10 (ethanol/water; Nav,x < 0.04); r = 0.998.
(28)

Various physical data on the properties of methanol-water mixtures indicate a struc-
tural variation in the range of x(water) = 0.5 to 0.6; corresponding to Nav,x = 0.035 and
0.04 mol/cm3 [86–95].

This wide distribution is also confirmed by the heat of interaction as a function
of composition, with the largest measured heat of about −850 kJ/mol in a range from
x(water) ~06 to 0.75 [81,82]. The refractive index of methanol/water mixtures reaches its
maximum at x(water) = 0.6 [112–114]. The highest heat of the exothermic interaction is at
x(water) = 0.6 [82,83] (Nav,x = 0.038 mol/cm3), which is fully reflected by the DImax of the
methanol/water mixtures, which is highest at x(water) = 0.6 (see Figure 1b).

However, the overall situation with these two monohydric alcohol/water mixtures
is not entirely clear. For ethanol/water mixtures, the function ET(30) versus Nav,x shows
a clear kink at exactly Nav,x = 0.04 mol/cm3 corresponding to x(water) = 0.8. The excess
molar volume for ethanol/water mixtures is at x(water) = 0.6, but the heat of interaction
is highest at x(water) = 0.82 to 0.845 [82,83]. Therefore, the refractive index maximum of
ethanol/water mixtures does not correspond to thermodynamics, as is apparently the case
for methanol/water mixtures. The different behavior of the composition of methanol/water
and ethanol/water mixtures with respect to the refractive index was also noted by Lang-
hals [112]. For the ethanol/water mixtures, the plots ET(30) as function of Nav,x or x(water)
are clearly determined through thermodynamics. Exactly at this composition, where the
largest heat of interaction is measured, the graphs show a kink in the line indicating the
structural change [5,81,82,84,89]. This agreement between the curves in Figure 3a and the
thermodynamics or refractive index clearly show the influence of the physical properties of
the mixture on ET(30), as suggested in previous studies [5,6,131,132].

However, there are a number of other aspects to consider. Bentley [27] has shown that
the volume fraction correlates better linearly with the static dielectric constant (εr) or the
ET(30) values of alcohol/water mixtures than the mole fraction as a composition parameter
of alcohol/water mixtures. The volume fraction has also been recommended in a recent
publication to explain the ET(30) as a function of solvent composition more accurately
than using the mole fraction [133]. Accordingly, for ethanol/water and methanol/water
mixtures, the Nav,w and Nav,v quantities have been calculated and empirically tested as vari-
ables for correlation with ET(30) [62]. It seems surprising that the Nav,w and Nav,v quantities
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give a much better linear relationship with ET(30) than the use of Nav,x when the whole
range of composition is considered. The methanol/water and ethanol/water mixtures fit
seamlessly into the primary alcohol series when the full dataset ET(30) of primary alcohols
is included; see Equations (29) and (30) and Figure S6a in the Supplementary Materials.
The overall correlations with 42 data points are convincing.

ET(30) = 313 Nav,v + 46.7,

n = 42 (methanol/water, ethanol/water and primary alcohol); r = 0.994.
(29)

ET(30) = 304.8 Nav,w + 46.7,

n = 42 (methanol/water, ethanol/water and primary n-alcohol); r = 0.994.
(30)

We are therefore in full agreement with the conclusions of [133], that the volume
fraction gives better results in terms of linear correlation. For the correlation with ET(30),
however, it makes no qualitative difference whether the mass or the volume fraction is used
to determine Nav,z. Therefore, the motivation for using the volume fraction given in [133]
should be reconsidered. Using the mass fraction would give similar results. Whichever
alcohol/water mixture is considered, the actual curve ET(30) versus Nav,w or Nav,v is
not really strictly linear, although a very good regression coefficient for linearity can be
calculated. The data points along the relationship lines show a significant pattern like a
string of pearls, as can be seen in Figure S6 in the Supplementary Materials. This is an
important detail. Thus, the subtleties observed in the correlation of ET(30) with Nav,x do not
disappear, but are merely reduced in the plots ET(30) as a function of either Nav,w or Nav,v.
The approximate linearity of ET(30) as a function of Nav,w or Nav,v is due to the stronger
algorithmic consideration of the inhomogeneity of the solvent components in Nav,w or Nav,v
(see Figure 1b).

These results clearly show that the discussed preferential solvation of B30 by water is
meaningless for methanol/water and ethanol/water mixtures. This is also an indication
that the polarization forces and dipolar effects of the molecules in the solvated mixture
act collectively on B30. In 1963, in the first paper on phenolate betaine dyes, Dimroth and
Reichardt also studied the better water soluble B1 probe in ethanol/water mixtures [1]. For
data, see Table S4. There is also a very good correlation of ET(1) as function of Nav,v, as can
be seen from Equation (31). The correlation of ET(1) as versus Nav,x is equivalent to that of
ET(30) versus Nav,x.

ET(1) = 216.7 Nav,v + 57.95,

n = 10 (B1 in ethanol/water and water), r = 0.988.
(31)

If pure water is omitted from Equation (31), then the correlation quality is significantly
improved to r = 0.999. This is also a strong indication that B1 is preferentially enriched in
ethanol/water-rich regions when the mixture is examined. The xb values of BM (xb is the
shift of the UV/Vis peak of BM in methanol/water) [128]) correlate very well with Nav,x;
see Equation (32).

xb = 201.2 Nav,x + 57.8,

n = 11 (BM in methanol/water), r = 0.997.
(32)

Consequently, the preferential solvation of BM in methanol/water as assumed by
Machado [26] or Tanaka [134] is not applicable when Nav,x is used instead of x(water) to
evaluate solvatochromism. The methanol/water mixtures were also studied by Taha using
the Fe probe [129]. There is also a linear correlation and no curved curve for νmax(Fe) as
function of Nav,x, Equation (33).

νmax(Fe) [103 cm−1] = 36.66 Nav,x + 17.32,

n = 11 (Fe in methanol/water), r = 0.992.
(33)
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For ethanol/water mixtures, the νmax(Fe) as function of Nav,x shows a similar corre-
lation with excellent quality as previously reported [43]. The correlation of νmax(Fe) with
x(water) in place with Nav,x is worse.

These results clearly show that several types of negatively solvatochromic dyes such
as B30, B1, BM and Fe do not indicate preferential solvation in the methanol/water and
ethanol/water mixtures. Thus, the linear correlations of EP parameters as function of
Nav,x according to Equation (2) are clearly confirmed by other solvatochromic dyes despite
the smaller dataset compared to ET(30). Since the UV/Vis energies of the different solva-
tochromic probes show the same linear dependencies as a function of Nav,x, it is quite clear
that the solvent structure determines the solvatochromism and not the preferred solvation
according to scenario ii. This conclusion is in complete agreement with older results by
Langhals [5].

3.4.2. Formamide/Water and other Amide/Water Mixtures

FA/water is the only binary aqueous mixing system considered in this study that fulfils
the thermodynamics of ideal mixing [66,110,135,136]. The heat of mixing is endothermic,
and the entropy is positive over the whole composition range. The mixing entropy is
highest at x = 0.5 [135,136].

The best linear correlations (r about 1) of ET(30) as a function of Nav,x over the whole
composition range of the solvent mixture were found for FA/water, NMF/water and
1,2-ethanediol/water mixtures (see Figures 3a and 4a).

Liquids 2024, 4, FOR PEER REVIEW  18 
 

 

enriched  in ethanol/water-rich regions when  the mixture  is examined. The xb values of 
BM (xb is the shift of the UV/Vis peak of BM in methanol/water) [128]) correlate very well 
with Nav,x; see Equation (32). 

xb = 201.2 Nav,x + 57.8, 
n = 11 (BM in methanol/water), r = 0.997.  (32)

Consequently,  the preferential  solvation of BM  in methanol/water as assumed by 
Machado [26] or Tanaka [134] is not applicable when Nav,x is used instead of x(water) to 
evaluate solvatochromism. The methanol/water mixtures were also studied by Taha using 
the Fe probe [129]. There is also a linear correlation and no curved curve for νmax(Fe) as 
function of Nav,x, Equation (33). 

νmax(Fe) [103 cm−1] = 36.66 Nav,x + 17.32, 
n = 11 (Fe in methanol/water), r = 0.992.  (33)

For ethanol/water mixtures, the νmax(Fe) as function of Nav,x shows a similar correla-
tion with excellent quality as previously reported  [43]. The correlation of νmax(Fe) with 
x(water) in place with Nav,x is worse. 

These results clearly show that several types of negatively solvatochromic dyes such 
as B30, B1, BM and Fe do not indicate preferential solvation in the methanol/water and 
ethanol/water mixtures. Thus, the linear correlations of EP parameters as function of Nav,x 
according to Equation (2) are clearly confirmed by other solvatochromic dyes despite the 
smaller dataset compared  to ET(30). Since  the UV/Vis energies of  the different solvato-
chromic probes show the same linear dependencies as a function of Nav,x, it is quite clear 
that the solvent structure determines the solvatochromism and not the preferred solvation 
according to scenario ii. This conclusion is in complete agreement with older results by 
Langhals [5]. 

3.4.2. Formamide/Water and other Amide/Water Mixtures 
FA/water is the only binary aqueous mixing system considered in this study that ful-

fils the thermodynamics of ideal mixing [66,110,135,136]. The heat of mixing is endother-
mic, and the entropy is positive over the whole composition range. The mixing entropy is 
highest at x = 0.5 [135,136]. 

The best linear correlations (r about 1) of ET(30) as a function of Nav,x over the whole 
composition range of the solvent mixture were found for FA/water, NMF/water and 1,2-
ethanediol/water mixtures (see Figures 3a and 4a). 

 
 

(a)  (b) 

Figure 4. (a). Correlations of ET(30) (kcal/mol) as a function of Nav,x (mol/cm3) formamide/water (yel-
low), NMF/water (grey), N-formylmorpholine/water (blue) and DMF/water (orange) mixtures. For 
data,  see Tables  S2–S5;  (b)  correlations  of ET(30)  (kcal/mol)  as  a  function  of Nav,x  (mol/cm3)  for 
DMSO/water mixtures (orange, all data); blue dots are data from [15] (O Connor). 

43

48

53

58

63

0.009 0.029 0.049 0.069

E T
(3
0
)

Nav,x

45

50

55

60

65

70

0.01 0.03 0.05 0.07

E T
(3
0
)

Nav,x

Figure 4. (a). Correlations of ET(30) (kcal/mol) as a function of Nav,x (mol/cm3) formamide/water
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DMSO/water mixtures (orange, all data); blue dots are data from [15] (O Connor).

For FA/water mixtures the linear correlations ET(30) as function of Nav,x are of excel-
lent quality; see Figure 4a as well as Equation (34).

ET(30) = 229 Nav,x + 50.2,

n = 16 (FA/water); r = 0.999.
(34)

The perfect linearity of ET(30) as a function of Nav,x can be explained by the excellent
physical properties of the FA/water mixtures [109,110,135–138]. The water-like structure of
FA is due to the fact that water and FA molecules can exchange positions without changing
the solvent structure [139]. Only the VE (Equation (13)) changes a little, as a function of
composition [138]. There is no segregation within the FA/water mixtures and the average
number of dipoles per volume perfectly determines the ET(30) at room temperature. A
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very good linear relationship ET(30) versus Nav,x is also obtained for NMF/water mixtures,
see Equation (35).

ET(30) = 212 Nav,x + 50.5,

n = 17 (NMF/water); r = 0.993.
(35)

Furthermore, for NFM/water and DMF/water mixtures, there are also excellent linear
correlations of ET(30) as function of Nav,x in the section of higher water content range;
xco-solvent < 0.35 [31,107,140–142].

The slight kinks in the curves at lower water contents are due to the non-linear change
in density as a function of composition [140–142]. The physical data of the NMF/water,
DMF/water and NFM/water mixtures are given in Tables S2–S5 in the Supplementary
Materials. According to [76], water is considered to be a solute rather than a solvent when
Nav,x < 0.035 mol/cm3. However, an excellent linear correlation of the refractive index as
a function of Nav,x,CH is seen for all mixtures (see Figure 2a) over the entire composition
range, including the range of low water concentrations.

Marcus also described the aqueous urea solution as a binary solvent mixture system
in which no enhancement of the water structure occurs, although pure urea is a solid at
room temperature [110]. Accordingly, we analyzed the ET(30) values of the urea/water and
N,N-dimethylpropylene urea/water binary mixtures from the literature [143–145]. There
are very good linear correlations of ET(30) as a function of Nav.x for both urea/water and
N,N-dimethylpropylene urea/water mixtures with high correlation quality (see Figure S6a
in Supplementary Materials). This result shows that solutions of solids in water can also be
treated in the same way. If the co-solvent or co-component (urea, N,N-dimethylpropylene
urea) can form a three-dimensional hydrogen bond structure with water, then a linear
correlation of ET(30) with Nav,x is found.

3.4.3. DMSO/Water Mixture

DMSO/water mixtures represent a physical challenge among binary aqueous solvent
systems due to the unclear thermodynamics at higher DMSO contents [146–154]. This was
therefore chosen for this fundamental work as an illustrative example. There are a large
number of physical studies on these mixtures, so only those relevant to the explanation of
solvatochromism in terms of Nav,x will be referred to. The following analysis shows where
the problems lie. There results a very good linear correlation of ET(30) as function of Nav,x
including ET(30) data from several references, Equation (36) and Figure 4b.

ET(30) = 432 Nav,x + 39.7,

n = 22 (DMSO/water) r = 0.993.
(36)

Although the overall correlation ET(30) with Nav,x seems convincing due to the clear
linearity, there is a small kink in the linear plot at Nav,x ≈ 0.025 to 0.03 mol/cm3. The kink
becomes more obvious when considering only the data from [15], see Equations (37) and (38).

ET(30) = 414 Nav,x + 40.7,

n = 9 (DMSO/water-rich; Nav,x > 0.02); r = 0.998.
(37)

ET(30) = 624 Nav,x + 36.2,

n = 5 (DMSO/water low; Nav,x < 0.02); r = 0.999.
(38)

This small effect has a significant physical background as the density of the binary
solvent mixture changes significantly at this composition [146,148]. However, density
measurements for DMSO/water mixtures in the DMSO-rich region are not consistent in
the literature [146,148]. In the water-rich range from Nav,x < 0.05541 mol/cm3 (pure water)
to Nav,x = 0.03 mol/cm3, the density of water/DMSO mixtures decreases linearly with
increasing water content. The density is almost constant in the range from Navx = 0.03 (60%
weight DMSO) to 0.014 mol/cm3 (pure DMSO) (see Table S9). In [148], it was reported
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that the density even decreases slightly. It should be noted that exactly at this mixture
composition Nav,x = 0.028 mol/cm3 the plot of ET(30) as a function of Nav,x has a slight,
imperceptible kink.

In the literature, there are several investigations on the DMSO/water mixtures us-
ing different solvatochromic probes [12,15,129,155–157]. Regardless of the type of solva-
tochromic probe used, it is clear that at Nav,x ≈ 0.03 mol/cm3 a slight change in the profile of
the parameter values can be observed as a function of the composition. Thus, the physical
structural change of the DMSO/water mixtures determines the empirical parameter and
not the artificially constructed acid-base properties of the solvent system [155,157]. This
result is fully consistent with the prediction in the introduction that no differences should
occur in scenario ii. when different probes are used. For reasons of space, the analyses of
the Kamlet–Taft (KAT) parameters of DMSO/water mixtures [157] are presented in Figure
S9 in the Supplementary Materials. As a consequence of this result, the determination of
individual empirical polarity parameters in terms of the KAT or Catalán scale is mean-
ingless for DMSO/water mixtures. Furthermore, a curved function of the ET(30) value of
the solvatochromic probe on x(water) of DMSO/water mixtures is found (see (Figure 5)
of [12]). If the x(water) is replaced by Nav,x, a linear correlation is obtained, as shown in
Figure 4b. The correlation of the UV/Vis absorption energy of other probes such as Fe
[νmax10−3 cm−1 (Fe)] [129] as function of Nav,x for DMSO/water mixtures clearly shows a
linear dependence, see Equation (39).

νmax10−3 cm−1 (Fe) = 67.7 Nav,x + 15.8,

n = 12 (DMSO/water), r = 0.996.
(39)

The change in the curve of the solvatochromic parameter after at Nav,x about 0.03 mol/cm3

is clearly due to physical changes in the solvent structure. Furthermore, if the static di-
electric constant (εr) of DMSO/water mixtures is plotted as a function of Nav,x, then the
kink at Nav,x at 0.03 mol/cm3 becomes also evident (see Figure S7a). The εr data are taken
from [151]. This property is also shown in the plots of ET(30) as a function of n20

D (Figure S2).
While the correlation of n20

D as a function of Nav,CH (Equation (10)) is nearly linear (Figure 2a),
the correlation of ET(30) as function of n20

D shows a slight kink at Nav,x = 0.03 mol/cm3.
To return to the DMSO/water mixtures, the concentration of all dipoles (water + DMSO)

of the system determines the solvatochromic property and not the preferential solvation.
This is a clear result. The only surprising thing is the rather good linearity of the function
ET(30) versus Nav,x when many data from the literature are used together. This shows that
B30 is not very sensitive to physical changes in the DMSO/water mixture system at RT.
Therefore, the solvatochromic method is not well suited to detecting the physical change in
the liquid structure of DMSO/water at different compositions.

What is the reason for the good linearity of ET(30) as a function of Nav,x although major
structural changes of the mixture occur at Nav,x = 0.03 mol/cm3? The complexity of the
water dynamics of DMSO/water mixtures has been thoroughly investigated through ultra-
fast IR experiments and dielectric spectroscopy [149–151]. These results are very important
in partially explaining the results of the correlations in this study. The average lifetime of
water-bound DMSO changes (decreases) almost linearly with the mole fraction of water.
This result is consistent with ET(30) increasing almost linearly with water content (see also
Figure 5 in [149]). This explains why the barely noticeable kink in the correlation can be
neglected, as the water dynamics overcome the local structuring around the dissolved dye.
Thus, the lifetime of the water/water component is independent of the water concentra-
tion in the high DMSO region Nav,x < 0.03 mol/cm3. Obviously, neither water/DMSO
nor B30/water complexes are relevant for the determination of ET(30) since the solvent
mixture has a high dynamic at 298 K [150,151]. Thus, even if DMSO/water or B30/water
complexes are present, they cannot be detected using B30 due to the fast dynamics of the
binary solvent system. The situation is similar to other solvatochromic dyes such as Fe.
Therefore, other physical measurements such as dielectric spectroscopy are more suitable
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than solvatochromic probe molecules for analyzing the structure of DMSO/water mix-
tures. The outstanding behavior of the DMSO/water mixtures at higher DMSO contents
Nav,x < 0.028 mol/cm3 has been the subject of numerous simulation experiments [152–154].
Apparently, the behavior at Nav,x < 0.03 mol/cm3 is due to the entropy increase in the
system, which is still difficult to understand theoretically [154], since the experimentally
determined heat of interaction is exothermic over the whole composition range.

3.4.4. 1,4-Dioxane/Water Mixtures

The 1,4-dioxane/water mixtures were subjected to numerous physical tests [158–169].
The dependence of the UV/Vis-absorption energy maxima of solvatochromic dyes such as B30,
Fe, M540, various 7-N,N-diethylaminocoumarins or harmaline as function of dioxane/water
composition has been extensively studied in the literature [2,5,70,129,165–169].

The thermodynamics of 1,4-dioxane/water mixtures is characterized by a transition
from exothermic to endothermic heat of mixing with increasing 1,4-dioxane content [158].
This is the main difference to the DMSO/water system [147]. The heat of interaction ∆rH of
1,4-dioxane/water mixtures has its maximum exothermic heat at around x(water) = 0.8 (yel-
low dot in Figure 5b) corresponding to Nav,x = 0.032 mol/cm3 or Nav,v = 0.018 mol/cm3. The
largest partial molar volume of water in 1,4-dioxane/water mixtures is x = 0.8 [167]. ∆rH is
zero at x(water) = 0.52 (Nav,x = 0.02 mol/cm3). With this composition, the 1,4-dioxane/water
mixture has the highest density and the lowest −T∆S value. At x(water) < 0.52, the heat of
interaction becomes endothermic. For the evaluation in this paper, the volume fractions
of the 1,4-dioxane/water mixtures given in [2] were reconverted to the average molar
concentration of the solvent dipoles. Fortunately, there is excellent agreement between the
ET(30) data from four different literature sources, as shown in Table S7. The ET(30) data
from these four different sources fit perfectly into a relationship. To evaluate the influence
of the inhomogeneity of the mixture with respect to the composition, we plotted ET(30) as
function of Nav,x and Nav,v as well as x(water) (Figure 5a,b).

Liquids 2024, 4, FOR PEER REVIEW  21 
 

 

concentration  in  the  high DMSO  region Nav,x  <  0.03 mol/cm3. Obviously,  neither wa-
ter/DMSO nor B30/water complexes are relevant for the determination of ET(30) since the 
solvent mixture has a high dynamic at 298 K  [150,151]. Thus,  even  if DMSO/water or 
B30/water complexes are present, they cannot be detected using B30 due to the fast dy-
namics of the binary solvent system. The situation is similar to other solvatochromic dyes 
such as Fe. Therefore, other physical measurements such as dielectric spectroscopy are 
more  suitable  than  solvatochromic  probe  molecules  for  analyzing  the  structure  of 
DMSO/water mixtures. The outstanding behavior of the DMSO/water mixtures at higher 
DMSO contents Nav,x < 0.028 mol/cm3 has been the subject of numerous simulation exper-
iments [152–154]. Apparently, the behavior at Nav,x < 0.03 mol/cm3 is due to the entropy 
increase in the system, which is still difficult to understand theoretically [154], since the 
experimentally determined heat of interaction is exothermic over the whole composition 
range. 

3.4.4. 1,4-Dioxane/Water Mixtures 
The 1,4-dioxane/water mixtures were subjected to numerous physical tests [158–169]. 

The dependence of the UV/Vis-absorption energy maxima of solvatochromic dyes such as 
B30, Fe, M540, various 7-N,N-diethylaminocoumarins or harmaline as function of diox-
ane/water composition has been extensively studied in the literature [2,5,70,129,165–169]. 

The thermodynamics of 1,4-dioxane/water mixtures is characterized by a transition 
from exothermic to endothermic heat of mixing with increasing 1,4-dioxane content [158]. 
This is the main difference to the DMSO/water system [147]. The heat of interaction ΔrH 
of 1,4-dioxane/water mixtures has its maximum exothermic heat at around x(water) = 0.8 
(yellow dot in Figure 5b) corresponding to Nav,x = 0.032 mol/cm3 or Nav,v = 0.018 mol/cm3.. 
The largest partial molar volume of water in 1,4-dioxane/water mixtures is x = 0.8 [167]. 
ΔrH is zero at x(water) = 0.52 (Nav,x = 0.02 mol/cm3). With this composition, the 1,4-diox-
ane/water mixture has the highest density and the lowest −TΔS value. At x(water) < 0.52, 
the heat of interaction becomes endothermic. For the evaluation in this paper, the volume 
fractions of the 1,4-dioxane/water mixtures given in [2] were reconverted to the average 
molar concentration of the solvent dipoles. Fortunately, there is excellent agreement be-
tween  the ET(30) data  from  four different  literature sources, as shown  in Table S7. The 
ET(30) data from these four different sources fit perfectly into a relationship. To evaluate 
the  influence of  the  inhomogeneity of  the mixture with respect  to  the composition, we 
plotted ET(30) as function of Nav,x and Nav,v as well as x(water) (Figure 5a,b). 

 
 

(a)  (b) 

35

40

45

50

55

60

65

0.01 0.02 0.03 0.04 0.05 0.06

E T
(3
0
)

Nav

35

40

45

50

55

60

65

0 0.5 1 1.5 2

E T
(3
0
)

x(water) or DI

Figure 5. (a) Correlations of ET(30) (kcal/mol) as a function of Nav,x (mol/cm3) (orange dots) and
Nav,v (blue dots) for 1,4-dioxane/water mixtures at 298 K; (b) plots of ET(30) (kcal/mol) as a function
of x(water) for 1,4-dioxane/water mixtures (orange dots) compared with the inhomogeneity (DI) of
the system in terms of Mav,v/Mav,x ratio (blue dots). The yellow dots indicate the composition with
the greatest inhomogeneity. The yellow dots indicate the composition with the inflection point and
the greatest inhomogeneity. The grey dots show the correspondence between the two curves in terms
of maximum inhomogeneity.
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The correlation of ET(30) as a function of Nav,x results in two consecutive linear lines
with different slopes. The change in the function ET(30) as function of Nav, is at Nav,x = 0.015
[x(water) = 0.3] mol/cm3; see Equations (40) and (41) and Figure 5a.

At this composition (at ET(30) ~ 46 kcal/mol), there is also the strongest curvature in
the curve ET(30) as a function of x(water) in the 1,4-dioxane-rich section (see Figure 5b).

ET(30) = 2997.5 Nav,x + 2.123

r = 0.944, n= 7 (Nav,x < 0.02 mol/cm3, 1,4-dioxane rich section)
(40)

ET(30) = 398,8 Nav,x + 40.42

r = 0.997, n= 12 (Nav,x > 0.02 mol/cm3, water-rich section)
(41)

The correlation of ET(30) as a function of Nav,v (blue dots in Figure 5a) gives an
asymptotic curve without linearity of specific sections. This could be explained by the fact
that the variable Nav,v better reflects the inhomogeneities of the composition.

The 1,4-dioxane/water mixtures are subject to fine structuring over the whole com-
position range, in which both types of molecules are always involved [161–164]. The
volume structure of 1,4-dioxane/water mixtures changes significantly in the range of
Nav,x < 0.02 mol/cm3. Accordingly, the strongest bend in the graph ET(30) as function of
Nav,x corresponds to the composition where the significant change in the volume struc-
ture of the 1,4-dioxane/water mixtures takes place. Exactly at ET(30) = 47 kcal/mol
(Nav,x = 0.018 mol/cm3), the dielectric relaxation time τ1 passes through a maximum
(τ1 ≈ 25 ps) for 1,4-dioxane/water mixtures [162]. The use of Nav,X(water) according to
Equation (14) as the mixture composition parameter gives a similar plot as when Nav,x is
used (see Figure S8b), indicating that 1,4-dioxane and water are always involved together
in the volumetric structure and thus in the dissolution of dissolved B30. Thus, 1,4-dioxane
does not enhance the water structure in any way, which is in full agreement with the
Marcus classification [110].

It is worth analyzing the correlations of ET(30) as a function of x(water) from the point
of view of thermodynamics and the structural change of the 1,4-dioxane/water mixtures
as shown in Figure 5b. At x(water) = 0.52 (Nav,x = 0.02 mol/cm3), the curve ET(30) as a
function of x(water) shows an inflection point (not marked in Figure 5b). It is precisely at
this composition that this binary solvent system behaves in an athermal manner, i.e., ∆rH
mixture = 0 [158,159]. The strong curvature ET(30) as a function of x(water) = 0.8 (marked
in yellow) (Nav,v = 0.015 mol/cm3) is clearly due to the inherent mass inhomogeneity of
the mixture, as shown in the simultaneous plot for the DI (Figure 5b). At this composition
(Nav,x = 0.032 mol/cm3), mixing has the highest exotherm. This result is consistent with the
results from the thermodynamics of methanol/water and ethanol/water mixtures, which
are a good indication that x(water) reflects the thermodynamics of the mixture in relation
to other quantities more comprehensively than the quantity Nav,x. Thus, the S-shaped
function ET(30) versus x(water) (Figure 5b, orange dots) is attributed to the change in
interaction heat as function of composition. This feature is only partly recognized when
Nav,x is used as the composition size, as seen in Figure 5a. There is no bend or kink in the
plot ET(30) as function of Nav,x for Nav,x ~ 0.032 mol/cm3 (largest exothermic heat), but at
Nav,x = 0.02 mol/cm3 (zero heat).

The linear function of ET(30) as a function of Nav,x in the water-rich region
Nav,x > 0.02 mol/cm3 is due to the fact that the average concentration of both the wa-
ter dipoles and 1,4-dioxane molecules determines the ET(30) value. Both fractions are
constantly mixed together and do not segregate [162,163]. The larger ET(30) in the 1,4-
dioxane rich fraction, compared to a hypothetical linear plot of ET(30) versus Nav,x, can be
easily explained by the results of Buchner: “This indicates a largely microheterogeneous
structure for such mixtures, with the presence of water-rich domains of significant size
in the dioxane-rich fraction” [163]. Thus, B30 preferentially measures the water enriched
portions of the 1,4-dioxane/water domains within the compositional spectrum. Obviously,
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the water clusters are solvated by the 1,4-dioxane excess and the B30 is enriched in the
1,4-dioxane clusters below Nav,x < 0.015 mol/cm3.

The refractive index as a function of the composition Nav,xCH of the 1,4-dioxane mixture
(see Figure 2a, red dots) and Equation (23) give a linear curve. This is consistent with the
fact that the static permittivity εr of 1,4-dioxane/water mixtures is also a linear function of
Nav,x including pure 1,4-dioxane (see Figure S7b). For this investigation, the composition
data x(water) from [162] were converted to Nav,x. In contrast, the correlation of ET(30) as a
function of εr or n20

D is not linear over the whole composition range, because the values of
the pure 1,4-dioxane or the 1,4-dioxane-rich fraction do not fit linearly; see Figure S8a.

As a consequence, the B30 probe reflects the volumetric structure of 1,4-dioxane/water
differently compared to volumetric polarity-related physical measurements such as di-
electric spectroscopy or refractive index. In summary, the 1,4-dioxane/water mixtures
present a challenge in terms of the formation of solvent structures as a function of the
quantitative composition, since different physical methods (UV/vis spectroscopy of B30,
dielectric spectroscopy, refractive index, calorimetry) register different dependencies of the
measurand on the different composition sizes.

Note that only x and Nav,x are physically based quantities, referring to thermodynamic
and UV/Vis spectroscopic quantities, respectively. Despite this concern, in summary, the
complex dependence of ET(30) on the composition of 1,4-dioxane/water mixtures can
be readily interpreted in terms of Nav,x, Nav,v or x(water). This is possible by analyzing
the physical properties of this binary solvent system, where thermodynamics, dipole
concentration and solvent dynamics play a role. Despite this caveat, it is clear that the
specific solvation of B30 by HBD solvent molecules is not responsible for this UV/Vis shift.
The ET(30) of 1,4-dioxane/water mixtures is mainly determined through the concentration
of water dipoles permanently mixed with 1,4-dioxane molecules.

3.4.5. 2-Propanol/Water and 2-methyl-2-propanol/Water Mixtures

The 2-propanol/water and 2-methyl-2-propanol/water mixtures are considered sepa-
rately because they show a change in the heat of mixing with increasing alcohol content
in the sense of a reversal from exothermic to endothermic heat [80,82], similar to the
1,4-dioxane/water mixtures [158]. In particular, the 2-methyl-2-propanol-water mixtures
in particular have been the subject of research and speculative interpretations in recent
decades [170–179]. A mystical character has been attributed to this particular mixture due
to the method-dependent results of the mixture [178].

First, the correlations of ET(30) as function of Nav,x and x(water) are discussed; Figure 6a,b.
The plot of ET(30) as a function of mole fraction x(water) shows relatively similar

curves for all mixtures (see Figure S10 in the Supplementary Materials).
If one compares the curves ET(30) with the curve of the inhomogeneity (DI) of the

solvent mixture, both as a function of x(water), see Figures 3b and 6b, then the same
result is obtained for 2-propanol/water and 2-methyl-2-propanol/water, methanol/water,
ethanol/water and 1,4-dioxane/water mixtures. The strongest curvature of the plot ET(30)
versus x(water) always occurs immediately after the strongest inhomogeneity. This corre-
sponds “immediately after” to a difference of about 1.5 kcal/mol with respect to ET(30),
which is illustrated by the horizontal lines (grey and green dots) between the two curves in
Figure 6b. This scenario can be found in all plots of ET(30) versus Mav,w/Mav,x, regardless
of the type of alcohol/water mixture.

The curves ET(30) as a function of Nav,x for methanol/water, ethanol/water, 2-propanol/
water and 2-methyl-2-propanol/water mixtures differ qualitatively for both methanol/water
and ethanol/water mixtures compared to both 2-propanol/water and 2-methyl-2-propanol/
water mixtures in the low water content range. Therefore, the plots of ET(30) as a func-
tion of Nav,x show an inflection points at about 0.031 mol/cm3 and 0.0273 mol/cm3 for
2-propanol/water and 2-methyl-2-propanol/water mixtures, respectively.
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Figure 6. (a) Correlations of ET(30) (kcal/mol) as a function of Nav,x (mol/cm3) for 2-propanol/water
(yellow) and 2-methyl-2-propanol/water (blue); (b) plot of ET(30) (kcal/mol) as a function of x(water)
for 2-methyl-2-propanol-water (dark blue and orange) and 2-propanol/water (yellow and light blue)
compared with the plot of ET(30) as a function of the inhomogeneity (DI) of the solvent mixture in
terms of Mav,w/Mav,x (orange and light blue).

At lower water concentrations, the 2-propanol/water mixtures (x(water) < 0.5;
Nav,x = 0.02 mol/cm3) and 2-methyl-2-propanol mixtures (x(water) < 0.55; Navx = 0.018 mol/cm3)
are endothermic in terms of the heat of mixture. At about x = 0.65 to x = 0.5 (water) (Nav,x
≈ 0.03, see Figure 6a), both systems behave athermally; i.e., ∆Hmixing = 0. Exactly at this
composition, the curve ET(30) as a function of Nav,x (see Figure 6a) shows an inflection
point. The same result is found for the 1,4-dioxane/water mixtures (see Figure 5b). In the
composition range with endothermic heat of mixing, both curves ET(30) vs. Navx show a
higher ET(30) than would be expected from linearity. In this region, the entropy of mixing
is positive and the proportion of water in the mixture determines the ET(30) proportionally,
more than in the water-rich region does. The dielectric relaxation time decreases signifi-
cantly from low to high water content, i.e., the structure in the water-poor region is more
stable in time than in the water-rich region.

The Fe complex has also been studied in 2-propanol/water mixtures [129]. Consistent
with the correlations of ET(30) versus Nav,x„ the plot of νmax (Fe) as a function of Nav,x (see
Figure S11) shows a similar pattern to that of Figure 6a. This shows the influence of the
physical structure of the solvent as a function of composition.

In addition, there are numerous studies with positive solvatochromic probes such
as Nile Red [7], 4-nitroaniline [18,180–182], 4-nitroanisole [18], 4-(1-azetidinyl)-benzo-
nitrile [177] or coumarin 343 and 480 [178] in various alcohol/water mixtures.

While ET(30) as a function of Nav,x for 2-propanol/water and 2-methyl-2-propanol/water
mixtures show similar curves, the situation is different for the 2-butoxyethanol/water mixtures.

3.4.6. 2-Butoxyethanol/Water Mixtures

As a final example, the solvatochromism of B30 in 2-butoxyethanol (BE)/water mix-
tures is reanalyzed. The ET(30) data are taken from [8]. BE itself is partially hydrophobic,
but it mixes completely with water at room temperature; separation occurs only at higher
temperatures [8,183]. Due to their self-structuring properties, BE/water mixtures have
been the subject of numerous physical investigations [184–193]. The self-propelled agglom-
eration of the BE molecules in water has been demonstrated through various scattering
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methods [184,185]. At x(BE) > 0.02 agglomeration begins to occur resulting in an inhomoge-
neous solvent mixture at the level of about 1 nm [184]. However, other studies have shown
that 130 nm aggregates are present [185]. The inhomogeneity of the BE/water mixing
system is complicated by the fact that this feature can be observed at different length and
time scales [188–191,193].

The mixtures BE/water and 2-methyl-2-propanol/water are often compared for their
similarity [193]. We will show that, despite the discussion in the literature, the two solvent
mixtures are completely different. The microstructures of both solvent mixtures are very
subtle and are strongly influenced by the composition in the water-rich part. However,
the heat of mixing is exothermic over almost the whole composition range for BE/water
mixtures, but weakly endothermic at high BE concentrations (about 95 wt%) [187,188].
In addition, photo-switchable spiro compounds have been measured in BE/water mix-
tures [192]. It has been suggested that the solvent structure of BE/water is affected by this
type of photo-switching. Therefore, it cannot be excluded that the dissolved probe molecule
co-determines the fine structure of BE/water mixtures, complicating the whole situation.
Therefore, only the analysis of the ET(30) values will be discussed here. Unfortunately, the
interesting solvatochromic results of El Seoud on this solvent system were not given as
original data [22]. Plotting ET(30) as a function of Nav,x for BE/water mixtures gives an
asymmetric profile, as shown in Figure 7a (grey dots).
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Figure 7. (a) Relations of ET(30) (kcal/mol) as a function of Nav,x (in mol/cm3) for BE/water
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(grey), 2-methyl-2-propanol/water (yellow), 1,2-ethanediol/water (blue) and glycerol/water mix-
tures (orange).

The crucial region of low BE content (at Nav,x = 0.0497 mol/cm3) deserves special atten-
tion, since, at this composition, the agglomeration of BE molecules occurs [x(BE) ≈ 0.02; or
Nav,xCH = 0.017 mol/cm3] [184]. B30 dye is apparently absorbed by these BE-rich agglom-
erates, leading to an abrupt decrease in ET(30) at Nav,x ≈ 0.05 mol/cm3, as shown by the
grey dotted line in Figure 7a. This is consistent with the fact that ET(30) decreases abruptly
with increasing C-H concentration due to the BE component at Nav,CH = 0.017 mol/cm3

(not plotted; for data, see Table S13). There is only a narrow transition.
This result exactly fulfils the preferential solvation scenario i., as explained in the

Introduction. The agglomeration of BE is driven by hydrophobic interactions, as also
suggested by the analysis of the fluorescence of coumarin and related probe molecules
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in BE/water mixtures [193,194]. Obviously, the trapping of probes is also determined
through the solvent cage property of the BE/water mixtures. This is in contrast to 2-methyl-
2-propanol/water mixtures, where strong thermal fluctuations in partial concentrations
occur [195,196]. Thus, in 2-methyl-2-propanol/water mixtures there is no true hydrophobic
solvation of B30, but the partial water structures are changed depending on the composition,
as discussed in the previous chapter.

The two binary solvent mixtures glycerol/water and 1.2-ethanediol/water show a per-
fect mixing behavior according to the Marcus classification, so that there is no enhancement
of the water structure in any way [110]. These two mixtures are documented in Figure 7b as
references. For glycerol/water and 1,2-ethanediol/water mixtures, there are perfect linear
correlations of n20

D as a function of Navx,CH; see Equations (42) and (43) [89,197].

n20
D = 2.062 Nav,x,CH + 1.335,

n = 12 (glycerol/water); r = 0.9999.
(42)

n20
D = 1.381 Nav,x,CH + 1.333,

n = 14 (1, 2-ethanediol/water); r = 0.997.
(43)

The larger slopes of ∆n20
D /∆Navx,CH for glycerol/water and 1,2-ethanediol/water

mixtures compared to BE/water mixtures are attributed to the influence of the polarizability
of the hydrogen bond network and the higher refraction of the C-O bond compared to
C-H [60,62,108].

The change in the overall bulk solvent structure of 2-methyl-2-propanol/water mix-
tures as a function of composition is also clearly visible in the plot of the refractive index
as function of Nav,xCH (yellow dotted lines in Figures 2b and 7b), which shows a kink at
about 0.035 to 0.04 mol/cm3. Remarkably, the kink in the plot of ET(30) as a function
of Nav,x is also observed at this composition; see Figure 6a. In this concentration range,
the thermodynamic changes from exothermic to endothermic with increasing Nav,xCH for
2-methy-2-propanol/water mixtures. This thermodynamic scenario does not apply to
BE/water mixtures [187,188].

Remarkably, the correlation of n20
D as function of Nav,xCH for BE/water mixtures is

approximately linear over the whole composition range; see Equation (44) and Figure 7b
(grey dotted line).

n20
D = 0.876 Nav,x,CH + 1.353,

n = 11 (BE/water); r = 0.998.
(44)

Obviously, BE as a co-solvent does not enhance the water structure, but water en-
hances the BE structure. That is the special thing. According to the Marcus classification,
this is the reverse scenario of solvent structure enhancement. These considerations convinc-
ingly show the qualitative differences between BE/water and 2-methyl-2-propanol/water
mixtures. The different solvation behavior of B30 in BE/water mixtures compared to
2-methyl-2-propanol/water mixtures can also be supported by considering the DI from
Equation (9). The BE/water mixtures show the greatest inhomogeneity with respect to DI
at x(water) = 0.85 (Nav,x = 0.029 mol/cm3), while the kink in the curve ET(30) as a func-
tion of Nav,x occurs far away from this at ≈ 0.045 mol/cm3. This is the crucial difference
between BE/water mixtures and all other (monohydric) alcohol/water mixtures studied
in this work. Therefore, this result could be used as a criterion to define the preferential
solvation scenario of case i. However, the results do not exclude that the B30 dye itself has
an influence on the solvent cage of the BE/water mixture at low BE content, as mentioned
in [192,193] for other solutes.

4. Discussion

The plot of ET(30) as a function of Nav,x for co-solvent/water mixtures shows a different
pattern depending on the co-solvent of the mixture. The scenario of each specific co-
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solvent/water mixture can be clearly assigned according to the Marcus classification. Four
different scenarios can be identified:

A. The ET(30) increases significantly and linearly with Nav,x (1,2-ethanediol/water, FA/water,
urea/water, NMF/ water and DMSO/water mixtures) (see Figures 3a and 4a,b). These
co-solvents belong to the group of solvents that do not enhance the water structure at
all and form strong hydrogen bonds with water. In these cases, the ET(30) of the pure
co-solvent is fitted to the linear plot.

B. The ET(30) increases asymptotically with increasing Nav,x where the ET(30) value is
always higher than with a linear dependence (1,4-dioxane/water, DMF/water and
NFM/water mixtures) (see Figures 4a and 5a). In these cases, the co-solvent-rich
fraction shows the non-linearity ET(30) as function of Nav,x. These co-solvents do not
enhance the water structure but form weaker hydrogen bonds with water than those
belonging to scenario (A).

C. The ET(30) increases as Nav,x increases, with the ET(30) value always being lower than ex-
pected for a linear dependence (see Figure 3a). This scenario applies to methanol/water
and ethanol/water mixtures. These co-solvents enhance the water structure.

D. ET(30) shows an S-shaped curve as a function of Nav,x (see Figure 6a). With increasing
Nav,x the ET(30) value is always higher than expected with a linear dependence in
the co-solvent-rich part. In the water-rich part, the ET(30) is lower than with a linear
dependence according to scenario (C). The mixtures 2-propanol/water, 2-methyl-
2-propanol/water and 2-butoxyethanol/water belong to this group. This scenario
applies to binary solvent mixtures that interact either on the structure of the water or
on the structure of the co-solvent.

In particular, these binary co-solvent/water mixtures of scenario (A), which include
glycerol/water mixtures, have been shown to be robust reference liquids for contact an-
gle measurements, as no segregation occurs when in contact with different types of sur-
faces [198]. This is an important result in support of the Marcus theory for the classification
of aqueous mixtures.

When rapid solvent dynamics occur in a particular solvent system, thermal motion
overcomes local structuring effects. An almost perfect linear relationship of ET(30) as a func-
tion of Nav,x is then observed. This scenario is shown to hold for FA/water, DMSO/water,
1,2-ethanediol/water, urea/water and NMF/water mixtures. This interpretation is strongly
supported by the results of dielectric spectroscopy and ultrafast IR experiments.

The heat of mixing of the 1,2-ethanediol/water, DMSO/water and NMF/water mix-
tures is exothermic over the whole composition range, whereas the heat of interaction of
the FA/water mixtures is always weakly endothermic. The best fits of ET(30) as a function
of Nav,x are for 1,2-ethanediol/water, NMF/water mixtures (exothermic over the whole
composition range) and FA/water mixtures (weak endothermic over the whole composi-
tion range). For all co-solvent/water mixtures with respect to scenario (A), the qualitative
heat of interaction does not change as a function of composition.

With regard to scenario (B), these co-solvents also belong to the Marcus classification,
which do not enhance the water structure. There is a linear dependence of ET(30) as a
function of Nav,x up to Nav,x > 0.02 mol/cm3. However, the water fraction obviously has a
greater effect on ET(30) than the average number of dipoles over the whole composition
range would suggest. A linear correlation of ET(30) as a function of Nav,x is always found
in the range of higher water contents. Thus, the average molar concentration of the dipoles
(water and co-solvent) acting on the probe is the dominant factor in the higher water
content range. Only from Nav,x > 0.0135 is there a bend in the curve, indicating that water
as a co-component loses its influence on ET(30). These co-solvents form weaker hydrogen
bonds with water compared to scenario (A), indicating that the water structure changes
non-linearly with composition [199–201]. These co-solvents can be classified differently
depending on the criteria used by Marcus for evaluation.

For the 1,4-dioxane/water mixtures, the ET(30) is always larger than expected from the
sum of water and 1,4-dioxane dipoles. The curves for 1,4-dioxane/water and DMF/water
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mixtures are congruent up to Nav,x = 0.0135 mol/cm3. However, while the heat of mixing of
DMF with water is exothermic over the whole composition range, the situation is different
for 1,4-dioxane/water mixtures, as discussed above. Therefore, the thermodynamic changes
in the DMF/water and dioxane/water mixtures are not always captured by the correlation
of ET(30) with Nav,x.

The correlation of ET(30) with x(water) gives a better indication of the thermodynamic
changes at different compositions of the 1,4-dioxane/water mixture.

This detailed result is very significant because it shows the linkage of x(water) with
thermodynamics but not directly with the UV/Vis shift. In summary, scenario (B) requires
more detailed studies using related binary solvent mixtures. Further studies will consider
the complexity of THF/water, acetone/water and acetonitrile/water mixtures and other
binary solvent mixtures such as pyridine/water or piperidine/water mixtures [2] with
respect to solvatochromism. These evaluations are necessary to clarify or complement
some of the conclusions regarding scenario (B) of this study. As shown by Marcus [200,201],
each specific mixture actually requires special treatment in order to understand the many
physical effects. Therefore, this review provides only a rough overview of the overall
problem using selected examples.

In scenarios (C) and (D), the co-solvents belong to the Marcus classification, which en-
hance the water structure. But why is the ET(30) value for methanol/water, ethanol/water,
2-propanol/water and 2-methyl-2-propanol/water mixtures lower at high water concen-
trations than would be expected from a linear dependence such as that observed for
1,2-ethanediol/water, as seen in Figure 3a? The answer is quite pragmatic: the hydrophobic
dye B30 is difficult to dissolve in pure water [1]. It therefore dissolves much better in
the alcohol/water domain, where the partial alcohol concentration is greater than the
total alcohol concentration in the initial mixture. Accordingly, a lower ET(30) is logically
measured than would be expected from the total average molar concentration (Nav,x), since
the average water concentration in the partial alcohol/water fraction must be lower outside
the areas of enhanced water structure. The mole fraction x(water), as a measure of solvent
composition in solvatochromism analysis, falsifies preferential solvation, since x is inversely
proportional to Nav,x. The previously observed curved functions of ET(30) as a function of
x(water) determined so far are due to the inhomogeneity (DI) of the solvent mixture.

This result is a significant contribution to the identification of enhanced water struc-
tures in alcohol/water mixtures. The enhanced microdomain water structure ranges of
alcohol/water mixtures are apparently not recognized by B30 for two reasons: firstly, B30
dissolves poorly in pure water; secondly, the molar absorption coefficient of B30 in water is
rather low [1,70].

The first argument is supported by the fact that different solvatochromic dyes such
as 4-nitroaniline, 4-nitrophenol, 4-nitroanisole or B30 show qualitatively different depen-
dencies of the UV/Vis absorption energy as a function of alcohol/water composition,
especially in the water-rich range x(water) > 0.8 [18,19]. This observation holds regardless
of the methanol/water, ethanol/water, 2-propanol/water or 2-methyl-2-propanol/water
mixtures is considered. Obviously, hydrophilic dyes are distributed in all these fractions
and hydrophobic dyes are preferentially dissolved in the alcohol/water fraction. As B30
itself is a hydrophobic molecule, this scenario is likely.

This explanation is also consistent with the results of the BE/water mixtures. The
BE/water domain captures the hydrophobic B30 particularly well, as there is an abrupt de-
crease in ET(30) with increasing BE content occurs when agglomeration of n-butoxyethanol
takes place.

However, it appears that B30 and B30-COONa measure the water-rich fraction in the
same sense [19]. Note that the full width at half maximum of the UV/Vis absorption band of
B30 measured in alcohol/water mixtures is quite broad. These very broad UV/Vis spectra
with large half-widths are often measured in water/salt mixtures [202]. Unfortunately, the
UV/Vis spectra are not given in [19]. Therefore, it is not possible to say whether there
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are superpositions of several UV/Vis bands originating from different solvation states. A
definitive statement is therefore not yet possible.

The 2-propanol/water and 2-methyl-2-propanol/water mixtures belong to scenario
(D). In the co-solvent rich range the B30 is preferentially influenced by the partial water
concentration of the mixture due to the larger ET(30) is measured as expected from the
linearity. The situation is quite delicate because the thermodynamics of the mixture changes
from exothermic to endothermic depending on the composition. Then, at ∆rHmixing = 0,
the plot ET(30) as function of Nav,x shows an inflection point, as is clearly seen for 2-
propanol/water, 2-methyl-2-propanol/water and 1,4-dioxane/water mixtures. However,
this is only a preliminary result that needs to be confirmed by further studies.

The conclusion from these considerations is that the thermodynamics of the interaction
between the solvatochromic probe and the solvent mixture is crucial. Unfortunately, the
dissolution thermodynamics of B30 in different solvents has not yet been systematically
studied. There are only two papers with calorimetric results on the solvation thermody-
namics of B30 [203,204]. The ambiguous results of the two references are not consistent
with the theory of exothermic solvation of the probe leading to a lowering of the ground
state energy [34,35]. The dissolution process of B30 in acetonitrile, ethyl acetate and higher
alcohols is found to be endothermic, which is difficult to explain and may be due to entropic
effects rather than re-association of B30 as discussed [204]. Thus, the thermodynamics of
the B30/HBD solvent interaction is not trivially explainable in terms of specific hydrogen
bond formation. This is consistent with the results of the present study that hydrogen bond
formation has no significant effect on the ET(30) value. As consequence, the influence of
the thermodynamics of solvation of B30 in terms of the real ground state energy is difficult
to assess because the calorimetric studies on several B30/solvent systems are difficult
to interpret.

There are various approaches to correlating polarity data with calorimetric results,
which are partly successful, but also give very strange results [180,205]. Therefore, this
approach has often not been pursued further.

The complicated situation regarding solvation thermodynamics is similar for positive
solvatochromic dyes such as 4-nitroaniline [206]. The dissolution process of 4-nitroaniline
in co-solvent/water mixtures is endothermic in terms of the heat of mixing in the high-
water content range [180,206]. Therefore, a reinterpretation of the solvatochromic re-
sults of 4-nitroaniline and related probes in co-solvent/water mixtures from the litera-
ture [18,19,181,182] is imperative. The effect of endothermic solvation and its impact on
the UV/Vis absorption energy requires more detailed analysis in future work. The idea
that solvation of an electronic state leads to an energetic decrease should be abandoned.

There is another aspect to consider. Dissolved B30 probes are statistically influenced
by the dynamically moving solvent molecules. For this reason, the UV/visible spectrum
only measures a snapshot of different solvation states. A superposition of many solvation
states is recorded. Thus, the discrimination of domain formation in solvent mixtures by
solvatochromic probes is only possible if the dynamics of the solvent is much lower than that
of the optical excitation process of B30. This argument applies precisely to those mixtures
where the co-solvent enhances the water structure. This can be explained by considering
the relaxation time τ1 measured by dielectric spectroscopy. The larger the τ1 values, the
more structural subtleties of the mixture are detected using the solvatochromic probe at
ambient temperature, as shown for 2-propanol/water and 2-methyl-2-propanol/water
mixtures [86,88,89]. Therefore, the results of dielectric spectroscopy in terms of relaxation
time are a useful adjunct to explain the results of UV/Vis measurements.

The two groups of co-solvents, which either enhance or do not enhance the water
structure, can probably be distinguished on the basis of the refractive index. When n20

D
is correlated as function of Nav,x,CH as shown in Figure 2, different curves are obtained.
If there is no linear correlation of n20

D with Nav,x over the entire composition range, then
microdomains of water have formed in the mixture in the form of enhanced water structures.
This hypothesis should be tested in further studies. However, this proposed rule does not
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apply to the correlation of the dielectric constant as a function of Nav,x for DMSO/water
mixtures, where a curved line is found instead of a straight line [207–209]. For this, εr
correlates linearly with x(water), but not linearly with n20

D [208]. This particular behavior of
DMSO/water mixtures is due to the recently recognized unusual microheterogeneity of
these particular mixtures [209]. This important detail supports the thesis that the local mass
inhomogeneity in terms of DI has an influence on the result of the physical measurement.
Therefore, nothing is riskier than relying on routine evaluations of measurement results as
a function of the composition of co-solvent/water mixtures.

Due to the complex structure of aqueous solvent mixtures, a growing body of knowl-
edge is emerging based on conventional and modern measurement methods that take
into account the density, refractive index, heat of interaction and other properties (dielec-
tric relaxation) of the individual solvent mixture systems. The combination of UV/Vis
spectroscopic data such as ET(30) with physical properties of the solvent mixture (molar
concentration of dipoles, dielectric dynamics, thermodynamics, domain size formation)
has proved to be necessary but very complex.

New work on the structure of ethanol/water or 2-methyl-2-propanol/water mix-
tures continues to emerge, providing a refined picture of these unusual solvent sys-
tems [111,210,211]. However, the results of recent studies clearly confirm the presence
of coexisting microdomains of water and alcohol/water. The considerations of this study
also apply to organic solvent mixtures. As early as 1981, Langhals showed that the same
relationships that apply to aqueous mixtures can also be used for binary organic solvent
mixtures [212]. This motivates us to re-evaluate and classify binary organic solvent mix-
tures as well, in terms of the average molar concentration. This evaluation requires an
extensive literature search for density data. However, the formation of hydrogen bonds on
the probe can have a stronger effect in special systems [213], but the use of Nav,x instead of
x is necessary for a correct evaluation of UV/Vis spectroscopic data [67,68]

Despite the correlations found between UV/Vis data and physical solvent properties
of mixtures, it must be made clear that solvatochromism is of limited use for analyzing
the chemical properties of solvent mixtures, unless one simply wants to measure the
composition quickly using calibration curves [6]. To understand the complex dependence of
the absorption energy of a solvatochromic probe on the solvent composition, the structure
of the solvent mixture must be analyzed. However, solvatochromism cannot analyze
structures, as Marcus correctly concluded for acetonitrile/water mixtures [214].

5. Conclusions

The Marcus classification of aqueous solvent mixtures has proved to be very useful
and explains the qualitatively different correlations of ET(30) with Nav,x for different co-
solvent/water mixtures. This should easily solve many puzzles in the literature, as all
previous evaluations of solvatochromic data using the molar fraction x(water or co-solvent)
as the composition variable are physically incorrect. Various linear and curvilinear relation-
ships of ET(30) as a function of solvent composition in terms of Nav,x have been analyzed.
With increasing both the OH dipole and co-solvent dipole concentration, ET(30) increases
linearly for those mixtures where the co-solvent does not enhance the water structure.
This characteristic holds for FA/water, 1,2-ethandiol/water, NMF/water, urea/water and
DMSO/water.

Co-solvents which enhance the water structure of aqueous mixtures (Marcus) show an
S-shaped or curved curve of ET(30) as function of Nav,x. Whether a curved or an S-shaped
function is obtained depends on the thermodynamics of the mixing process and the solvent
dynamics in terms of the relaxation time. Even if preferential solvation of a solute occurs,
this may not always be observed with solvatochromic probes if the dynamics in the binary
solvent mixture are too high. An average number of solvation states is then recorded. The
complexity of the structure of alcohol/water mixtures is reflected in the correlation of the
refractive index or ET(30) as a function of various compositional quantities such as x(water),
Nav,x, Nav,x,CH or Nav,v.
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The Nav,x of the binary mixture is physically justified as a suitable measure of com-
position for the analysis of UV/Vis results of solvatochromic probes, because of its linear
relationship with the UV/Vis absorption energy according to the Lorentz–Lorenz relation.
The refined interpretations of ET(30) as a function of solvent composition in this work were
only possible on the basis of many new and modern insights into the physical structure of
solvent mixtures and the true significance of optical measurements.

In general, the significance of the various measures of the average molar mass of
solvent mixtures requires further research into their relationship with physical methods
of investigation and their informative value. The use of the inhomogeneity of the solvent
mixtures in terms of the Mav,w/Mav,x quantity should be considered for other solvent
mixtures in order to support the conclusions of this study in future work.

Finally, it is incomprehensible why hardly anyone has used the average molar con-
centration Nav,z as a measure of the composition of solvent mixtures. The molar fraction x
is needed for thermodynamics, but not for spectroscopy. However, both x and Nav,z are
crucial in understanding the physics of mixing. Irrespective of the theoretically justified
relationships of the Debye, Clausius–Mosotti or Lorentz–Lorenz equations, the use of the
molar concentration is actually necessary for the evaluation of UV/vis spectroscopic data
and the refractive index.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/liquids4010010/s1, References [215–222] belong to this chapter.
Figure S1a. (left panel) Correlation of ET(nile red) (kcal/mol) as a function of DHBD (mol/cm3) for
protic solvents including water, methanol, ethanol, 1-propanol, 2-propanol, 1-butanol, 2-methyl-2-
propanol, 2-ethanolamine, 1,2-ethandiol, 2,2,2-trifluoroethanol and 1,1,1,3,3,3-hexafluoro-2-propanol.
The UV/vis-spectroscopic data are taken from ref. [72] and the DHBD parameter from [62]. ET(nile
red) = −118.8 DHBD + 54.3, n = 12, r = 0.924. The correlation supports the DHBD parameter pro-
posed for 2,2,2-trifluoroethanol and 1,1,1,3,3,3-hexafluoro-2-propanol from ref. [62]. Figure S1b.
(right panel) Plots of Nav,x (sum of total OH dipoles) (in mol/cm3) as a function of x(water) for
methanol/water (orange dots), ethanol/water (grey dots) 2-propanol/water (yellow dots), 2-methyl-
2-propanol/water (light blue dots); 2-n-butoxyethanol/water (dark blue) mixtures, physical data
from references [191,198–202]. Figure S2. Plots of ET(30) (kcal/mol) as function of n20

D for 1,2-
ethanediol/water (grey), DMSO/water (blue) and 1,4-dioxane/water (orange) mixtures. Figure S3.
Correlation of ET30) (in kcal/mol) as a function of N (in mol/cm3) in the temperature range from−75
to + 75 ◦C, Reichardt [1] (blue dots) and Linert [116] (orange dots). Densities see ref. [218]. Figure S4a
(left panel). Comparison of ET(30) (kcal/mol) as function of Nav,x (mol/cm3) for ethanol/water
mixtures. Data from Dimroth–Reichardt [2] (red dots) and data from Rosés [18] (blue dots), (25 ◦C).
Figure S4b (right panel). Comparison of ET(30) (kcal/mol) as a function of x(DMSO) for DMSO/water
mixtures data from [12,14,121,122] (orange dots) (25 ◦C) and data from Connors [15] (blue dots).
Figure S5. Comparison of ET(30) (kcal/mol) as function of x(1,2-ethanediol) (mol %) for 1,2-
ethanediol/water mixture, data from Kosower/Marcus [12] (orange dots) (25 ◦C); data from Con-
nors [15] (blue dots). Figure S6a. ET(30) (kcal/mol) as a function of Nav,x (mol/cm3) for urea/water
(blue) and N,N’-dimethylpropyleneurea/water (orange) mixtures; data from [143,144]. ET(30)
(urea/water) = 80.3 + 58.7; n = 8, r = 0.996; ET(30) N,N’-dimethylpropyleneurea/water) = 432 + 39.7;
n = 7, r = 0.994. Figure S6b (right panel). Overall correlation of ET(30) (kcal/mol) as a function
of N for the homologous series of primary alcohols (orange dots) as well as ET(30) as function of
Nav,v (mol/cm3) for ethanol/water mixtures (blue dots) and methanol/water mixtures (grey dots).
All ET(30) data are taken from [2,18,34]. Figure S7a. Correlation of the static dielectric constant
of DMSO /water mixtures [151] as a function of Nav,x (mol/cm3). Figure S7b. Correlation of the
static dielectric constant εr as function of Nav,x (mol/cm3) for several co-solvent/water mixtures,
including the pure co-solvents, 1,4-dioxane/water mixtures [162]: εr = 1827 Nav,x − 25; n = 11;
r = 0.996 (grey dots). The 1,2-ethanediol/water mixtures, εr = 975 Nav,x + 25; n = 11; r = 0.994
(blue dots) and the glycerol/water mixtures, εr = 908 Nav,x − 29; n = 11; r = 0.999 (orange dots)
are used as independent reference. Figure S8a (left panel) Correlation of ET(30) (kcal/mol) as a
function of the static dielectric constant εr for DMSO/water (orange) [151] and 1,4-dioxane/water
mixtures [162] (blue). Figure S8b. (right panel) Correlation of ET(30) (kcal/mol) as a function of
Nav,x (blue) and Nav,x(water) (orange) for 1,4.dioxane/water mixtures. Figure S9. Plots of Kamlet–
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Taft (KAT) α HBD parameter (orange and grey dots), β (HBA) parameter) (yellow dots) and π*
dipolarity/polarizability parameter (blue dots) as a function of Nav,x (mol/cm3) for DMSO/water
mixtures [157]. Note the maximum KAT value for π* corresponds exactly to the kink in the curve
for KAT α as a function of Nav,x and the inflection point of β versus Nav,x at the same compo-
sition. Figure S10. Correlations of ET(30) as a function of x(water) for methanol/water (grey),
ethanol/water (orange), 2-propanol/water (blue), and 2-methyl-2-propanol/water (yellow) mixtures.
Data from [2,18,19]. Figure S11. Plot of νmax(Fe) [103 cm−1] as a function of Nav,x (mol/cm3) for
the 2-propanol/water mixtures [126]. Linear fit: νmax(Fe) [103 cm−1] = 41.95 Nav,x + 17.05; r = 0.99,
n = 11. Table S1. ET(30) values for ethanol measured at various temperatures; data from Reichardt
and Linert [1,116] and densities at various temperatures of the ethanol/water mixture [218]. Table S2.
Physical properties of the 1,2-ethanediol/water mixture in terms of mole fractions as well as refractive
index and ET(30) values [12,77,130]. Dav,x,HBD values are the total concentration of OH dipoles when
the partial OH concentration of the 1,2-ethanediol component is taken into account according to
Equation (9). Table S3. Physical data of methanol/water mixtures with respect to mole, volume
and mass fraction, and ET(30) values [17]. Physical data from [215–217]. Table S4. ET(30) and ET(1)
values, density, average molar masses and average molar concentrations in ethanol/water mixtures.
Data from Reichardt [1,2]. Physical solvent mixture are data from [215–217]. Table S5. Physical
properties and ET(30) values of the formamide/water mixtures [21,120,137,138]. Table S6. The N-
methylformamide (NMF) /water mixtures. X(water), Mavx, Nav,x. Data from [139,219]. ET(30)data
from [21]. Table S7. The N,N-dimethylformamide (DMF)/water mixtures, physical data and ET(30)
values [21,141,142,220]. Table S8. The N-formylmorpholine/water mixtures, Nav.x, refractive index
and ET(30) values [32,221,222]. Table S9. Physical properties and ET(30) values of DMSO/water mix-
tures from different literature sources [12,15], Density from [146,148]. Table S10. Physical properties
of the 1,4-dioxane/water mixtures in terms of mole and volume fractions as well as refractive index
and ET(30) values, data from [2,159–162,165]. Table S11. Physical properties of 2-propanol/water mix-
tures [215–217] and ET(30) values [2,18,19]. Table S12a. ET(30), density, various average molar masses
and corresponding molar concentrations of 2-methyl-2-propanol/water mixtures, data from [173,174].
ET(30) values, data from [19]. Table S12b. Refractive index, density, average molar masses and aver-
age molar concentrations of 2-methyl-2-propanol/water mixtures, data from [173,174]. ET(30) values,
data from [19]. Table S13. Physical data and ET(30) values, data from [8], for the 2-Butoxyethanol
(BE)/water mixtures at 25 ◦C, physical data from [191].
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Abstract: Many reactions are carried out in solvent mixtures, mainly because of practical reasons.
For example, E2 eliminations are favored over SN2 substitutions in aqueous organic solvents because
the bases are desolvated. This example raises the question: how do we chose binary solvents to
favor reaction outcomes? This important question is deceptively simple because it requires that we
understand the details of all interactions within the system. Solvatochromism (solvent-dependent
color change of a substance) has contributed a great deal to answer this difficult question, because it
gives information on the interactions between solvents, solute-solvent, and presumably transition
state-solvent. This wealth of information is achieved by simple spectroscopic measurements of
selected (solvatochromic) substances, or probes. An important outcome of solvatochromism is that
the probe solvation layer composition is almost always different from that of bulk mixed solvent. In
principle, this difference can be exploited to “tune” the composition of solvent mixture to favor the
reaction outcome. This minireview addresses the use of solvatochromic probes to quantify solute-
solvent interactions, leading to a better understanding of the complex effects of solvent mixtures
on chemical phenomena. Because of their extensive use in chemistry, we focus on binary mixtures
containing protic-, and protic-dipolar aprotic solvents.

Keywords: binary solvent mixtures; solvatochromism; solvatochromic probes; solvation models;
ester hydrolysis; biopolymer dissolution

1. Reasons for Using Mixed Solvents in Chemistry

Solvent mixtures are extensively employed in chemistry for practical reasons. For
example, the solubilities of inorganic bases, such as KOH, and other electrolytes in alcohols
are enhanced in presence of water [1,2]. Cellulose that is insoluble in water is, however,
readily soluble in some aqueous electrolyte solutions [3], water-DMSO mixtures [4], and
mixtures of ionic liquids-molecular solvents (ILs-MSs) [5–8]. In the latter example, cellulose
dissolution is attributed to the disruption of the strong hydrogen-bonding (H-bonding)
between the hydroxyl groups of the anhydroglucose units, as well as to the hydrophobic
interactions between cellulose chains, as shown in Figure 1a (IL-DMSO). Consequently,
addition of protic non-solvents to solutions of cellulose in IL-MS causes biopolymer precip-
itation because the non-solvent efficiently solvates the ions of the IL (Figure 1b).

In addition to enhanced biopolymer solubility, the use of mixed solvents also causes
noticeable changes in the physicochemical properties, such as a reduction in viscosity,
leading to better heat and mass transfer, as shown by Figure 2a,c.
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Figure 1. (a) A simplified scheme for cellulose dissolution in ionic liquid-DMSO. The biopolymer 
dissolution is attributed to interactions of its hydroxyl groups with the ions of the ionic liquid and 
the dipole of DMSO. Reproduced with permission from [9]. (b) Effects of the addition of a protic 
non-solvent (such as water or ethanol) on the dissolution of cellulose IL-dipolar solvent. Addition 
of the non-solvent leads to cellulose precipitation. Reprinted with permission from [7]. 
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Figure 1. (a) A simplified scheme for cellulose dissolution in ionic liquid-DMSO. The biopolymer
dissolution is attributed to interactions of its hydroxyl groups with the ions of the ionic liquid and
the dipole of DMSO. Reproduced with permission from [9]. (b) Effects of the addition of a protic
non-solvent (such as water or ethanol) on the dissolution of cellulose IL-dipolar solvent. Addition of
the non-solvent leads to cellulose precipitation. Reprinted with permission from [7].
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Figure 2. (a) Dependence of the viscosity (η) of PEG 400 - DMSO on the mole fraction of PEG 400 at 
different temperatures: ◼, 25 °C; ●, 30 °C; ▲, 35 °C; ▼, 40 °C; ⧫, 45 °C; ◄, 50 °C. Reprinted with 
permission from [10]. (b) Viscosities of BuMeImCl-DMF (1-butyl-3-methylimidazolium chloride- 
N,N-Dimethylformamide) mixtures as a function of mole fraction of DMF: ■, 30 °C; □, 35 °C; ●, 40 
°C; ○, 45 °C; ▲, 50 °C; △, 55 °C; ▼, 60 °C; ∇, 65 °C; ♦, 70 °C; ◊, 75 °C; ★, 80 °C. Reprinted with 
permission from [11]. (c) Effects of increasing the mole fraction of DMSO (χS) on the viscosity of 
cotton cellulose in binary mixtures of DMSO with the ILs AlMeImCl (1-allyl-3-methylimidazolium 
chloride) and BuMeImCl. The insert is the logarithm-linear plot of the reduced viscosity ratio versus 
DMSO mole fraction at 25 °C Reprinted with permission from [12]. 
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Dimethylformamide) mixtures as a function of mole fraction of DMF: �, 30 ◦C; �, 35 ◦C; •, 40 ◦C; #,
45 ◦C; N, 50 ◦C;4, 55 ◦C; H, 60 ◦C;∇, 65 ◦C; �, 70 ◦C; ♦, 75 ◦C;F, 80 ◦C. Reprinted with permission
from [11]. (c) Effects of increasing the mole fraction of DMSO (χS) on the viscosity of cotton cellulose
in binary mixtures of DMSO with the ILs AlMeImCl (1-allyl-3-methylimidazolium chloride) and
BuMeImCl. The insert is the logarithm-linear plot of the reduced viscosity ratio versus DMSO mole
fraction at 25 ◦C Reprinted with permission from [12].

2. A Rationale for Effects of Mixed Solvents on Chemical Phenomena

How do we explain these interesting and very useful effects of binary solvent mix-
tures on diverse chemical phenomena? While deceptively simple, this question cannot be
answered in a straightforward manner. Consider, for example, the fact that most physic-
ochemical properties of binary mixtures are not ideal. That is, the property of the binary
mixture does not vary in a simple way as a function of binary solvent composition, as
shown in Figure 3a–c.

The reason behind this non-ideality is clearly the interactions between components of
the binary solvent mixture. To a first approximation, one expects that the composition of
the solvation layer of a dissolved substance (which we will refer to as “probe”) should be the
same as that of bulk binary mixture. Consequently, the same explanations given for bulk
binary mixtures should apply to the solvation layers of the dissolved probes. This simple
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view, however, does not hold in most cases because probe-solvent nonspecific and specific
interactions were not taken into consideration. These interactions change the composition
of the solvation layers relative to bulk solvent mixtures, as shown below.
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The composition of the solvation layer of a probe may deviate from that of an (already
non-ideal) bulk solvent mixture due to the so-called “preferential solvation” of the probe
by one component of the mixture (Figure 4). In principle, this phenomenon includes con-
tributions from probe-independent “dielectric enrichment”, and probe-solvent interactions.
The first mechanism is operative in mixtures of nonpolar/low polar solvents, such as
cyclohexane-THF (Tetrahydrofuran). It denotes enrichment of the probe solvation layer
(relative to that of bulk solvent mixture) by the component of larger dielectric constant (or
relative permittivity), due to non-specific probe dipole-solvent dipole interactions [14–16].
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of solvent mixtures (Figure 5). The reason for solvatochromism is that the energy differ-
ence between the probe�s ground and excited states is sensitively affected by probe-sol-
vent interactions, leading to medium-dependent values of λmax, and hence a change in 
solution color. For most probes, the solvatochomism is negative, meaning there is a hyp-
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larity. The reason is that solvents stabilize the zwitterionic ground state much more than 
the diradical excited state (see Figure 6 for light-induced transition of the probe t-Bu5RB). 

Figure 4. Schematic representation of the solvation of a solute in a binary solvent mixture composed
of two solvents (A, B), and the “mixed” solvent A-B, whose formation is discussed below. The parts
of the lower line represent from the left: ideal solvation, i.e., the composition of the probe solvation
layer is the same as that of bulk solvent mixture; preferential solvation by the solvents (A, A-B);
preferential solvation by the solvents (B, A-B).

The second solvation mechanism is dominant in protic solvents (such as aqueous
alcohols) and their mixtures with strongly dipolar solvents (water-DMSO, alcohol-DMF,
etc.). It is essentially due to solute-solvent H-bonding and hydrophobic interactions. One
additional complication is that solvent-solvent H-bonding generates an additional or
“mixed” solvent species that should be considered. For example, in mixtures of water (W)
and alcohol (ROH), and W-DMSO, we have in solution both the parent and the mixed
solvents, HOH. . .O(H)R and HOH. . .O(H)=S(CH3)2 [17]; this turns analysis of the solvation
data more complex. In summary, most significant consequence of preferential solvation
is that compositions of the solvation layers of most probes are different from those of
the corresponding bulk solvent mixtures; these composition differences are probe-, and
temperature-dependent [18,19].

How do we calculate the “effective” (or local) composition of the solvation layer of
a probe? Several techniques were employed to solve this problem, including FTIR [20],
resonance Raman spectroscopy [21], and X-ray diffraction (for solvated crystals) [22]. It is
our view that the most useful approach is to use solvatochromic indicators as models for
the compounds of interest, e.g., reactants. Solvatochromic probes are substances whose
absorption or emission spectra are sensitively dependent on the solvent or the composition
of solvent mixtures (Figure 5). The reason for solvatochromism is that the energy difference
between the probe’s ground and excited states is sensitively affected by probe-solvent
interactions, leading to medium-dependent values of λmax, and hence a change in solution
color. For most probes, the solvatochomism is negative, meaning there is a hypsochromic
shift of the longest wavelength absorption band with increasing medium polarity. The
reason is that solvents stabilize the zwitterionic ground state much more than the diradical
excited state (see Figure 6 for light-induced transition of the probe t-Bu5RB). The latter
corresponds to a so-called FranckCondon excited state, because the time scale of the
electronic excitation (ca. 10−15 s) is much shorter than that required for the solvent molecule
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to reorient in order to stabilize the probe’s excited state. The energy of this transition
furnishes the solvatochromic property of interest, vide infra.

Liquids 2024, 4, FOR PEER REVIEW 6 
 

 

The latter corresponds to a so-called FranckCondon excited state, because the time scale 
of the electronic excitation (ca. 10−15 s) is much shorter than that required for the solvent 
molecule to reorient in order to stabilize the probe�s excited state. The energy of this tran-
sition furnishes the solvatochromic property of interest, vide infra.  

 

 

(a) (b) 

 
(c) 

Figure 5. Examples of solvatochromism. Part (a) is for MePMBr2 (2,6-dibromo-4-[(E)-2-(1-
methylpyridinium-4-yl)ethenyl]) empirical polarity indicator in (from left) ethanol, water, acetone, 
and dichloromethane [23]. Part (b) is that for the empirical polarity probe t-Bu5RB, Figure 6), in 
(mineral) diesel oil and its mixtures with 25, 50, 75% bioethanol, and in pure bioethanol, respec-
tively. Reprinted with permission from [24]. Part (c) shows the dependence of solution color on the 
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Figure 5. Examples of solvatochromism. Part (a) is for MePMBr2 (2,6-dibromo-4-[(E)-2-(1-
methylpyridinium-4-yl)ethenyl]) empirical polarity indicator in (from left) ethanol, water, acetone,
and dichloromethane [23]. Part (b) is that for the empirical polarity probe t-Bu5RB, Figure 6), in
(mineral) diesel oil and its mixtures with 25, 50, 75% bioethanol, and in pure bioethanol, respectively.
Reprinted with permission from [24]. Part (c) shows the dependence of solution color on the structure
of the solvatochromic probe. Reprinted with permission from [25]. The structures and names of these
probes are shown in Figure 7.

This approach was advanced thanks to the work of professor C. Reichardt, initially
under the supervision of professor K. Dimroth at Marburg university [26,27]. The experi-
mental part is relatively simple: register the UV-Vis spectrum of a solvatochromic probe→
calculate the value of λmax of a specific peak (the longest wavelength, due to intermolecular
charge-transfer within the probe)→ use the value of λmax to calculate the desired property,
or descriptor, of the solvent or solvent mixture. The power of solvatochromism is that it can
be employed to calculate the overall (or empirical) solvent polarity scale, ET (in kcal/mol),
as well as the individual solvent descriptors that contribute to ET, namely solvent Lewis
acidity (SA), solvent Lewis basicity (SB), solvent dipolarity (SD), and solvent polarizability
(SP), where S refers to solvent. Other abbreviations that were employed for designating
these descriptors include SdP and SP for solvent dipolarity and polarizability, respectively.
For consistency, however, we use two letters to designate each solvent descriptor.
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Equation (1) shows the relationship of these solvent descriptors:

ET(probe) = ET(probe)0 + aSA + bSB + dSD + pSP (1)

where ET(probe)0 corresponds to gas phase, the descriptors (SA, SB, SD, SP) are those
defined above, and (a, b, d, and p) are the corresponding regression coefficients. Figure 7
shows some solvatochromic probes used to calculate the descriptors of Equation (1). In the
Taft–Kamlet–Abboud approach, similar solvatochromic parameters and different symbols
were employed to describe probe–solvent interactions, α, β, and π* for solvent Lewis acidity,
Lewis basicity, and (combined) dipolarity/polarizability [28]. The signs of the coefficients
in Equation (1) indicate whether the property of the solvent considered increases (positive
sign) or decreases (negative sign) the empirical solvent polarity [29].
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Figure 6. (A) The molecular structure of the solvatochromic indicator dye, t-Bu5RB (2,6-bis [4-(t-
butyl)phenyl]-4-{2,4,6-tris[4-(t-butyl)phenyl]pyridinium-1-yl}phenolate): a zwitterionic pyridinium-
N-phenolate betaine dye with a highly dipolar electronic ground state (GS) and a much less dipolar
first excited state (ES). (B) A schematic qualitative representation of the solvent influence on the
differences ∆E between the energies of the GS and ES of t-Bu5RB, dissolved in a nonpolar and a
dipolar solvent, respectively. Reprinted with permission from [24].
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Figure 7. Structures and acronyms of some solvatochromic probes, employed to calculate the solvent
descriptors shown in Equation (1).

3. A Model for the Solvation of Probes

A solvation model is required to calculate the local concentration of the species in the
solvating layer of the probe. For simplicity, we consider a W-ROH mixture, containing
a certain water mole fraction, χW. We address the question of preferential solvation by
using a series of exchange equilibria between the solvent species in the bulk binary mixture
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and those in the probe solvation layer. Any realistic model should consider, therefore,
the exchange of the three solvents (W, ROH, and W-ROH) between the bulk solvent and
the probe solvation layer, where the equilibria involving the mixed solvent are given by
Equations (2)–(4):

ROH + W
 ROH −W (2)

Probe(ROH)m + m (ROH −W)
 Probe(ROH −W)m + m ROH (3)

Probe(W)m + m (ROH −W)
 Probe(ROH −W)m + m W (4)

Note that (m) is not the solvation number of the probe; it represents the number of
solvent molecules whose exchange in the probe solvation layer affects its solvatochromism;
usually, the value of (m) is close to unity. For example, for the solvation of WB in mixtures
of water with 4 alcohols (methanol, 1-propanol, 2-propanol, and 2-methylethanol), the
calculated values of (m) range from 1.06 to 1.70 [30]. With this proviso (meaning of (m)),
addressing the important point of probe-dependent volume of the solvation layer is not
required for the analysis shown below. Additionally, using this model, one should be
able to calculate the probe-induced preferential solvation, as expressed by the fractiona-
tion factor (ϕ) ,which represents the equilibrium constant for solvent exchange between
the bulk binary mixture and the probe solvation layer. This model has been elaborated;
Equations (5)–(7) are for W-ROH, where (Bk) refers to bulk solvent:

ϕW/ROH =
xProbe

W /xProbe
ROH(

xBk;Effective
W /xBk;Effective

ROH

)m (5)

ϕROH−W/ROH =
xProbe

ROH−W/xProbe
ROH(

xBk;Effective
ROH−W /xBk;Effective

ROH

)m (6)

ϕROH−W/W =
xProbe

ROH−W/xProbe
W(

xBk;Effective
ROH−W /xBk;Effective

W

)m (7)

In Equation (5), ϕW/ROH describes the preference of (W) for the probe solvation layer
relative to bulk solvent mixture. Values of ϕW/ROH > 1 indicate that the probe solvation
layer is richer in (W) than the bulk solvent; the inverse is true for ϕW/ROH < 1. In absence
of preferential solvation, ϕW/ROH is unity, indicating that solvent composition in the probe
solvation layer is the same as that of the bulk solvent. The same line of reasoning applies to
ϕROH-W/ROH (mixed solvent displaces ROH) and ϕROH-W/W (mixed solvent displaces W),
as depicted in Equations (6) and (7).

The use of 1:1 stoichiometry for ROH-W is an assumption that has been employed
elsewhere [31–37]. Mixed solvents with a stoichiometry other than 1:1 can be regarded, to
a good approximation, as mixtures of the 1:1 structure plus excess of a pure solvent. We
stress that taking into account the presence of mixed solvents is more than a practical and
convenient assumption; the presence of such species has been successfully employed in
fitting results of spectroscopic techniques that are particularly suitable to determine the
stoichiometry and association constant of solvents, e.g., NMR [38–40] and FTIR [41–43].
The observed solvatochromic property, such as the ET

Obs(probe), can be then calculated by
iteration from Equations (8) and (9):

Eobs
T = xProbe

W EW
T + xProbe

ROH EROH
T + xProbe

ROH−WEROH−W
T (8)
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Eobs
T =

(
xBk;Effective

ROH

)m
EROH

T +ϕW/ROH

(
xBk;Effective

W

)m
EW

T +ϕROH−W/ROH

(
xBk;Effective

ROH−W

)m
EROH−W

T(
xBk;Effective

ROH

)m
+ϕW/ROH

(
xBk;Effective

W

)m
+ϕROH−W/ROH

(
xBk;Effective

ROH−W

)m (9)

where (m), xBk;Effective
ROH , xBk;Effective

W , and xBk;Effective
ROH−W refer to the number of molecules in

the probe solvation layer that affects its solvatochromic response, and effective mole
fractions of the appropriate species in bulk mixed solvent, respectively. Note that these
effective mole fractions differ from the analytical or starting mole fractions due to the
formation of the mixed solvent, e.g., ROH-W. The input data to solve these equations
include Eobs

T , EW
T , EROH

T , and xEffective
Species , along with initial estimates of (m), EROH−W

T and

the appropriate solvent fractionation factors. The values of xBk;Effective
ROH , xBk;Effective

W , and
xBk;Effective

ROH−W are calculated from the dependence of a physical property (e.g., density on
solution composition) by using the association model discussed by Katz et al. [44–46]; a list
of the association constants of W-ROH has been published [47].

Figures 8 and 9 show the dependence of the effective concentrations of solvent species
on the analytical mole fractions of the two solvents.

By using data such as those shown in Figure 8, and Equations (8) and (9), one can cal-
culate the dependence of a solvatochromic property (e.g., solvent polarity or ET(probe)) as a
function of binary solvent composition at a fixed temperature, or at a series of temperatures
(referred to as thermo-solvatochromism), as shown in Figure 9.

The preceding discussion shows that it is relatively simple to calculate medium de-
scriptors (e.g., SA and SB) for pure and mixed solvents; the use of the appropriate solvation
model permits calculation of the composition of the solvation layers of the solvatochromic
probes dissolved therein. Although there are a large number of solvatochromic probes that
are employed to calculate the solvent descriptors, the results are consistent when different
probes were employed. This is demonstrated by application of Equation (1) to a series of
ILs, where the calculated empirical solvent polarities using the RB (Reichardt betaine—2,6-
diphenyl-4-(2,4,6-triphenylpyridinium-1-yl) phenolate) probe correlate linearly with the
calculated values, based on the 4 descriptors (SA, SB, SD, SP), which were calculated using
different solvatochromic probes (Figure 10). Values of ϕwere also calculated at different
temperatures, showing the effect of temperature on the composition of the probe solvation
layer (thermo-solvatochromism).
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Figure 8. (a) Species distribution for MeOH–W, 1-PrOH–W and 2-PrOH–W mixtures at 25 °C. W 
(); ROH (, , ); and ROH–W (, , ). Reprinted with permission from [48]. (b) Species 
distribution for EtOH/W, 2-Me-2-PrOH (2-methyl-2-propanol)/W and MeOEtOH (2-methoxy-
ethanol)/W mixtures, respectively, at 25 °C: W (), ROH (, , ), and ROH–W (, , ). Re-
printed from [30]. (c) Dependence of species distribution for IL-W binary mixtures on the length of 
R of AlRImCl (1-ally-3-methylimidazoilium chloride), at 25 °C, where R = methyl, 1-butyl, and 1-
hexyl, respectively. The symbols employed are , ,  for IL, W, and the IL-W 1:1 complex, respec-
tively. Reprinted with permission from [49]. 

Figure 8. (a) Species distribution for MeOH–W, 1-PrOH–W and 2-PrOH–W mixtures at 25 ◦C. W (�);

ROH (•, N, H); and ROH–W (#,4,5). Reprinted with permission from [48]. (b) Species distribu-
tion for EtOH/W, 2-Me-2-PrOH (2-methyl-2-propanol)/W and MeOEtOH (2-methoxyethanol)/W
mixtures, respectively, at 25 ◦C: W (�), ROH (•, N, H), and ROH–W (#,4,5). Reprinted from [30].
(c) Dependence of species distribution for IL-W binary mixtures on the length of R of AlRImCl
(1-ally-3-methylimidazoilium chloride), at 25 ◦C, where R = methyl, 1-butyl, and 1-hexyl, respectively.
The symbols employed are #, �, N for IL, W, and the IL-W 1:1 complex, respectively. Reprinted with
permission from [49].
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permission from [48]. (b) Dependence of the empirical solvent polarity parameter ET(MePMBr2) on 
the mole fraction of water, χW, at 25 °C, for mixtures of water with ILs. The straight lines connecting 
the polarities of the pure solvents are theoretical, plotted merely to depict the ideal solvation of the 
probe by the binary mixtures. Reprinted from [49]. 
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Figure 9. (a) Dependence of solvent polarity scale, ET(probe), on analytical, χW
Analytical (open

symbols), and “effective”, χW
Effective (solid symbols) χW for MeOH-W mixtures at 25 ◦C. Reprinted

with permission from [48]. (b) Dependence of the empirical solvent polarity parameter ET(MePMBr2)
on the mole fraction of water, χW, at 25 ◦C, for mixtures of water with ILs. The straight lines
connecting the polarities of the pure solvents are theoretical, plotted merely to depict the ideal
solvation of the probe by the binary mixtures. Reprinted from [49].
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4. Selected Examples of the Application of Solvatochromism to Understand Medium
Effects on Chemical Phenomena

One of the most important applications is that the probes employed, when properly
selected, can be used as models. Because most of these probes are dipolar or zwitterionic,
and have varying hydrophilic/hydrophobic character, it should not be difficult to select
the probes that are expected to match the reaction of interest. For a comprehensive list of
solvatochromic probes, see references [19,25,27]. Consequently, the information obtained
from the solvatochromic probe can be employed to understand the effects of medium
composition on diverse chemical phenomena and processes.

Selected examples show the importance of the last phrase. Consider the following
question: What is the medium effect on a chemical phenomenon of increasing probe
hydrophobicity in a solvent mixture? An example is shown for the solvation in DMSO-W
and 1-PrOH-W of 4 probes (Figure 11). Two of these are hydrophilic, 4- (pyridinium-1-
yl)phenolate and 2-(pyridinium-1-yl)phenolate (p-CB and o-CB, respectively)); the other
two (RB and o-RB, 2,4-dimethyl-6-(2,4,6-triphenylpyridinium-1-yl)phenolate) have more
elaborate, hydrophobic structures (Figure 7); the corresponding values of ϕ are shown
in Table 1 [25]. The straight lines in Figure 11 represent the case where there is no probe-
induced preferential solvation, i.e., the composition of the probe solvation layer is equal
to that of bulk solvent mixture. It is clear that this is not case; the deviation increases as a
function of increasing probe hydrophobicity (RB is practically insoluble in water). Usually,
more hydrophobic probes show more deviation from linearity [18].

With one exception (o-CB in DMSO-W), all values for ϕW/S are <1, showing that the or-
ganic solvents displace water from the probe solvation layer. All values ofϕMixed solvent/solvent
(mixed solvents displacing pure solvents) are > 1, i.e., the complex solvents are more ef-
ficient than the parent ones. As expected, the calculated empirical polarity of the mixed
solvent is greater than that of pure DMSO or 1-PrOH, because the mixed solvent contains
(more polar) water molecules. The reason for the efficiency of the mixed solvent is that
probe−solvent interactions include H-bonding to the probe phenolate oxygen, as well
as hydrophobic interactions. Thus, 1-PrOH/W has more sites for hydrogen-bond dona-
tion/acceptance than water or 1-PrOH, while it is also capable of solvating the probe by
the hydrophobic effect due to the organic “end” of the solvent. A similar reasoning can be
advanced for the efficiency of DMSO/W relative to W and DMSO. All ϕSolvent-W are larger
for 1-PrOH/W than DMSO/W, and for p-RB than p-CB or o-CB. The first result underlines
the importance of H-bonding to solvation, whereas the second one is in agreement with
the dependence of preferential solvation (hence, the values of ϕ) on the hydrophobicity of
the probe [51].
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Table 1. Solvatochromism of p-RB, p-CB, and o-CB in binary mixtures of W-DMSO and W-1-PrOH at
25 ◦C. Reprinted with permission from [25].

Solvatochromism in Water/Dimethyl Sulfoxide

m ϕ(W/DMSO) ϕ(DMSO-W/DMSO) ϕ(DMSO-W/W) ET(DMSO) ET(W) ET(W/
DMSO) χ2; b R2; b

p-RB 1.32 0.49 3.29 6.71 45.3 (+0.2) a 63.1 (0) a 49.1 0.029 0.994

p-CB 0.80 0.80 1.70 2.12 58.4 (−0.4) a 77.9 (+0.2) a 67.9 0.034 0.999

o-CB 0.90 1.41 2.40 1.67 59.1 (−0.2) a 75.8 (+0.2) a 63.9 0.067 0.997

Solvatochromism in Water/1-Propanol

m ϕ (W/1-PrOH)
ϕ

(1-PrOH-W/1-PrOH)
ϕ (1-PrOH-W/W) ET(1-PrOH) ET(W) ET(1-PrOH/W) χ2 R2

p-RB 1.40 0.44 66.92 152.09 50.9 (+0.2) a 59.1 (+0.01) a 52.5 0.0023 0.999

p-CB 1.22 0.23 9.81 42.65 67.2 (+0.1) a 77.7 (0) a 74.0 0.006 0.999

o-CB 1.37 0.34 13.71 40.32 67.6 (+0.4) a 76.1 (−0.5) a 71.9 0.004 0.999
a—The numbers within parentheses refer to [calculated ET(probe) from Equation (9)− experimentally determined
ET(probe)]. b—The terms χ2 and R2 have their usual (statistical) meaning as measure of the goodness of fit.

Likewise, for the solvation of the same probe in a series of structurally related solvents
(e.g., alcohols) the fractionation factors, hence the compositions of the probe solvation
layer are sensitively dependent on the hydrophobicity of ROH, as shown in Table 2, for the
solvation of a hydrophobic- (WB; 2,6-dichloro-4-(2,4,6-triphenylpyridinium-1-yl)-phenolate;
pKa = 4.78) and a hydrophilic probe (QB; 1-methylquinolinium-8-olate; pKa = 6.80), at
25 ◦C [23,52].

Table 2 shows that values of ϕ are probe-dependent, being larger for WB than for
QB in any W-ROH mixture. Additionally, the values ϕROH-W/ROH and ϕROH-W/W increase
on going from MeOH to 1-PrOH. If H-bonding to the phenolate oxygen of WB was the
dominant probe-solvent interaction, then the expected order ofϕROH-W/ROH andϕROH-W/W
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should have been QB (stronger base) > WB (weaker base); this is not the case. We conclude
that solute-solvent hydrophobic interactions dominate the solvation of these probes. This
also agrees with the dependence ofϕ on the hydrophobicity (or log P) of the alcohol (MeOH
to 1-PrOH). Similar results were observed for the solvation of a series of merocyanine probes
(see Figure 7), in binary mixture of W-ROH (MeOH, 1-PrOH) and W-MS (MeCN and
DMSO) where the values of ϕ increase on going from MePMBr2 (less hydrophobic probe)
to OcPMBr2 (2,6-dibromo-4-[(E)-2-(1-octylpyridinium-4-yl)ethenyl]; more hydrophobic
probe) in every binary mixture, and from methanol to 1-PrOH for the same probe [23]. This
type of information cannot be easily obtained by other approaches and is important, e.g.,
for choosing the appropriate solvent mixture for a certain application.

As in the experimental determination of the activation energy of reactions, solvation
was studied as a function of temperature. An example for the dependence of ET(probe) on
T is shown in Figure 12, for the solvation of QB and MePMBr2 in alkoxy-alcohols [53].
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Figure 12. Dependence of the empirical solvent polarity on temperature, for the solvation of WB (a),
QB (b), and MePMBr2 (c) in aqueous alcohols. Reprinted with permission from [53].

Plots (not shown) of ET(probe)Solvent versus T gave excellent straight lines, the negative
slopes of which are given by ∆ET(probe)Solvent/∆T (in kcal mol−1 K−1). These were
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calculated for pure solvents; the order is |∆ET(probe)ROH| > |∆ET(probe)W|, reflecting
the greater effect of temperature on the structure of ROH. Consequently, H-bonding of water
with the probe ground state is less susceptible to temperature increases than ROH. Values
of ∆ET(probe)Solvent for 50 ◦C intervals (∆ET(10 ◦C)–(∆ET(60 ◦C) for WB and MePMBr2
in mixtures of water and 9 alcohols and alkoxy-alcohols were calculated, which range
between 2.1 and 3.7 kcal mol−1. This is a sizeable energy, relative to the activation energies
of many reactions (ca. 10–12 kcal/mol). This underlines the importance of studying thermo-
solvatochromism to quantify the contribution of temperature-induced changes in solvation
to the energetics of reactions in solution, a quantity that cannot be calculated, e.g., from
rate data.

An example that shows the usefulness of solvatochromic probes as models for chemi-
cal reactions is the pH-independent hydrolysis of esters, including the hydrophobic 2,4-
dinitrophenyl carbonate [54], the relatively hydrophilic 4-nitrophenyl chloroformate (cal-
culated log P = 1.66), and the very hydrophobic ester 4-nitrophenyl heptafluorobutyrate
(calculated log P = 4.02) [55]; all reactions were studied in W-MeCN mixtures (see Scheme 1).
These reactions show a complex dependence of reaction rate constants on water concentra-
tion, as shown in the left-hand parts of Figures 13 and 14.
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Because addition of MeCN to water induces a series of structural changes in the
medium that depends on binary solvent composition [56–58], we carried out a “proton-
inventory” study to probe the structures of the corresponding transition states [59]. Our
results showed that the complex dependence of reaction rate constants and activation pa-
rameters on [H2O] is not due to changes in the number of water molecules in the transition
states. It reflects, however, the effects of acetonitrile-water interactions on solvation of
reactants and transition states. We therefore expected that the dependence of kinetic data
on [W] should be similar to that of model solvatochromic probes, as clearly illustrated by
Figures 13 and 14. Note that these hydrolysis reactions are particularly suitable to test
the potential of using solvatochromic probes as models for chemical phenomena, because
complicating acid or base catalysis play no role.
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Table 2. Results for the solvation of WB and QB in water-alcohol mixtures at 25 ◦C [30].

ROH Log P Kassociation (L·mol−1) ϕW/ROH ϕROH-W/ROH ϕROH-W/W

WB

MeOH −0.77 173.3 0.601 2.212 3.681

EtOH −0.31 28 0.554 11.482 20.727

1-PrOH 0.25 12.3 0.265 149.208 563.049

2-PrOH 0.05 8.1 0.551 192.625 349.592

2-Me-2-PrOH 0.35 7.0 0.484 111.267 229.890

MeO-EtOH −0.77 32.1 0.479 5.659 11.814

QB

MeOH −0.77 173.3 0.381 1.172 3.076

EtOH −0.31 28 0.349 5.053 14.479

1-PrOH 0.25 12.3 0.305 29.599 97.046

2-PrOH 0.05 8.1 0.428 26.418 61.724

2-Me-2-PrOH 0.35 7.0 0.364 21.713 59.651

MeO-EtOH −0.77 32.1 0.341 4.855 14.238
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Figure 13. (A) Dependence of log (kobs), the observed rate constant on χw, the mole fraction of
water in aqueous acetonitrile, at different temperatures. The points are experimental, and the
solid sigmoidal lines were calculated by a fourth power polynomial dependence of log (kobs) o χw.
(B) Dependence of the empirical solvent polarity ET(RB) on χw. The solid curve was calculated from
a fifth power polynomial dependence of ET(RB) on χw. Reprinted with permission from [54].

Another example of the application of solvatochromic probes to elucidate chemical
reactions is retro-DielsAlder reaction (RDA) of anthracene-9,10-dione in aqueous solutions
(Scheme 2). The RDA reaction proceeds exceptionally fast in water compared to organic
solvents (Figure 15a) because this solvent greatly accelerates pericyclic reactions through
H-bonding, which stabilizes the activated complex. [60]. Figure 15b shows that this reaction
has the Gibbs energy of activation clearly governed by the polarity of the solvent.
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We end this discussion by showing how the results of solvatochromism can be em-
ployed to determine the relative importance of solvent descriptors to cellulose dissolution.
First, solvatochromism of WB was studied in several IL-DMSO mixtures, at χDMSO = 0.6
and 40 ◦C [61]. This study generated an equation showing the dependence of ET(WB) on
solvent descriptors SA, SB, SD and SP. In a later study, microcrystalline cellulose (MCC)
was dissolved in these binary mixtures and the mass of dissolved MCC (expressed as
%m) was correlated with the same solvent descriptors, calculated from the solvatochromic
study [5], see Equations (10) and (11):

ET(WB) = 54.61 + 2.77 SA + 0.61 SB − 1.06 VM + 0.41 ƒ(n)→ Based on solvatochromism in 13 IL-DMSO mixtures; R2 = 0.939 (10)

MCC-m% = 9.49 + 3.01 SA + 6.88 SB − 2.99 VM + 2.427 ƒ(n)→ Based on MCC dissolution in 11 IL-DMSO mixtures; R2 = 0.902
(11)

where SA and SB are those defined above, VM and ƒ(n) are the molar volume of the neat IL,
and the LorentzLorenz refractive index function; these were employed instead of SD and SP,
as explained elsewhere [61]. The signs of the regression coefficients in both equations are
the same. That is, solvatochromism and MCC dissolution are enhanced by solvent Lewis
acidity, Lewis basicity and polarizability; the inverse is true for the molar volume of the IL.
The different relative importance of SA/SB in both cases can be explained because MCC is a
H-bond acceptor and donor, whereas the probes are only H-bond acceptors. The relevant
point, however, is that two very different chemical process can be similarly correlated with
the same set of solvent descriptors. This agreement can be fruitfully employed, e.g., for
screening possible candidates as solvents for cellulose and other biopolymers.
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in aqueous solutions versus the mole fraction of organic cosolvent: MeOH (2), EtOH (#), 1-PrOH
(4), t-BuOH (5), formamide (•), acetonitrile (�), 1-cyclohexyl-2-pyrrolidinone (×), urea (+), and
glucose (⊕). (b) Correlation between the Gibbs free energy of activation of the RDA reaction of
anthracene-9,10-dione and the solvatochromic parameter ET(RB) of the solvents. Reprinted with
permission from [60].

5. Conclusions

Solvent mixtures are extensively employed in chemistry for practical reasons. Their
use leads to enhanced solubilities, increased rate constants, etc. These beneficial effects call
for a clear understanding of solvent effects on chemical phenomena. This understanding
is, however, hindered by two complications: (i) The dependencies of the physicochemical
properties of the binary mixtures on its composition are usually not ideal, and (ii) The
compositions of the solvation layers of the solutes are almost always different from those of the
bulk solvents. The reasons for the latter differences are combinations of dielectric enrichment
and, more importantly, H-bonding and solute-solvent hydrophobic interactions. This intricate
situation has been greatly simplified by using solvatochromic probes as models for the reaction
or process under consideration. By applying appropriate solvation models, the study of these
probes furnishes a set of solvent-exchange equilibrium constants (ϕ) that permits calculation
of the effective (or local) composition of the solvatochromic probe. If the latter is a good
model for the reaction or process under consideration, one can access information (about the
composition of the solvation layer) that is inaccessible by other techniques. To our view, this
represents a practical solution for a complex problem. Theoretical calculations will certainly
enhance our understanding of solvation, because they permit, inter alia, calculation of the
UV-Vis spectra of probes in mixed solvents [62], and prediction of solvatochromism [63].

A list of all abbreviations employed is given below. The structures of the solva-
tochromic probes discussed are shown in Figure 7.

Funding: This research received no external funding.

Acknowledgments: We thank the following agencies for research project grants: O. A. El Seoud, FAPESP,
grant 2014/22136-4; CNPq, grant 306108/2019-4; N. I. Malek, UGC-DAE, Collaborative Research Scheme
(UDCSR/MUM/CRS-M-997/2023). O. A. El Seoud thanks Clarissa T. Martins, Carina Loffredo, Erika B.
Tada, Jéssica C. de Jesus, Ludmila C. Fidale, Luzia P. Novaki, Marc Kostag, Marcella T. Dignani, Nicolas

147



Liquids 2024, 4

Keppeler, Paulo R. Pires, Priscilla L. Silva, Romeu Casarano; Shirley Possidonio, and Thaís A. Bioni
because their dedication and enthusiasm resulted in the solvatochromic results discussed here, and C.
Reichardt for stimulating discussions on solvatochromism during his visits to Marburg.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations and Acronyms

AlMeImCl 1-Allyl-3-methylimidazolium chloride
BuMeImCl 1-(1-butyl)-3-methylimidazolium chloride
BuPMBr2 2,6-dibromo-4-[(E)-2-(1-butylpyridinium-4-yl)ethenyl]
t-Bu5RB 2,6-bis[4-(t-butyl)phenyl]-4-{2,4,6-tris[4-(t-butyl)phenyl]pyridinium-1-yl}phenolate
t-BuOH tert-Butanol
o-CB 2-(pyridinium-1-yl)phenolate
p-CB 4- (pyridinium-1-yl)phenolate
DMANF 2-(N,N-dimethylamino)-7-nitrofluorene
DMF N,N-Dimethylformamide
DMSO Dimethyl sulfoxide
DNPC 2,4-dinitrophenyl carbonate
DTBSB o,o’-di-tert-butylstilbazolium betaine
ET (probe) Empirical solvent polarity scale using a specific probe
EtOH Ethanol
FePhen [FeII(1,10-phenanthroline)2(CN)2]
HxPMBr2 2,6-Dibromo-4-[(E)-2-(1-hexylpyridinium-4-yl)ethenyl]
IL Ionic liquid

Log P
Partition coefficient between two partially immiscible solvents, usually n-octanol
and water

MCC Microcrystalline cellulose
MeCN Acetonitrile
MeOEtOH 2-Methoxyethanol
MeOH Methanol
MePMBr2 2,6-Dibromo-4-[(E)-2-(1-methylpyridinium-4-yl)ethenyl]
2-Me-2-PrOH 2-Methyl-2-propanol
MeNI 1-Methyl-5-nitroindoline
MS Molecular solvent
NPFB 4-Nitrophenyl chloroformate
NHFB 4-Nitrophenyl heptafluorobutyrate
NI 5-Nitroindoline
OcPMBr2 2,6-Dibromo-4-[(E)-2-(1-octylpyridinium-4-yl)ethenyl]
PEG Polyethylene glycol
1-PrOH 1-Propanol
QB 1-Methylquinolinium-8-olate

RB (or p-RB)
Reichardt betaine, dye number 30 in a list of solvatochromic dyes;
2,6-diphenyl-4-(2,4,6-triphenylpyridinium-1-yl) phenolate.

o-RB 2,4-dimethyl-6-(2,4,6-triphenylpyridinium-1-yl)phenolate,
RDA Retro-Diels—Alder reaction
SA Solvent Lewis acidity; calculated from solvatochromic data
SB Solvent Lewis Basicity; calculated from solvatochromic data
SD Solvent dipolarity; calculated from solvatochromic data
Solvatochromism Effect of the medium on the color of a solvatochromic probe
SP Solvent polarizability; calculated from solvatochromic data
TBSB o-tert-butylstilbazolium betaine
Thermo-solvatochromism Effect of temperature on solvatochromism
THF Tetrahydrofuran
WB Wolfbeis betaine; 2,6-dichloro-4-(2,4,6-triphenylpyridinium-1-yl)-phenolate

ϕ
Fractionation factor: Refers to solvent exchange equilibrium constant between
bulk solvent mixture and the solvation layer of the probe

χ Mole fraction
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Abstract: An overview of solvent replacement strategies shows that there is great progress in green
chemistry for replacing hazardous di-polar aprotic solvents, such as N,N-dimethylformamide (DMF),
1-methyl-2-pyrrolidinone (NMP), and 1,4-dioxane (DI), used in processing active industrial ingredi-
ents (APIs). In synthetic chemistry, alcohols, carbonates, ethers, eucalyptol, glycols, furans, ketones,
cycloalkanones, lactones, pyrrolidinone or solvent mixtures, 2-methyl tetrahydrofuran in methanol,
HCl in cyclopentyl methyl ether, or trifluoroacetic acid in propylene carbonate or surfactant water
(no organic solvents) are suggested replacement solvents. For the replacement of dichloromethane
(DCM) used in chromatography, ethyl acetate ethanol or 2-propanol in heptanes, with or without
acetic acid or ammonium hydroxide additives, are suggested, along with methanol acetic acid in
ethyl acetate or methyl tert-butyl ether, ethyl acetate in ethanol in cyclohexane, CO2-ethyl acetate,
CO2-methanol, CO2-acetone, and CO2-isopropanol. Supercritical CO2 (scCO2) can be used to re-
place many organic solvents used in processing materials from natural sources. Vegetable, drupe,
legume, and seed oils used as co-extractants (mixed with substrate before extraction) can be used to
replace the typical organic co-solvents (ethanol, acetone) used in scCO2 extraction. Mixed solvents
consisting of a hydrogen bond donor (HBD) solvent and a hydrogen bond acceptor (HBA) are not
addressed in GSK or CHEM21 solvent replacement guides. Published data for 100 water-soluble
and water-insoluble APIs in mono-solvents show polarity ranges appropriate for the processing
of APIs with mixed solvents. When water is used, possible HBA candidate solvents are acetone,
acetic acid, acetonitrile, ethanol, methanol, 2-methyl tetrahydrofuran, 2,2,5,5-tetramethyloxolane,
dimethylisosorbide, Cyrene, Cygnet 0.0, or diformylxylose. When alcohol is used, possible HBA
candidates are cyclopentanone, esters, lactone, eucalytol, MeSesamol, or diformylxylose. HBA—HBA
mixed solvents, such as Cyrene—Cygnet 0.0, could provide interesting new combinations. Solubility
parameters, Reichardt polarity, Kamlet—Taft parameters, and linear solvation energy relationships
provide practical ways for identifying mixed solvents applicable to API systems.

Keywords: Reichardt polarity; Kamlet—Taft parameters; green chemistry; solvent substitution;
pharmaceuticals

1. Introduction

Solvents are commonly viewed as being polar or nonpolar, depending on whether
their molecular structure contains highly electronegative (N, O, S, Cl, Br, I) elements or only
(C, H) elements. However, for a molecule to be polar, it must contain a polar bond and
have asymmetry in its structure that causes an imbalance in charge separation between two
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(+ and −) poles referred to as dipoles. The presence of an asymmetrically arranged polar
bond, such as C-Cl in chloromethane (CH3C1), causes the molecule to be polar, whereas
the presence of four symmetrically arranged C-Cl bonds in carbon tetrachloride (CCl4)
cause the molecule to be nonpolar. For two solvents to be miscible, similarity in molecular
polarity is required, as given by the well-known adage, “like dissolves like”, which in other
words means that, for the solvation of polar molecules to occur, dipole—dipole interactions
must exist, and conversely, for the solvation of nonpolar molecules to occur, dipole—dipole
interactions must be absent. There are many exceptions to this adage, and certainly, system
conditions (temperature, pressure) and van der Waals-London forces (dispersion) play
important roles in solvation processes. Moreover, for solvent mixtures as discussed in this
review, composition and interactions between hydrogen bond donor (HBD) and hydrogen
bond acceptor (HBA) molecules are important.

Physical properties such as dipole moment (µD), dielectric constant (ε), octanol-water
partition coefficient (logKow or logP), normal boiling point (Tb), melting temperature
(Tm), entropy of fusion (∆fusS), Hildebrand solubility parameter, and Hansen solubility
parameter help to characterize the macroscopic polarity of a molecule. On the other
hand, empirical polarity scales based on solvatochromic probes (dyes), such as Reichardt
ET(30) [1] and normalized ET

N values [2], Kamlet—Taft (KT) acidity (α), basicity (β) and
dipolar/polarizability (π*) values [3,4], and Catalán parameters [5], help to characterize
the microscopic polarity of a solvent [6]. In solvent selection guides developed by the in-
dustry [7,8] and chemical societies [9–12], pure component solvent properties are analyzed
in detail for developing solvent replacement strategies; however, as a focus of this review,
considerable opportunities exist if mixtures of two kinds of polar solvents are used to create
environments of microscopic polarity. For example, mixing an HBD solvent with an HBA
solvent causes complex molecules (e.g., HBD—HBA pairs) to form, such that heterogeneity
(local composition) is observed for simple alcohol—water mixtures [13,14] or ethylene
glycol-water mixtures [15]. In this review, the emphasis is placed on taking advantage of
the local composition and microscopic polarity of a solvent mixture as opposed to the bulk
properties of a pure solvent, even though temperature and pressure can also be used to
vary the properties of a pure solvent.

Solutes, in the context of this review, are active pharmaceutical ingredients (APIs) and
bio-related molecules that can have multiple functional groups and can contain both polar
(hydrophilic) and nonpolar (hydrophobic) regions in their structure. Functional groups
in the solute can interact within the molecule (intramolecular) or between neighboring
molecules (intermolecular) to form associated, cyclic, complex, network, or tertiary struc-
tures, and thus, the dissolution of an API into a solvent can be the result of many different
molecular interactions. The composition of a solvent mixture can be used to fine-tune
dipole—dipole interactions that sometimes lead to the solubility enhancement of the API
in solution that is higher than that in either of the pure mono-solvents, which is known as
synergistic behavior.

2. Substances of Very High Concern (SVHC)

In the synthesis and processing of APIs, polar protic (water, alcohols, carboxylic
acids), dipolar aprotic (ketones, lactones, esters, ethers), or nonpolar aprotic (hydrocarbons)
solvents are used. Notably, hazardous and unsafe dipolar aprotic chemicals (e.g., N,N-
dimethylformamide (DMF), 1-methyl-2-pyrrolidinone (NMP), 1,4-dioxane (DI)) account for
over 40% of total solvents used in synthetic, medicine-related, and process chemistry [16],
and these solvents and more than 480 others are on the candidate list of substances of very
high concern (SVHC), as designated under the European Chemicals Agency (ECHA), as
the European Union Registration, Evaluation Authorization and Restriction of Chemicals
(REACH) guidelines limit or prohibit the use of chemicals, especially those having repro-
ductive toxicity, carcinogenicity, or explosive decomposition properties (Table 1). Thus, the
key motivation of employing mixed solvents instead of mono-solvents, new solvents, or
newly developed solvents is based on environmental health and safety (EHS) guidelines
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for compounds with known chemical properties and conformity with the “International
Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human
Use” (ICH). Namely, EHS and ICH should be primary factors in solvent replacement,
rather than apparent greenness or economic or sustainability factors, because few newly
developed solvents or solvent systems have had sufficient time for scrutiny in all areas
highlighted by governmental agencies and in the solvent guides discussed below. In this
review, solvent replacement strategies are analyzed with the aim of highlighting a method
for identifying safe solvent mixtures for the research development and chemical processing
of organic compounds.

Table 1. Selected chemicals from candidate list of substances of very high concern (SVHC) for
authorization by the European Chemicals Agency (ECHA) as of 2023. Chemicals shown in various
categories are for educational purposes only. Specific hazards, detailed information, case decisions,
or discussion should be accessed from ECHA website [17]. LD50 values from PubChem or online
sources based on rat/mouse oral or dermal (d) studies.

Chemical (CAS No.) LD50 (mg/kg) Chemical (CAS No.) LD50 (mg/kg)

Carcinogenic Respiratory Sensitizing
1,2,3-trichloropropane (96-18-4) 120 cis-cyclohexane-1,2-dicarboxylic anhydride (13149-00-3) -

1,2-dichloroethane (107-06-2) 670 Cyclohexane-1,2-dicarboxylic anhydride (85-42-7) 958
1,4-dioxane (123-91-1) (DI) 1550 Glutaral (111-30-8) 134

2,4-dinitrotoluene (121-14-2) 268 Toxic to Reproduction
4,4′-Diaminodiphenylmethane (101-77-9) 120 1-Methyl-2-pyrrolidone (NMP) (872-50-4) 3914

4-aminoazobenzene (60-09-3) 200 1-vinylimidazole (1072-63-5) 180
Acrylamide (79-06-1) 170 2-ethoxyethanol (110-80-5) 2125

Anthracene oil (90640-80-5) 2000 d 2-ethoxyethyl acetate (111-15-9) 2700
Biphenyl-4-ylamine (92-67-1) 205 2-methoxyethanol (109-86-4) 2370

Chrysene (218-01-9) 320 2-methoxyethyl acetate (110-49-6) 2900
Furan (110-00-9) 5.2 2-methylimidazole (693-98-1) 1400

Propylene oxide (75-56-9) 1245 d 4,4′-sulphonyldiphenol (80-09-1) 4556
N-(hydroxymethyl)acrylamide (924-42-5) 474 Dibutyl phthalate (84-74-2) (DBP) 7499

o-aminoazotoluene (97-56-3) 300 (dog) Dicyclohexyl phthalate (84-61-7) 30
o-toluidine (95-53-4) 670 Dihexyl phthalate (84-75-3) 29,600

Phenolphthalein (77-09-8) >1 Diisobutyl phthalate (84-69-5) 15
Potassium dichromate (7778-50-9) 25 Diisohexyl phthalate (71850-09-4) -

Trichloroethylene (79-01-6) 1282 Diisopentyl phthalate (605-50-5) 2000
Endocrine disruptor Dioctyltin dilaurate (3648-18-8) 6450

2-(isononylphenoxy)ethanol (85005-55-6) - Formamide (75-12-7) 5577
4-(1-ethyl-1-methylhexyl)phenol (52427-13-1) - Methoxyacetic acid (625-45-6) 1000
4,4′-(1-methylpropylidene)bisphenol (77-40-7) 500.1 N,N-dimethylformamide (68-12-2) (DMF) 2800

4-tert-butylphenol (98-54-4) 2951 Nitrobenzene (98-95-3) 349
Isobutyl 4-hydroxybenzoate (4247-02-3) 2600 N-methylacetamide (79-16-3) 5

Nonylphenol (25154-52-3) 1200 n-pentyl-isopentyl phthalate (776297-69-9) -
Nonylphenol, ethoxylated (9016-45-9) 1300 Perfluoroheptanoic acid (375-85-9) 500

Human health effects Phenol, 4-dodecyl, branched (210555-94-5) 2000
Melamine (108-78-1) 3161 Phenol, tetrapropylene- (57427-55-1) 2000

Persistent, Bioaccumulative and Toxic (PBT) Very Persistent, Very Bioaccumulative (vPvB)
Alkanes, C14-16, chloro (1372804-76-6) 23 Phenanthrene (85-01-8) 700

Anthracene (120-12-7) >17 Terphenyl, hydrogenated (61788-32-7) 17,500
Dodecamethylcyclohexasiloxane (540-97-6) >50

Octamethylcyclotetrasiloxane (556-67-2) 1540
Pyrene (129-00-0) 2700

3. Solvent Guides

To address the issue of the overuse of hazardous dipolar aprotic chemicals in API
synthesis and processing and to improve the awareness of chemical professionals who
perform solvent selection on a day-to-day basis, pharmaceutical industries have developed
solvent guides with ranking systems. Chemical agencies have developed lists for solvents
evaluated as hazardous that require formal authorization for use in chemical processes.

The GlaxoSmithKline (GSK) solvent guide [7,18,19] contains detailed analyses of a
total of 154 small molecules (e.g., alcohols, aromatics, carbonates, chlorinated, dipolar
aprotics, esters, ethers, hydrocarbons, ketones, organic acids, water) commonly used in
pharmaceutical industries. The GSK solvent guide has the following categories: (i) waste
(incineration, recycling, biotreatment, VOC emissions), (ii) environment (aquatic impact, air
impact), (iii) human health (health hazard, exposure potential), and (iv) safety (flammability
and explosion, reactivity). The GSK solvent guide allows for the quick evaluation and
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qualitative comparison of replacement solvents based on four primary categories that
include life-cycle assessment (LCA), and it ranks solvents in their categories on a scale from
1 (major issues) to 10 (few known issues).

The European consortium and Innovative Medicines Initiative (IMI) produced
CHEM21 [8], which contains guidelines and metrics for solvent usage. Byrne et al. reported
environmental, health, and safety (EHS) tools and guidelines for solvents and highlighted
key points in available guidelines [11]. The CHEM21 solvent guide ranks solvents in EHS
categories on a scale from 1 (recommended) to 10 (hazardous), which is contrary (and
opposite in order) to the scale of the GSK solvent guide. Both solvent guides provide
extremely useful evaluations of solvent risks and issues and provide solvent replacement
recommendations.

The American Chemical Society (ACS) Green Chemistry Institute (CGI) and phar-
maceutical roundtable produced a solvent selection website (Figure 1) [10,12] dedicated
to solvent usage in pharmaceutical and chemical industries and a solvent guideline [9].
Figure 1 shows a sample screen of a solvent selection tool developed for the ACS GCI Phar-
maceutical Roundtable (GCIPR) that uses principle component analysis (PCA) to identify
potential solvent replacements. PCA combines many physical properties, characteristics
(presence of functional groups), and environmental data to generate correlations and scores
according to user constraints. The solvent selection tool (Figure 1) was described by Dio-
razio et al. [20] and was originally designed by AstraZeneca in Spotfire, and a version was
donated to GCIPR. The GCIPR solvent selection tool is useful for identifying replacement
solvents based on both quantitative and qualitative characteristics (Figure 1).
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4. Replacement Solvents in Synthetic Chemistry

Syntheses of APIs are commonly performed in multistep batch processes that use haz-
ardous or unsafe dipolar aprotic solvents in some of the key steps. Replacement strategies
for non-green dipolar aprotic solvents used in reactions were suggested by Gao et al. [21].

Table 2 summarizes replacement solvents for 15 classes of synthetic reactions identified
by Jordan et al. [16]. Possible replacement solvents for dipolar aprotics (Table 2) include
novel water-surfactant (PS-750-M) systems that eliminate organic solvents [22], dipolar
aprotic solvents with improved safety and sustainability, namely N-butyl-2-pyrrolidinone
(NBP), propylene carbonate (PC), dimethylisosorbide (DMI) [23], dihydrolevoglucosenone
(Cyrene) [24], eucalyptol [25], or dimethylcarbonate (DMC), or the use of mixed solvents,
such as 2-methyltetrahydrofuran (2-MeTHF) with methanol (Table 2). Besides THF or
DMF in Sonogashira cross-coupling reactions (Table 2), eucalyptol can possibly replace
solvents such as anisole, bromobenzene, chlorobenzene, chloroform, diethyl ether (DE),
N,N-dimethylacetamide (DMA), dimethyl ether (DME), DI, ethyl acetate, ethyl benzoate,
and toluene [25].

Table 2. Possible replacement solvents for dipolar aprotic solvents used in synthetic chemistry
transformations. Content was summarized and adapted from Unified solvent selection guide for
replacement of common dipolar aprotic solvents in synthetically useful transformations contained in ref. [16].
Copyright ACS, 2022.

Reaction Unsafe Dipolar Aprotics Replacement Solvents

Amide formation DCM; DMF Cyrene; surfactant-water
Boc deprotection DI HCl in CPME; TFA in PC
Borylation chemistry DI 2-MeTHF:MeOH (1:1); CPME; MTBE; CH
Buchwald—Hartwig amination DI 2-MeTHF; tBuOH
Carbonylation THF; DE DMC
Carboxylation THF; DE 2-MeTHF; DMI; DMC
C-H activation THF; DMF; DI 2-MeTHF; CH
Mizoroki—Heck cross-coupling DI; THF; DMF NBP; DMI; PC
Nucleophilic aromatic substitution THF; DMF; DI 2-MeTHF; PEG-400
Organometallic reaction R-MgX; R-Li; hydrides 2-MeTHF; CPME
Solid-phase peptide synthesis DMF; DMAc; NMP NBP; GVL
Sonogashira cross-coupling THF; DMF Cyrene; NBP; DMI; Eucalyptol
Steglich Esterification DMF DMC
Suzuki-Miyaura cross-coupling DI; THF; DMF Cyrene; NBP; DMI; 2-MeTHF
Urea synthesis DMF; THF Cyrene

In the synthesis of APIs with solvents, the type of process employed is an important
point that deserves attention. A less obvious way to lower risks associated with solvent
usage in API synthesis is through continuous manufacturing (CM) [26], as opposed to batch
processing. In a CM process, systems can be automated, quality can be improved, waste
can be reduced, and, most importantly, solvent volumes can be greatly lowered over those
quantities used in batch systems by lowering the total system volumes and by eliminating
the storage of API reaction intermediates, such that overall safety of the synthesis can be
improved. The number of papers published on the continuous manufacturing of APIs has
roughly tripled in the past 5 years, making it a highly active research area. In CM processes,
solvent selection and solvent additives play key roles in flow chemistry, product quality,
system operability, economics, and sustainability. Furthermore, there are some recent new
approaches for CM processes; amidation by reactive extrusion has been developed as a
solventless synthesis method and has been used for the preparation of teriflunomide and
moclobemide APIs [27].

5. Solubility Parameters

Solubility parameters (SP) are used to characterize substances in solvent replacement
strategies. The Hildebrand SP (δ) has the basis of regular solution theory [28], and its
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development in solubility theory relates the cohesive energy density defined by Equation (1)
to the activity coefficient [29].

δ ≡ (∆Uvap/V)1/2 (1)

In Equation (1), U and V are the molar internal energy of vaporization and molar
volume of the substance in its liquid state, respectively. The definition of the Hildebrand
SP is typically simplified by replacing U with (H − PV) and assuming ideal gas behavior:

δ = ((∆Hvap − RT)/V)1/2 (2)

Hansen [30] divided the total cohesive energy given in Equation (1) into three parts:
(i) dispersion (van der Waals (London) forces) interactions (δd), hydrogen bonding inter-
actions (δh), and polar (or dipole-dipole) interactions (δp). Hansen solubility parameters
(HSPs) are used to determine a solubility parameter distance (Ra) between two substances
“1” and “2” as follows:

(Ra)2 = 4 · (δd1 − δd2)
2 + (δh1 − δh2)

2 + (δp1 − δp2)
2 (3)

where the sphere provides a region of favorable solvation for a solute “1” and solvent
“2”, i.e., as values of Ra become closer to zero according to a chosen solvent with given
HSP values, affinity becomes higher, and the solubility of the solute in the solvent should
increase. The factor of four in Equation (3) is empirical and adds statistical weighting to
dispersion interactions as being most important in solvation. By taking a substance such
as a polymer or biomolecule and seeing whether it dissolves into solvents with known
HSP values, the radius of interaction (Ro) can be determined for that compound. Then, a
relative energy difference can be defined as follows:

RED = Ra/Ro (4)

and solvents or solvent mixtures that have RED < 1 are candidates that dissolve the
compound. It is possible, for example, for two solvents outside of the solvation sphere to be
mixed, such that they form a good solvent as mixture for a polymer. HSP theory has been
used to estimate the solubilities of anti-inflammatory drugs in pure and mixed solvents [31].
Fractional HSP values, which can be plotted on ternary diagrams to facilitate the assessment
of interactions, have been used to identify green extraction solvents for alkaloids [32] and to
screen solvent mixtures for pharmaceutical cocrystal formation [33]. HSP is a powerful tool
used for solvent screening and is especially useful for large molecules, such as polymers or
biomolecules, as highlighted by Abbott [34].

In comparing the Hildebrand solubility parameter theory with that of the Hansen
solubility theory, the Hildebrand solubility parameter theory has some notable failures in
predicting miscibility between materials [30]. However, in a critical comparison of solvent
selection for 75 polymers, both theories gave similar results in predicting polymer—solvent
miscibility [35]. Namely, Hildebrand SP had a prediction accuracy of 60% for solvents and
76% for non-solvents, whereas HSP had a prediction accuracy of 67% for solvents and 76%
for non-solvents [35]. On the other hand, for polar polymers, the Hildebrand SP theory gave
a prediction accuracy of only 57% [35]. Both Hildebrand solubility parameters and Hansen
solubility parameters are useful screening tools for solvent replacement. Hildebrand SP
theory is simple and provides qualitative estimation of solvent interactions for nonpolar
molecules or slightly polar molecules; Hansen SP theory accounts for detailed molecular
interactions and is applicable to both nonpolar and polar molecules. HSP can be applied to
complex molecules, such as lignin [36] or phytochemicals [37]; however, HSP is qualitative
when hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA) molecular systems
are considered [38].
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6. Empirical Polarity Scales

Reichardt ET(30) parameters are based on the solvatochromic properties of Betaine 30
dye and provide the sensitive characterization of solvent polarity. Reichardt ET

N values
are normalized based on the ET(30) values of water and tetramethylsilane. Reichardt
parameters are firmly established in the chemical literature and form the basis of a widely
used polarity scale for organic chemicals [6].

Kamlet—Taft (KT) parameters are based on the solvatochromism of dyes specific to
Lewis acidity (α), Lewis basicity (β), and dipolarity/polarizability (π*) and have indepen-
dent scales that depend on reference solvents [39]. The Kamlet—Taft polarity scales are
meant to have values of α, β, and π* that are between zero and one; however, when a
solvent has a Lewis acidity, Lewis basicity, or dipolarity/polarizability that is outside of
the range of reference compounds, (π* = 0 (cyclohexane) and π* = 1 (dimethylsulfoxide))
values of KT parameters can be greater than unity or less than zero.

Catalán parameters improved the KT parameter approach by using specific dyes for
solvent polarizability (SP), solvent dipolarity (SdP), solvent acidity (SA), and solvent basic-
ity (SB) parameters rather than by average values, as in the KT approach. Catalán parame-
ters separate the polarizability (SP) and dipolarity (SdP) contributions of the KT parameter
approach. All three scales have wide use in the chemical literature, although there are issues
in data reduction methods and parameter values, as pointed out by Spange et al. [40], who
reanalyzed polarity scales considering molar concentrations of the solvent (N), and Spange
and Weiß [41], who proposed a method to unify the acid—based (pKa) and density effects
of hydrogen bond donor solvents.

According to Reichardt and Welton [6], common molecular solvents (Figure 2) can be
roughly divided into three groupings: (i) dipolar protic (HBD), ET

N > 0.5; (ii) dipolar aprotic
(HBA), 0.3 < ET

N < 0.5; and (iii) apolar (non-HBD or nonpolar), ET
N < 0.3. Examination

of the KT dipolarity/polarizability parameters (Figure 2) shows that longer chain hydro-
carbons have π* values less than zero, and water has a π* greater than unity, which is due
to the choice of reference solvents in the KT method. Most solvent replacement strategies
consider Reichardt, Kamlet—Taft or Catalán parameters in their analysis. For example,
dipolar aprotic solvents generally have high KT basicity and low KT acidity (Figure 3).
Direct replacement solvents for dipolar aprotics could be N-butyl-2-pyrrolidinone (NBP),
CyreneTM (Cyr), γ-valerolactone (GVL), γ-butyrolactone (GBL), eucalyptol (Eupt), tetram-
ethyloxolane (TMO), dimethyl isosorbide (DMI), or cyclopentyl methyl ether (CPME).
However, many solvents have ET

N polarity values that are much lower than that of dipolar
aprotics (Figure 2) and KT acidities that are either too high or KT basicities that are too
low (Figure 3) to allow direct replacement of dipolar aprotics. Nevertheless, the range of
Kamlet—Taft parameters of dipolar aprotics provide valuable information for considering
mixed solvents and mixed solvent composition.
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7. Opportunities with Mixed Solvents

Mixtures of solvents (mixed solvents) allow one to vary the chemical properties of the
solution in a unique number of ways. For example, when an HBD solvent is mixed with an
HBA solvent, KT parameters vary continuously with composition (Figure 4). KT parameters
of mixed solvents can show synergistic behavior, which means that their β or π* values can
be higher than the KT parameters of the pure solvents (Figure 4), especially when water
is the HBD solvent. Duereh et al. [42] showed that there is a clear relationship between
microscopic (local) polarity, complex molecule (HBD—HBA solvent pairs) interactions, and
synergistic behavior in thermodynamic properties (Figure 5).
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Thus, solvent composition of mixed solvents allows one to vary microscopic polarity 
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highlighted for chromatography solvents, CO2 expanded liquids, supercritical fluids, low-
transition temperature mixtures, switchable solvents, and HBD—HBA mixtures of molec-
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Thus, solvent composition of mixed solvents allows one to vary microscopic polarity 
(local composition) and the concentration of HBD—HBA complex molecules that can be 
used advantageously in solvent replacement schemes. 

In this section, strategies for using mixed solvents to replace hazardous chemicals are 
highlighted for chromatography solvents, CO2 expanded liquids, supercritical fluids, low-
transition temperature mixtures, switchable solvents, and HBD—HBA mixtures of molec-
ular solvents. 

7.1. Chromatography Solvents 
In chromatographic methods, great progress has been made with the introduction of 

mixed solvents, such as ethyl acetate (EtAc)-ethanol (EtOH) in heptanes being demon-
strated as a superior replacement for dichloromethane (DCM) [43]. Mixed solvent stock 
solutions are marketed by leading chemical suppliers for HPLC, TLC, and flash chroma-
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phase. Composition variation of EtAc–EtOH mixtures allows for the fine control of the 
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Thus, solvent composition of mixed solvents allows one to vary microscopic polarity 
(local composition) and the concentration of HBD—HBA complex molecules that can be 
used advantageously in solvent replacement schemes. 

In this section, strategies for using mixed solvents to replace hazardous chemicals are 
highlighted for chromatography solvents, CO2 expanded liquids, supercritical fluids, low-
transition temperature mixtures, switchable solvents, and HBD—HBA mixtures of molec-
ular solvents. 

7.1. Chromatography Solvents 
In chromatographic methods, great progress has been made with the introduction of 

mixed solvents, such as ethyl acetate (EtAc)-ethanol (EtOH) in heptanes being demon-
strated as a superior replacement for dichloromethane (DCM) [43]. Mixed solvent stock 
solutions are marketed by leading chemical suppliers for HPLC, TLC, and flash chroma-
tography (FC) methods [44], confirming the success of the EtAc—ethanol mixtures.  
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Thus, solvent composition of mixed solvents allows one to vary microscopic polarity 
(local composition) and the concentration of HBD—HBA complex molecules that can be 
used advantageously in solvent replacement schemes. 

In this section, strategies for using mixed solvents to replace hazardous chemicals are 
highlighted for chromatography solvents, CO2 expanded liquids, supercritical fluids, low-
transition temperature mixtures, switchable solvents, and HBD—HBA mixtures of molec-
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In chromatographic methods, great progress has been made with the introduction of 

mixed solvents, such as ethyl acetate (EtAc)-ethanol (EtOH) in heptanes being demon-
strated as a superior replacement for dichloromethane (DCM) [43]. Mixed solvent stock 
solutions are marketed by leading chemical suppliers for HPLC, TLC, and flash chroma-
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Thus, solvent composition of mixed solvents allows one to vary microscopic polarity 
(local composition) and the concentration of HBD—HBA complex molecules that can be 
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Thus, solvent composition of mixed solvents allows one to vary microscopic polarity 
(local composition) and the concentration of HBD—HBA complex molecules that can be 
used advantageously in solvent replacement schemes. 

In this section, strategies for using mixed solvents to replace hazardous chemicals are 
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transition temperature mixtures, switchable solvents, and HBD—HBA mixtures of molec-
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In chromatographic methods, great progress has been made with the introduction of 
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Thus, solvent composition of mixed solvents allows one to vary microscopic polarity 
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can be understood by examining the variation in KT parameters of the mixture compared 
with the KT parameters of the DCM—MeOH system. In this case, EtOH is the HBD sol-
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Thus, solvent composition of mixed solvents allows one to vary microscopic polarity 
(local composition) and the concentration of HBD—HBA complex molecules that can be 
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In this section, strategies for using mixed solvents to replace hazardous chemicals are 
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transition temperature mixtures, switchable solvents, and HBD—HBA mixtures of molec-
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7.1. Chromatography Solvents 
In chromatographic methods, great progress has been made with the introduction of 

mixed solvents, such as ethyl acetate (EtAc)-ethanol (EtOH) in heptanes being demon-
strated as a superior replacement for dichloromethane (DCM) [43]. Mixed solvent stock 
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Thus, solvent composition of mixed solvents allows one to vary microscopic polarity
(local composition) and the concentration of HBD—HBA complex molecules that can be
used advantageously in solvent replacement schemes.

In this section, strategies for using mixed solvents to replace hazardous chemicals
are highlighted for chromatography solvents, CO2 expanded liquids, supercritical fluids,
low-transition temperature mixtures, switchable solvents, and HBD—HBA mixtures of
molecular solvents.

7.1. Chromatography Solvents

In chromatographic methods, great progress has been made with the introduction of
mixed solvents, such as ethyl acetate (EtAc)-ethanol (EtOH) in heptanes being demonstrated
as a superior replacement for dichloromethane (DCM) [43]. Mixed solvent stock solutions
are marketed by leading chemical suppliers for HPLC, TLC, and flash chromatography
(FC) methods [44], confirming the success of the EtAc—ethanol mixtures.

The reason why EtAc—EtOH in a heptane mixed solvent system can replace DCM can
be understood by examining the variation in KT parameters of the mixture compared with
the KT parameters of the DCM—MeOH system. In this case, EtOH is the HBD solvent,
EtAc is the HBA solvent, and the heptanes have low overall KT acidity for the mobile phase.
Composition variation of EtAc–EtOH mixtures allows for the fine control of the basicity
and dipolarity/polarizability that transverse methanol KT parameters (Figure 4).

To replace hexane, CO2–EtAc has been suggested to be applicable to thin-layer chro-
matography (Table 3), and CO2–MeOH has been demonstrated to be applicable to flash
chromatography [45]. The entire corporate chemistry division of Syngenta (Table 3) re-
duced the overall volume of seven hazardous dipolar aprotic solvents (DCM, CHCl3, DCE,
DI, DME, DMF, DE) by 75% over a period of two years by using solvent replacement
(e.g., EtAc–EtOH mixtures for DCM) and by emphasizing reverse phase chromatogra-
phy for the separation of polar compounds [46] (Table 3); however, DMF usage increased
during that period. Solvent pairs, such as cyclohexanone–MeOH, cyclohexanone–EtOH,
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cyclopentanone–MeOH, cyclopentanone–EtOH, GBL–MeOH, GBL–EtOH, GBL–water,
GVL–MeOH, GVL–EtOH, and GVL–water, have been demonstrated as replacements for
NMP or DMF in polyamide synthesis and, thus, have possibilities as solvent replacements
in analytical method development [47].

Improvements in high-pressure liquid chromatography (HPLC) have been made with
the introduction of ultra-high-pressure liquid chromatography (UHPLC), supercritical
fluid chromatography (SFC), and ultra-high-pressure supercritical fluid chromatography
(UHPSFC), which reduce the amount of solvents necessary in analyses while improving
resolution [48]. When UHPSFC—tandem mass spectroscopy is employed, the determina-
tion of plant hormones (cytokinins) can be analyzed in 9 min at detection limits close to 0.03
fmol [49]. ACS has introduced the analytical method greenness score (AMGS) calculator
developed by Hicks et al. [48] that ranks chromatography methods according to instrument
energy, solvent energy, and solvent EHS scores [10].

Table 3. Replacement solvents for dichloromethane (DCM) in high-performance liquid (HPLC),
thin-layer chromatography (TLC) and flash chromatography (FC) methods. Analytes consist of
neutral, basic, acidic, and polar API.

Mixed Solvent a Analyte b System Ref.

EtAc:EtOH (3:1) in heptanes Neutral LC [43]
EtAc:EtOH in heptanes Neutral LC [43]
iPrOH in heptanes Neutral LC [43]
EtAc:EtOH (3:1) in MTBE Neutral LC [43]
MeOH in MTBE Neutral LC [43]
EtAc:EtOH (3:1) (2% NH4OH) in heptanes Basic LC [43]
MeOH: NH4OH (10:1) in EtAc Basic LC [43]
MeOH: NH4OH (10:1) in MTBE Basic LC [43]
EtAc:EtOH (3:1) (2% AcOH) in heptanes Acidic LC [43]
MeOH:AcOH (10:1) in EtAc Acidic LC [43]
MeOH:AcOH (10:1) in MTBE Acidic LC [43]
EtAc:EtOH (3:1) in cyclohexane n.s. LC [46]
acetonitrile:water Polar LC [46]
tert-butyl acetate All LC [50]
sec-butyl acetate All LC [50]
ethyl isobutyrate All LC [50]
methyl pivalate All LC [50]
CO2:EtAc n.s. TLC [51]
EtAc in heptanes n.s. TLC [51]
iPrOH in heptanes n.s. TLC [51]
Ace in heptanes n.s. TLC [51]
CO2:MeOH Neutral FC [45]
CO2:EtAc n.s. FC [51]
CO2:Ace n.s. FC [51]
CO2:iPrOH n.s. FC [51]

a AcOH: acetic acid; EtAc: ethyl acetate; MTBE: methyl tert-butyl ether; b n.s. not specified.

7.2. Expanded Liquids and Supercritical Fluids

Chemists and chemical engineers have introduced many new types of solvents through
major research initiatives. CO2-expanded bio-based liquids (CXL) have been demonstrated
to be favorable for enantioselective biocatalysis [52], and supercritical fluids have been
shown to be able to replace the hazardous solvents used in processing APIs [53]. Super-
critical carbon dioxide (scCO2) has been shown to have a wide application in processing
bioactive lipids [54] and bioactive-related food ingredients [55]. A comprehensive review
is available on the supercritical extraction of bioactive molecules from plant matrices [56].
A less-studied methodology in the supercritical extraction of bioactive molecules from
natural sources is to eliminate organic co-solvents, such as ethanol or acetone, by replacing
them with co-extractants that are typically oils from plant materials (Table 4).

161



Liquids 2024, 4

Table 4. Co-extractant methodology for obtaining bio-products from supercritical CO2 extraction
of natural sources. Co-extractants: vegetable, drupe, legume, or seed oils or triacylglycerols (TAGs,
triglycerides). Bio-product yields shown are maximum values normalized to 100%.

Natural Source Co-Extractant Bio-Product T (◦C) P (MPa) %Yield Ref.

Algae Soybean oil astaxanthin 70 40 36 [57]
Brown seaweed Sunflower oil carotenoids 50 30 99 [58]
Carrots Canola oil carotenoids 70 55 92 [59]
Mangosteen Virgin coconut oil xanthonoids 70 43 31 [60]
Mangosteen Virgin coconut oil α-mangostin 60 35 76 [61]
Marigold Medium-chain TAGs lutein esters 65 43 98 [62]
Marigold Soybean oil lutein esters 53 30 93 [63]
Propolis Virgin coconut oil flavonoids 50 15 25 [64]
Pumpkin Olive oil carotenoid 50 25 41 [65]
Red sage Peanut oil diterpenoids 50 38 90 [66]
Tomato Canola oil lycopene 40 40 86 [67]
Tomato Hazelnut oil lycopene 66 45 40 [68]
Tomato skin Olive oil lycopene 75 35 58 [69]

In co-extractant methodology (Table 4), natural source substrates (petals, pericarp,
etc.) are mixed with a natural oil (co-extractant) from a vegetable, drupe, legume, or
seed (or fruit) before extraction with pure scCO2. The co-extractant serves to increase
the mass transfer of active components from the natural source to the supercritical phase
by solubilization and polarity matching, and the co-extractant properties are enhanced
due to scCO2 dissolution into the co-extractant phase that causes the reduction of both
surface tension and viscosity while enhancing heat transfer and related properties. Thus,
with co-extractant methodology (Table 4), organic co-solvents are completely eliminated
in scCO2 extraction such that the contamination of extracts with organic compounds is
not an issue. Furthermore, with co-extractant methodology, a final product is realized
directly, the cultural processing of many types of food is possible, and food safety is strictly
enhanced [70].

Related to developments in supercritical fluid theory, entropy based solubility parame-
ters have been proposed that allow the extension of traditional solubility parameter theory
to chemical systems containing supercritical fluids and ethanol [71] or systems at high tem-
peratures or high pressures [72]. Experimental systems for measuring the KT parameters
of methanol, ethanol, 2-propanol, and 1,1,1,2-tetrafluoroethane (HFC134a) co-solvents in
CO2 have been developed for assessing the HBD alcohol interactions with the HBA Lewis
acidity of CO2 in the supercritical state for quantifying polarity enhancements [73].

7.3. Low Transition Temperature Mixtures

Low transition temperature mixtures (LTTMs) are special combinations of mixed
solvents made up of a hydrogen bond donor (HBD) molecule and a hydrogen bond
acceptor (HBA) molecule for the purpose of liquefying the mixture [74]. Ionic liquids (ILs)
are combinations of discrete organic moiety containing cations and anions that are in the
liquid state at room temperature. Deep eutectic solvents (DESs) are mixtures of Lewis or
Brønsted acids and bases that are in the liquid state at room temperature.

The possibility of using either ILs or DESs as solvent replacements or for processing
APIs allows them to have many potential innovative applications due to their solvation and
tailorable properties [75]. Issues with ILs are their cost, recyclability, and relatively higher
viscosity compared to molecular solvents. While DESs are inexpensive, they share some
of the same issues as ILs, and in addition, their separation from chemical products may
be problematic due to the formation of strong HBD—HBA complexes with the API. One
innovative approach that addresses some of these issues is to incorporate the IL chemical
structure into the API to improve the bioavailability in drug delivery systems [76,77].
Reviews in the area of combining HBD- or HBA-containing APIs into the structure of ILs
for drug delivery systems and other purposes show that there is much activity in this
research area [78,79].
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7.4. Switchable Solvents

Switchable polarity solvents (SPS) [80], switchable hydrophilicity solvents (SHS) [81],
switchable water (SW) [82], solvent-assisted switchable water (SASW) [83], and high-
pressure switchable water (HPSW) [84] are new types of mixed solvents that can change
their polarity, hydrophilicity, or characteristics through the introduction or removal of CO2.
Switchable solvent systems would seem to have many applications in processing API, and
furthermore, it could be highly advantageous if APIs with an existing or added amidine
group could have modified hydrophilicity with CO2 [85] for the purposes of separation,
purification, or analysis.

7.5. HBD—HBA Mixtures of Molecular Solvents

The attractiveness of using molecular solvents to form HBD—HBA mixtures is that
their EHS data are available, making it possible to assess their safety. With the EHS safety
of the solvents assessed, it becomes possible to focus on the technical issue of solubilizing
the API in the mixed solvent for processing operations.

Duereh et al. [86] developed a methodology for replacing dipolar aprotic solvents with
safe HBD—HBA solvent pairs based on solubility and Kamlet—Taft windows (Figure 6).
In the methodology [86], solvent pairs are evaluated from a database with user-defined
solubility parameter and KT parameter windows of an API to determine working compo-
sitions and a prioritized list of mixed solvents according to a composite GSK score. The
open-access software given in ref. [86] can be extended with activity coefficient models or
quantum chemistry methods to broaden the scope of the methodology.
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(c) window for API basicity, (d) window for API dipolarity/polarizability. (left): Range of solubility
and Kamlet—Taft parameters for dissolution of API in known solvents, including hazardous ones.
(right): Range of solubility and Kamlet—Taft parameters superimposed onto theoretical calculations
and available literature data to determine working composition ranges for a given mixed solvent
pair (acetone—water). Reprinted with permission from ref. [86]. Copyright American Chemical
Society, 2016.

In developing solvent replacement methodologies, physical properties can be impor-
tant attributes for solvent selection. Jouyban and Acree [87] developed a single functional
form for the correlation of viscosity, density, dielectric constant, surface tension, speed
of sound, Reichardt ET

N, molar volume, and isentropic compressibility of binary mixed
solvents. Nazemieh et al. [88] reported data for a new set of mixed solvents, namely p-
cymene with α-pinene, limonene, and citral correlated with the Jouyban—Acree model for
physico-chemical properties (PCPs). Lee et al. [89] developed a local composition regular
solution theory model for the correlation and prediction of API solubility in mixed solvents
that had a single functional form for all compounds studied. The advantage of similar
functional forms in correlative and predictive schemes for PCPs and activity coefficients is
that machine learning techniques can be applied as the size of the database increases.

8. Kamlet—Taft Parameter Windows for APIs

APIs are commonly designated as being water soluble or non-water soluble. When
the Reichardt ET

N and KT parameters are plotted for mono-solvents that solvate 45 water-
soluble APIs (Figure 7) and 47 water-insoluble APIs (Figure 8), the range of ET

N and KT
parameter values becomes visible, which characterizes the apparent polarity of the API.
Although many water-soluble APIs are solvated by dipolar protic solvents (ET

N > 0.5)
and dipolar aprotic solvents (0.3 < ET

N < 0.5) over a wide range of KT acidities (α),
there are minimum values of π* and β required for solvation (Figure 7). On the other
hand, water-insoluble APIs are solvated by a relatively narrow range of solvent polari-
ties (0.2 < ET

N < 0.75) and KT acidities (α), in which there are maximum values of π* and
minimum values of β required for solvation (Figure 8).

When an API is dipolar protic, it interacts with basic dipolar aprotic solvents by
forming hydrogen bonds with the solvent that must be stronger than those in the solid
phase for solvation to occur. If the dipolar aprotic solvent is not basic or if it has insufficient
basicity, then the dipolar protic API will have low solubility in the solvent, because dipole-
dipole interactions generally do not have sufficient strength to break hydrogen bonds in
the solid phase. On the other hand, when an API is dipolar aprotic, it interacts with dipolar
aprotic solvents through dipole—dipole interactions that must be stronger than those in
the solid phase for solvation to occur.

Conversely, if a solvent is dipolar protic, then the API must have sufficient basicity to
accept hydrogen bonds that must be stronger than those in the solvent phase. Thus, scales
for molecular basicity are extremely important in identifying potential new solvents and
solvent systems. However, note that all KT α, β, and π* parameters influence API solubility
in a mixed solvent and that they depend on the mixed solvent local composition, frequently
in a non-linear or synergistic way [90,91].
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Consider the HBD—HBA mixed-solvent systems shown in Figure 9. When water is
used as the HBD solvent (Figure 9a–c), the HBA solvent addition (increasing x2) lowers
the KT α and generally lowers π* values depending on the HBA polarity and causes
KT β values to initially sharply increase, during which the microscopic polarity changes
greatly due to the formation of complex molecules [91]. For example, water—lactone mixed
solvents have been shown to exhibit synergy in KT basicity [91]. For an alcohol as the HBD
solvent, the addition of an HBA solvent lowers the KT α, and it causes the KT π* and KT β
values to linearly increase or decrease with bulk composition depending on whether the
pure alcohol KT π* or KT β values are less than, equal to, or greater than those of the HBA
solvent alcohol KT π* or KT β values (Figure 9d–i). Duereh et al. showed examples of the
case of ethanol (HBD) –cyclopentanone (HBA), in which mixed solvent composition can be
used to favorably solvate an API (paracetamol), and they also showed a case of methanol
(HBD) –cyclopentanone (HBA), in which mixed solvent composition failed to provide any
solvation benefit, along with examples of 12 APIs [90].
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based on estimations (dashed lines) and actual data (solid lines) [51,86,90,91].

There are a number of HBD—HBA solvent combinations that could be replacements
for hazardous solvents (Figure 9). For possible HBD solvents, water, methanol, and ethanol
are good candidates. When water is the HBD solvent, possible candidate HBA solvents are
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acetone, acetic acid, acetonitrile, EtOH, MeOH, 2-MeTHF, water-2,2,5,5-tetramethyloxolane
(TMO), DMI, Cyrene, Cygnet 0.0, or possibly diformylxylose. Safety and conditions must
be considered carefully. For example, 2-MeTHF forms peroxides more rapidly than IPE,
THF, or CPME when inhibitors are not present; ethereal solvents form peroxides [7]. Cygnet
0.0 is solid at room temperature [303], and 2-MeTHF in water has inverse temperature
behavior up until temperatures of 340 K [304], meaning that its solubility in water decreases
with increasing temperature.

When alcohols are used as the HBD solvent, cyclohexanone (CHN), cyclopentanone
(CPN), many kinds of esters, GBL, GVL, eucalytol (water insoluble), or possibly MeSesamol
(water insoluble) [305] or diformylxylose [306] are candidates. Furthermore, interesting
HBA—HBA combinations, such as Cyrene—Cygnet 0.0, are being suggested for poly-
mer syntheses [303] to replace hazardous dipolar aprotic solvents, and these types of
HBA—HBA mixed solvents could have advantages in processing APIs.

9. Linear Solvation Energy Relationships (LSER)

Polarity parameters originally reported by Kamlet, Abboud, Abraham, and Taft were
intended for use in linear solvation energy relationships (LSER) [307], expressed as follows:

XYZ = XYZ0 + s(π∗+dδ)+aα+bβ+hδH + eξ (5)

where XYZ is a chemical phenomenon, XYZ0 is a reference phenomenon, and s, a, b, h, and
e are descriptors that are used to correlate polarity parameters to XYZ. Many adaptations
have been made of Equation (5), and a well-known one is due to Abraham [308], which
expressed water—octanol partition coefficients (log P) and gas—solvent partition coefficient
(log K) as follows [309]:

log (P) = c + eE + sS+ aA + bB + vV (6)

log (K) = c + eE + sS+ aA + bB + vL (7)

Where the bold symbols are properties of the solute related to excess molar refraction
(E), dipolarity/polarizability (S), hydrogen bond acidity (A), Lewis basicity (B), McGowan’s
molecular volume (V), and gas-to-hexadecane partition coefficient (L). LSER models are
directly applicable to predict the solubility of APIs in solvents [309]. LSER models are
widely used in the field of chromatography for characterizing columns and estimating
retention times [310,311] or in the analysis of petroleum distillate conditions with group
contribution activity coefficient models such as UNIFAC [312], but they do not appear to
have been used more broadly (in reverse) in mixed solvent replacement schemes, although
environmentally related partition coefficients are incorporated into life-cycle assessment
tools, such as EPA’s CompTox chemical dashboard system [313] or machine learning studies
for solvent characterization factors [314].

10. Conclusions

In this work, several strategies were highlighted for the replacement of hazardous
dipolar aprotic solvents related to pharmaceutical and bio-related compounds. Solvent
guides form the basis of solvent replacement and consider categories of safety, human
health, environment, waste, and sustainability. Linking online solvent selection sites with
GSK, CHEM21, ECHA, and other guidelines would allow for the efficient dissemination of
solvent replacements.

An example of drop-in replacement solvents and several mixed solvent combinations
for synthesizing APIs is one strategy that shows it is possible for academia and the industry
to replace hazardous dipolar aprotic solvents by adopting new chemical systems that are
both efficient and safe. The universal guide for the replacement of hazardous dipolar
aprotic solvents in synthetic chemistry is one of the key strategies.
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Mixed solvents can be used in many ways to replace hazardous solvents, often with a
performance benefit. Dichloromethane can be replaced by ethanol (HBD) and ethyl acetate
(HBA) mixed solvents, as is evident from marketed stock solutions by chemical companies.
The use of CO2 with esters or alcohols instead of hexane or chlorinated hydrocarbons is
seen to be effective for thin-layer, flash, and supercritical chromatography, and with the
introduction of marketed industrial analytical equipment, it is clear that the new technology
will become established.

Expanded liquids, supercritical fluids, low-transition temperature (HBD—HBA) mix-
tures, and switchable solvents all offer safer chemical systems that have low energy, perfor-
mance, and sustainability benefits. Chemical systems based on HBD—HBA mixtures of
molecular solvents for processing APIs offer a simple way to replace hazardous solvents by
considering the range of solubility parameters, Reichardt polarity, and Kamlet—Taft pa-
rameters of the pure components. Reichardt polarity and Kamlet—Taft parameters of pure
components are necessary physical properties for the development of solvent replacement
strategies. By using the available solubility data of APIs in mono-solvents, new mixed
solvent combinations can be seen.

11. Future Outlook

Presently, there are many measurements of Reichardt polarity and Kamlet—Taft
parameters of pure compounds, but far fewer measurements have been made for mixed
solvent systems that can potentially replace hazardous dipolar aprotic solvents. Many new
measurements are needed of Reichardt polarity and Kamlet—Taft parameters of HBD—
HBA and HBA—HBA mixed solvents, especially those systems such as ethanol—ethyl
acetate, to understand fundamental interactions of complex molecules with APIs.

Theoretical methods applied to HBD—HBA systems could greatly accelerate the
identification of new chemical systems for processing APIs. COSMO-RS is able to quan-
titatively predict Kamlet—Taft parameters for both molecular solvents and deep eutectic
solvents [315]. COSMO-RS gives qualitative predictions of Hansen solubility parame-
ters [316], which is encouraging because the values of APIs could lead to a great reduction
in experimental effort.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/liquids4020018/s1, Table S1. Water-soluble APIs solvated by
monosolvents and their solvent polarity (ET

N), Kamlet-Taft acidity (α), basicity (β) window, dipo-
larity/polarizability (π*) and corresponding literature. Solvents listed as hazardous in GSK solvent
guide are highlighted in red. Table S2. Water-insoluble APIs solvated by monosolvents and their
solvent polarity (ET

N), Kamlet-Taft acidity (α), basicity (β) window, dipolarity/polarizability (π*)
and corresponding literature. Solvents listed as hazardous in GSK solvent guide are highlighted
in red.
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Article

Conventional and Green Rubber Plasticizers Classified through
Nile Red [E(NR)] and Reichardt’s Polarity Scale [ET(30)]
Franco Cataldo

Actinium Chemical Research Institute, Via Casilina 1626A, 00133 Rome, Italy; franco.cataldo@fastwebnet.it

Abstract: After a survey on polymer plasticization theories and conventional criteria to evalu-
ate polymer–plasticizer compatibility through the solubility parameter, an attempt to create a
polymer–plasticizer polarity scale through solvatochromic dyes has been made. Since Reichardt’s
ET(30) dye is insoluble in rubber hydrocarbon polymers like polyisoprene, polybutadiene and
styrene–butadiene copolymers and is not useful for the evaluation of the hydrocarbons and ester
plasticizers, the Nile Red solvatochromic dye was instead used extensively and successfully for this
class of compounds. A total of 53 different compounds were evaluated with the Nile Red dye and
wherever possible also with Reichardt’s ET(33) dye. A very good correlation was then found between
the Nile Red scale E(NR) and Reichardt’s ET(30) scale for this class of compounds focusing on diene
rubbers and their typical hydrocarbons and new ester plasticizers. Furthermore, the E(NR) scale also
shows a reasonable correlation with the total solubility parameter calculated according to the Van
Krevelen method. Based on the above results, some conclusion was made about the compatibility
between the diene rubbers and the conventional plasticizers, as well as a new and green plasticizer
proposed for the rubber compounds.

Keywords: rubbers; plasticizers; solvatochromic dyes; Nile Red dye; Reichardt’s dye ET(30);
Reichardt’s dye ET(33); compatibility; solubility parameter

1. Introduction

Plasticizers are liquids at ambient temperature with a relatively high molecular weight
or, less frequently, low-melting-point solids, which are added to a polymer matrix to change
its viscoelastic properties [1–9]. The changes in the physical properties of the polymer
matrix have many consequences starting from an improved processability, passing through
an increased flexibility of the resulting polymer compound, and leading to improved low-
temperature performances [1–9]. The latter result is achieved because the plasticizer is often
a liquid characterized by a lower glass transition temperature (Tg) than the guest polymer
matrix, leading to a shift of the compound Tg toward lower temperatures. Indeed, the
plasticizer efficiency is often measured by the degree of glass transition temperature shift
toward lower temperatures of the resulting plasticized compound (Tg

c) with respect to the
glass transition of the raw polymer (Tg

p) so that ∆Tg = Tg
p − Tg

c [1–9]. However, the ∆Tg is
most pronounced in polymers with rigid chains (e.g., PVC), whereas the plasticizer causes
a shift of the order of 100−160 ◦C. On the other hand, the effect of plasticizers on already
flexible and rubber-like polymers is much less pronounced and limited to a ∆Tg shift to
just a few tens of ◦C toward lower temperatures [1–9]. For rubbers already characterized
by low glass transition temperature values (e.g., natural rubber Tg = −72 ◦C or high cis-
polybutadiene with Tg = −105 ◦C), the plasticizer effect can cause a ∆Tg ≈ −10 ◦C [10,11].
For each given type of polymer or polymer blend, the efficiency of a plasticizer is measured
by the degree of ∆Tg it is able to cause with respect to another plasticizer. Furthermore, at
least for polar polymers (and with a series of limitations), a simple relationship has been
found: ∆Tg = kn with k being a proportionality constant and n being the moles of plasticizer
added, suggesting that the glass transition temperature shift is directly proportional to
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the amount of the plasticizer added [3]. On the other hand, for apolar polymers, it holds
a similar relationship: ∆Tg = k’ϕ, where ϕ is the volume fraction of the plasticizer [3].
Another simple relationship for the determination of the compound glass transition is the
following [8]:

1/Tg
c =ω1/T1 +ω2/T2 (1)

whereω1 andω2 are the weight fractions of polymer and plasticizer, respectively, while T1
and T2 values are the respective glass transition temperatures. Other relationships for the
estimation of the glass transition of a plasticized compound can be found in ref. [8].

At this point, it is worth very shortly surveying the three main theories of plasticization
mechanisms: the lubricity theory, the gel theory and the free volume theory. It is also
interesting to note that the latter theory also includes the other two [1–9].

The lubricity theory [1–9] starts from the observation that in a pure polymer, the resis-
tance to deformation and flow derives from the intermolecular friction between adjacent
polymer chains which are in direct contact. The introduction of the plasticizer molecules
between the polymer chains facilitates the movement of the chain segments through a
slippage mechanism provided by the lubricating action of the plasticizer.

The gel theory [1–9] represents a further step ahead with respect to the lubricity theory.
It starts from the idea that in amorphous polymers, the resistance to deformation derives
from a model structure of the polymer intended to be a three-dimensional or honeycomb-
type structure, which can also be defined as a gel structure. Such a gel structure is conceived
as derived from loose attachments or secondary forces that occur at rather regular intervals
along the polymer chains and hence in the matrix. The introduction of a plasticizer in such
honeycomb structures has the effect of breaking the loose attachments and masking the
center of forces by preventing the reformation of the three-dimensional macromolecular
interaction. It is admitted that the masking action of the force centers derives from the
fact that the polymer chain segments are solvated by the plasticizer. Solvation is always
intended in a dynamic way so that each chain segment is solvated and de-solvated and,
sometimes, the masking action is lost for a while. This implies an increased flexibility and
flowability of the polymer chain and the resulting plasticized compound. Naturally, the
chemical nature of each plasticizer exerts a different effect on the masking effect of the
secondary force centers, leading to the individual effect of each plasticizer.

The free volume theory [1–9] starts from the observation that the free volume in a
polymer is a measure of the internal available space for the motion of the chain segments,
the chain ends and the side groups. The free volume reaches the minimum value, say
2.5% of the volume of the given polymer body, when it is cooled below its glass transition
temperature. Indeed, below the Tg, because of the limited free volume available, the
mentioned chain, end and side group movements are frozen and the polymer is in a glassy
state. An increase in the motion of these moieties of the polymer can be achieved by
(1) heating, (2) the addition of a plasticizer (which, being a low-molecular-weight molecule,
increases the number of chain ends dramatically), (3) introducing branching or bulky side
groups to the main polymer chain, and (4) inserting more flexible chain segments into the
main polymer chain. Thus, any action that leads to an increase in the free volume of a
polymer is measurable by a shift of the glass transition toward lower temperatures. The
simplest action, which does not cause a chemical modification of the polymer, is just the
physical addition of a plasticizer. This is known as external plasticization to distinguish
it from internal plasticization, which instead is due to the chemical modification of the
polymer. It is evident that the free volume theory is the most convincing and includes all the
notions of the lubricity and gel theories. In fact, the plasticizer fills the available free volume
and creates extra free volume; the first molecular layer of the plasticizer is adsorbed on
the polymer chain segments and provides a certain degree of solvation, shielding the force
centers of interaction between chains and preventing polymer networking reformation on
cooling. The excess plasticizer molecules, not interacting directly with the polymer chain
segments, act as a volume filler of the free volume created by the first layer of molecules
solvating the chain segments and may provide a lubricating effect under deformation and
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flow. Additional discussion about the free volume theory and recent developments can be
found in ref. [8].

The key practical problem in the use of plasticizers is the evaluation of the compatibility
between the polymer, the polymer blend and the plasticizers. A general and updated survey
can be found in ref. [9]. However, the most popular and accessible approach to evaluating
the polymer–plasticizer compatibility involves the use of the solubility parameter either in
rubber compounds [12] or in plastics [13].

The solubility parameter has been defined by Hildebrand and Scott [12] as follows:

δ = [(∆Hvap − RT)/Vm]0.5 (2)

The evaporation enthalpy ∆Hvap was taken as the parameter of the cohesion energy
between molecules minus the thermal energy needed to separate them (RT) divided by the
molar volume Vm. Equation (2) can be re-written as

δ = [(Ecoh)/Vm]0.5 (3)

The cohesive energy Ecoh of a substance in a condensed state is defined as the increase
in internal energy ∆U per mole of substance if all the intermolecular forces are eliminated.

Hansen [13] showed that the solubility parameter proposed by Hildebrand and Scott
does not take into account the contribution of polar forces and hydrogen bonding; therefore,
a more complex solubility parameter has been proposed:

δ2 = δd
2 + δp

2 + δh
2 (4)

derived from the contribution of three components of the cohesive energy:

Ecoh = Ed +Ep + Eh (5)

which are due to the contribution of dispersion and polar forces plus a hydrogen bonding
contribution, respectively.

It is possible to calculate the solubility parameters and the solubility parameter compo-
nents of almost all molecules and polymers by a group contribution method [14]. For this
purpose, as explained by Van Krevelen [14], it is useful to introduce the molar attraction
constant simply defined as

ϕ = (Ecoh Vm)0.5 (6)

A set of equations was proposed by Van Krevelen [14] for the calculation of the solu-
bility parameter components using molar attraction by a group contribution methodology:

δd = (∑ϕd)/Vm (7)

δp = (∑ϕp
2)0.5/Vm (8)

δh = [(∑Eh)/Vm]0.5 (9)

The total solubility parameter can be calculated as follows:

δt = (δd
2 + δp

2 + δh
2)0.5 (10)

It can be observed from Equation (9) that the hydrogen bond parameter δh cannot
be calculated from the molar attraction, but directly from the hydrogen bonding energy
Eh [14]. There are numerous ways of evaluating the solubility of a given polymer P in a
given solvent S; Van Krevelen [14] suggests the criteria imposed by the following equation:

∆δ = [(δd,P − δd,S)2 + (δp,P − δp,S)2 + (δh,P − δh,S)2]0.5 (11)
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To predict solubility,
∆δ ≤ 5 (12)

Alternatively, Hansen [13] proposed a more sophisticated and relatively complex
approach for the evaluation of the solubility of a polymer in a solvent.

A simpler and more practical approach regards the direct adoption of the total sol-
ubility parameter δt, eventually determined according to Equation (10), to evaluate the
solubility between a polymer and a plasticizer or a solvent, which conforms to the criteria
imposed by the following equation:

|∆δ| = (δt,P − δt,S) ≤ 3.0 (13)

a criterion proposed by Brydson [12].
By using the Van Krevelen methodology [14] in previous works, we have calculated

the solubility parameters of fullerenes [15] and their solubility in fatty acid esters and
glycerides [16]. Similarly, it was through the calculated solubility parameters according
to the Van Krevelen methodology [14] that the compatibility between biodiesel and diene
rubbers as well as other typical petroleum-derived plasticizers used in rubber compounding
was calculated [17].

In the present work, we wish to show an alternative or complementary approach to the
solubility parameter to evaluate in a practical way the compatibility between a plasticizer
and a polymer matrix (in particular a rubber polymer) by also classifying the plasticizers
and the rubbers through Reichardt’s polarity scale ET(30) or through a complementary
scale. After all, Reichardt’s polarity scale was also successfully applied for the first time in
the selection of a bonding agent for a rocket propellant composite [18].

2. Materials and Methods
2.1. Materials

All plasticizers, solvents and polymers, unless otherwise stated, were purchased
from Merck-Aldrich (Darmstadt, Germany– St.Louis, MO, USA). The petroleum-based
plasticizers or extenders used in the rubber (tire) industry were commercially available
products sourced from the market of rubber chemicals and additives. Namely, these
plasticizers were T-DAE (treated distillate aromatic extract) and MES (mild extract solvate).
Only the product Nytex BIO 6200 (a blend of naphthenic oil and fatty acids from renewable
sources) was obtained from Nynas (Stockholm, Sweden). The methyl ester of rapeseed
oil was a commercial biodiesel we used as a rubber compound plasticizer in our earlier
work [17]. Another commercially available plasticizer of this study was the methyl ester of
coconut oil. These methyl esters are prepared on an industrial scale by transesterification
of the corresponding glycerides with methanol. The sunflower oil (high oleic content) and
the soybean oil of the present work were industrial products obtained from the market of
rubber chemicals. There is a trend in the patent [19,20] and in the open literature, e.g., [21],
to adopt vegetable oils in tire treads as a substitute for petroleum-based plasticizers to
produce greener tires. The most interesting vegetable oils appear to be soybean [19] and
sunflower oil [20], also including a combination of both oils [21] as plasticizers in tire
treads. Regarding the rubber samples, cis-1,4-polybutadiene (Europrene Neocis 60) was
obtained from Versalis (Ravenna, Italy), synthetic cis-1,4-polyisoprene sample was SKI-5PM
produced by JSC Sterlitamak Petrochemical Plant (Russia) and solution styrene–butadiene
rubber (S-SBR) was obtained from Arlanxeo (Dormagen, Germany). The S-SBR was FX5000
grade, characterized by 50% vinyl content and 20% styrene content. Epoxidized natural
rubber (ENR-25) was supplied by Ekoprena (Kuala Lumpur, Malaysia). The nitrile rubber
sample was sourced from Versalis (Ravenna, Italy), and it was the Europrene N3345 with
33% acrylonitrile content. All the other polymers including the liquid polymer samples
were purchased from Merck-Aldrich (Darmstadt, Germany– St.Louis, MO, USA).
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The solvatochromic dyes ET(30) and Nile Red, whose chemical structures are shown
in Scheme 1, were purchased from Merck-Aldrich (Germany–USA). The solvatochromic
dye ET(33) was obtained from Fluka (Buchs, Switzerland).
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2.2. Determination of the Maximum Absorbance with the Solvatochromic Dyes in Liquid Samples

For all plasticizers, solvents and liquid polymers, the dissolution of the minimal
quantity of the selected solvatochromic dye was made in a beaker by stirring. For viscous
liquids, gentle heating was applied to accelerate the dissolution of the dye. The typical
volume of each sample under analysis was 10 mL and the dye added was much less than
a spatula tip. Before making any spectrophotometric measurement on our Shimadzu
UV2450 equipped with thermostated cells kept at 25 ◦C, a back correction was made with
quartz cuvettes filled with the pure liquid sample under study. This operation is crucial,
especially with yellow or even brown liquid samples, for instance, the plasticizers used
in the tire industry, to reduce or minimize the color interference of the sample. After the
back-correction step, the electronic absorption spectrum of the solvatochromic dye in the
selected liquid was recorded using the reference cuvette filled with the reference liquid
without any dye.

2.3. Determination of the Maximum Absorbance with the Solvatochromic Dyes in Solid Thin Films
of Polymer Sample

Regarding the polymer thin films with the solvatochromic dye (typically Nile Red)
embedded inside, the sample preparation involved the following steps. The selected
polymer or rubber cut into the smallest possible pieces was weighed in a flask (typically
500–600 mg) and dissolved in about 13 g of dichloromethane (CH2Cl2). Only for epoxidized
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natural rubber (ENR-25) and for nitrile rubber (Europrene N3345) was it necessary to
use tetrahydrofuran (THF) as a solvent instead of CH2Cl2. Once the polymer was fully
dissolved, less than a tip of a spatula of Nile Red was added to the solution and stirred till
a complete dissolution of the dye was achieved. The resulting homogeneous solution was
poured into an optical glass dish with a diameter of 11 cm and the solvent was allowed to
evaporate slowly under a fume hood. After the complete evaporation of the solvent, the
resulting dyed polymer film in the dish was heated to 60–70 ◦C to permit the complete
evaporation of any solvent trace. After cooling, the electronic absorption spectrum of the
dyed polymer film was directly collected through the optical glass dish. Only in a couple
of cases, i.e., with polystyrene and poly(lactic acid), was it possible to separate the polymer
film from the glass dish as a free-standing thin solid film. In the latter two cases, the
electronic absorption spectra were recorded directly on the free-standing thin solid films.

It is known from the literature [22] that the solvatochromic dye may separate into the
form of microcrystals on the polymer surface leading to non-useful absorption maxima
readings. This potentially undesired effect was minimized by using the minimum possible
amount of dye during the preparation of the composite. Furthermore, Nile Red dye is
characterized by a high solubility in hydrocarbon polymers (in contrast to the ET(30) and
ET(33) dyes). Consequently, the potential blooming was therefore completely suppressed.

The potential solvent effect was checked in the case of polybutadiene. This polymer
was dissolved both in CH2Cl2 and in THF. The resulting two different polymer films with
Nile Red dye prepared on glass dishes were analyzed spectrophotometrically, obtaining
the same maximum absorption value. Of course, the final “drying” step of the film under
moderate heating is crucial to remove all the solvent traces, which otherwise may affect the
position of the maximum absorption.

3. Results
3.1. General Aspects of Nile Red Solvatochromic Dye with Respect to ET(30) Dye

The challenge of this work is to evaluate, through a solvatochromic scale, the potential
compatibility between polymers and plasticizers with special attention to rubber polymers
and plasticizers used in the rubber and tire industry. This new approach could be a
complementary and experimental way with respect to the evaluation and estimation of the
solubility parameter of each component as conducted, for example, in a previous work [17]
using the Van Krevelen methodology [14]. The key problem faced by the present work
is represented by the fact that the fundamental Reichardt’s dye, ET(30) of Scheme 1, is
insoluble in hydrocarbons, and it is also not suitable for ester plasticizers either because
of the relatively low solubility but also because the small residual acidity in the esters
causes the protonation of the phenolate oxygen anion, leading to the disappearance of
the long-wavelength solvatochromic charge transfer (CT) band [23]. Indeed, the ET(30)
values of hydrocarbons were all determined through another complementary penta-t-butyl-
substituted betaine dye called ET(45) [24], which is not easily accessible and furthermore, it
is exactly as sensitive to protonation as the ET(30) dye. Thus, the Reichardt dye suitable
for polar media with weak acidity is the ET(33) dye (see Scheme 1) [23], which in fact was
adopted in the present work. The symmetrical chlorine substitution in the ortho-position
to the phenolate group changes the pKa of the conjugated acid of the dye ET(33) by four
orders of magnitude with respect to ET(30), making the former dye suitable for weakly
acidic media [23]. Since the ET(30) but also the ET(33) values expressed in kcal/mol are
both determined through the well-known equation [23,24]

ET = 28,591 λ−1 (14)

where λ is the maximum absorption of the long-wavelength CT band of the pyridinium-
N-phenolate betaine dye in a given liquid medium; the conversion from ET(33) values to
ET(30) can be achieved through the following equation [23]:

ET(30) = 0.9953 ET(33) − 8.1132 (15)
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Despite the availability of ET(33), the potential measurement of the polarity in certain
hydrocarbon-based plasticizers, in certain apolar polymers and in certain esters remains
unaffordable.

In a seminal paper belonging to this Special Issue of “Liquids”, Acree and Lang [25]
have shown an interesting and sophisticated approach that permits the estimation of the
ET(30) values of certain “difficult” substrates where the direct polarity measurement is
hindered for a series of reasons, as in the present case for apolar polymers (e.g., rubbers)
and certain plasticizers.

An alternative to the above approach is to resume the solvatochromic dye known as
Nile Red. The chemical structure of Nile Red is shown in Scheme 1 and the full chemical
name of the dye is 9-diethylamino-5H-benzo[α]phenoxazinone [26]. It is a very stable
fluorescent dye used for staining biological tissues, being highly lipophilic [27]. Certain
structural analogies between Nile Red and phenol blue have been known for a long time,
including the interesting solvatochromic behavior of the former dye [28]. Indeed, Nile Red
is not only soluble in hydrocarbons but also in fats, where ET(30) is insoluble. In acid media,
Nile Red does not lose its solvatochromic behavior, in contrast with the ET(30) dye [28]. In
these instances, Nile Red is completely complementary to ET(30) and it is the ideal dye for
the present work, where the substrates are apolar polymers (e.g., rubbers), hydrocarbons
and ester plasticizers, but also triglycerides.

Deye, Berger and Anderson [28,29] have already performed a systematic study of
Nile Red in comparison to ET(30) dye, showing that with the former dye, it is possible to
measure the solvent polarity in many more liquids than those directly accessible by the
ET(30), including fluorinated molecules and supercritical CO2. As in the case of ET(30),
the electronic absorption maximum of Nile Red can be expressed in kcal/mol according
to Equation (14), so that an E(NR), i.e., Nile Red, scale for solvent can be constructed. A
recognized disadvantage of the E(NR) scale with respect to the ET(30) scale regards the fact
that the band shift of the Nile Red dye in media of different polarities is less pronounced
than the case of the band shift offered by Reichardt’s dye [28]. This implies an intrinsic
lower sensitivity of the E(NR) to polarity change with respect to the ET(30). Furthermore,
as can be seen in Figures 1 and 2, the absorption maxima of Nile Red and Reichardt’s dyes
vary in the opposite direction to the polarity of the medium, i.e., Nile Red is a positively
solvatochromic dye, whereas Reichardt’s dye is a negatively solvatochromic probe [30].

Figure 1 shows that the correlation between E(NR) and ET(30) is not linear but quite
complex when considering all data available for any type of solvent (excluding the fluori-
nated molecules):

E(NR) = −0.0012 [ET(30)]3 + 0.1728 [ET(30)]2 − 8.1534 [ET(30)] + 182.17 (16)

with a correlation coefficient R2 = 0.888.
However, when considering only certain homogenous classes of solvents, for example,

non-HBD solvents, simpler and more linear correlations are obtained, as will be shown later.
It is also interesting to note that the attention toward the Nile Red dye as a solva-

tochromic probe alternative or complementary to ET(30) is steady from a theoretical point
of view but also from a practical point of view. The theoretical analysis focuses on the
nature of the charge transfer transition of Nile Red, which makes it an effective probe.
A twisted intramolecular charge transfer transition was advocated for this dye [31–37],
and the ground and excited dipole moments of the dye were also estimated. The Nile
Red dye is steadily employed in many measurements including probing hydrocarbon
liquids [36], absorption and fluorescence in a series of alcohols [37], analysis of green
chemistry solvents’ polarity [38], study of anisotropic liquids [39], in zeolites [40], detection
of lipid order heterogeneity in cells [41], and detection of hydrogen bonding strength in
microenvironments [42], limiting the numerous fields of current applications.
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Figure 1. Correlation between E(NR) and ET(30) using the data of ref. [28] and excluding the
fluorinated molecules.
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3.2. Determination of Rubber and Polymer Polarity with Nile Red Solvatochromic Dye

As detailed in Section 2.3, the micropolarity of the rubber polymers was determined
with Nile Red solvatochromic dye either using model compounds or liquid polymers where
the dye was soluble or using thin solid-state polymer films where the dye was embedded
in the polymer matrix with the aid of a solvent, which was then removed completely. The
basic idea of the latter approach derives from the seminal work of Dutta et al. [43], who
used Nile Red as a micropolarity probe for plastics in polymethylmethacrylate (PMMA)
and polyvinylalcohol films. We also extended the same approach to rubber polymers like
cis-1,4-polyisoprene, cis-1,4-polybutadiene, the styrene–butadiene copolymer, epoxidized
natural rubber and nitrile rubber. The micropolarity of polystyrene and poly(lactic acid)
films was also studied, whereas the E(NR) value reported by Dutta et al. [43] was adopted
for PMMA.
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Table 1 reports the experimental E(NR) values for all the above-mentioned rubbers
and other liquids. In Table 1, the apolar compounds are at the top of the table and the most
polar at the bottom of it.

Regarding the rubber and other polymers studied, there is a logical trend from apolar
to polar compounds starting with the liquid model compounds squalane and squalene
(squalane is the liquid analog of the ethylene–propylene copolymer, while squalene can be
considered a liquid model compound of natural rubber or cis-1,4-polyisoprene as discussed
elsewhere [44]) as the most apolar, followed by the liquid polyisoprene and polybutadiene
and then by the thin solid films of polybutadiene (BR) and polyisoprene (IR). The copolymer
styrene–butadiene rubber (S-SBR) with 21% styrene content is found to be more polar than
either BR or IR as expected. S-SBR shows E(NR) values in the same range as polystyrene
thin solid film and the petroleum-based rubber plasticizer T-DAE, whose aromatic content
is in the range of 20–25%.

As expected, polar polymers are appropriately positioned in the E(NR) scale, with
epoxidized natural rubber (ENR-25) showing an E(NR) value of 54.32 kcal/mol with respect
to 57.55 kcal/mol of liquid IR and 56.82 kcal/mol of the solid film of IR.

Even more polar than ENR-25 are polymethylmethacrylate (PMMA) and poly(lactic
acid) (PLLA), both with E(NR) = 53.44 kcal/mol, followed by nitrile rubber (NBR) with
33% acrylonitrile (ACN) content and a Nile Red electronic transition at 53.07 kcal/mol.
The most polar polymers (among those studied in the present work) were two oligomers:
polyethylene glycol (PEG-400) and polytetrahydrofuran liquid oligomer (polyTHF), both at
52.1 kcal/mol. Being oligomers, the latter two compounds have their micropolarity affected
by the OH end groups which, of course, play an important role in affecting their polarity.

3.3. Determination of Rubber Plasticizer Polarity with Nile Red Solvatochromic Dye

Treated distillate aromatic extract (T-DAE) and mild extract solvate (MES) represent
the most-used petroleum-based plasticizers in rubber compounds since 2010 when the use
of distillate aromatic extract (DAE) was banned. T-DAE has an aromatic content in the
range of 20–25%, while the aromatic content of MES is limited to 10–15%. Unfortunately,
T-DAE is too dark to measure its E(NR) value but it was possible to perform a measurement
on it with the ET(33) dye. On the other hand, MES is much more clear in color than T-
DAE and it was possible to make a measurement both with ET(33) and Nile Red dyes as
summarized in Table 1. From these data, T-DAE is appropriately positioned in Table 1 just
between the S-SBR rubber and the polystyrene polymer. Surprisingly, the MES, which is
prevalently aliphatic and naphthenic in its chemical nature, is positioned not among the
hydrocarbons at the top of Table 1 but rather in the upper-mid part of Table 1, sharing
the same E(NR) value as biodiesel i.e., the methyl ester of fatty acids from rapeseed oil,
which instead is appropriately positioned in Table 1. There are probably components and
impurities in the MES (which is a mixture of hydrocarbons) that affect its real polarity
value. The presence of water and heteroatoms (e.g., N, S, Cl) may significantly alter the
polarity in these industrial compounds.

As already stated in Section 2.1, there is a trend to use vegetable oils as rubber plasti-
cizers, and the most popular are soybean and sunflower oils [19–21]. In Table 1, both oils
were tested with the Nile Red dye, and the soybean oil appears to be slightly less polar with
an E(NR) = 54.55 kcal/mol with respect to the sunflower oil (high oleic content), which
has an E(NR) = 54.13 kcal/mol. It is also interesting that a commercial product Nytex Bio
6200, which is a blend of petroleum-based naphthenic oil and fatty acids, is classified by
the E(NR) scale to be just in the middle between soybean oil and sunflower oil.

On the other hand, the methyl esters of fatty acids derived from rapeseed oil (biodiesel)
or from coconut oil are slightly less polar than triglycerides. In fact, for the methyl esters of
fatty acids, E(NR) = 54.7 kcal/mol, while the triglycerides show E(NR) = 54.1–54.5 kcal/mol.
Thus, at least in terms of compatibility with rubbers for tire application, based on the above
data, there are no practical differences between the methyl esters of fatty acids and the
triglycerides, as already disclosed some time ago [17].
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In the past, phthalates were used as plasticizers for winter tire treads. However, at
present, there are a number of concerns regarding the environmental and health impact of
phthalates [45–47] so they must be replaced by safer plasticizers. The typical plasticizers
used in place of phthalates are adipates and sebacates. In our E(NR) scale, it is possible to
see that the phthalates are located at E(NR) = 55.0–55.3 kcal/mol, although DOP (diethyl-
hexylphthalate), the most used in the past, was found at 53.2 kcal/mol. It is interesting to
note that the adipates are found at about 55 kcal/mol, with diethylhexyladipate (DOA)
being the most common at 54.67 kcal/mol. The same comments apply to sebacates, which,
although more expensive than adipates, display similar E(NR) values to adipates and DOA
in particular.

Another trend regarding the substitution of DOP involves the use of terephthalic acid
derivatives, and in particular, the use of dioctylterephthalate (DOTP), whose E(NR) in
Table 1 was found to be 54.27 kcal/mol, which was less polar, as expected, than DOP at
53.24 kcal/mol.

Tetrahydrofurfuryl alcohol (THFA) has been proposed as an ideal alcohol from re-
newable sources. In fact, it derives from furfurol obtained from mineral acid treatment of
biomasses. Furfurol is fully hydrogenated to THFA. We have synthesized several esters
of THFA as part of another project [48] and in Table 1, we report the polarity values of
the adipate, sebacate, oleate, laurate and pelargonate measured with the ET(33) dye; in
the Discussion section, it will be shown how the ET(30) values correlate linearly with the
E(NR) values for the class of compounds considered in the present paper. The THFA esters
appear too polar to have good compatibility with common rubbers such as IR, BR and
S-SBR but may be more than suitable as plasticizers for nitrile rubber (NBR) with E(NR) =
53.07 kcal/mol and 52-53 kcal/mol for the THFA esters.

Polyethylene glycol is used in certain rubber compounds as a compatibilizer aid
between silica filler and rubber. The E(NR) value for PEG-400 was found at 52.15 kcal/mol,
while the E(NR) value of raw silica surfaces is not known, but a work on modified silica
surfaces reports E(NR) ≈ 48-7–52.6 kcal/mol (depending from the type and degree of
modification of the surface) [49]. Based on these data, PEG-400 is really suitable for
interacting with silica surfaces. In Table 1, it is shown that polytetrahydrofuran (polyTHF)
oligomer is also a suitable liquid for the compatibilization of silica surfaces with rubber,
since polyTHF shows the same E(NR) value as PEG-400. To reduce the polarity of PEG-400,
it is possible to esterificate the OH end groups of the glycol with oleic acid to obtain either
PEG monooleate with E(NR) = 53.6 kcal/mol or PEG dioleate with 53.8 kcal/mol.

4. Discussion
4.1. Correlation between the E(NR) Scale and the ET(30) Scale

The results have shown that Nile Red is an excellent and complementary solva-
tochromic dye with respect to ET(30). It is complementary because it is soluble in hydrocar-
bons and it is not sensitive to the residual acidity that may be present in ester plasticizers.
Furthermore, Nile Red is also soluble in the same solvents as ET(30) and ET(33). Without
the use of Nile Red, the present work could not have been conducted since we dealt with
hydrocarbon rubber polymers and plasticizers where ET(30) was insoluble or problematic
but where ET(33) also had problems. Furthermore, ET(33) is no longer easily commercially
available, while the easy availability of Nile Red is due to the fact that it is also used as a
staining dye for biological tissues and cells [27].

In this work, 53 compounds, either polymers or plasticizers, were studied with Nile
Red and wherever possible also with the ET(33) dye. The data in Table 1 obtained with the
latter dye were converted to the ET(30) scale using Equation (15). Only in a couple of cases
was it possible to use ET(30) dye directly. The experimental data in Table 1 were then put
in a graph as shown in Figure 2, so that the following equation was obtained with a very
good correlation coefficient R2 = 0.944:

E(NR) = −0.3039 ET(30) + 67.312 (17)
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and the reverse equation,

ET(30) = [E(NR) − 67.312]/(−0.3039) (18)

Equation (17) was then used to calculate the E(NR) values which were not measured
with Nile Red dye. The calculated values are shown in italic characters in Table 1. Similarly,
for the ET(30) values in Table 1, use was made of Equation (18), and the calculated values
are shown in italic characters as well.

4.2. Correlation between the Solubility Parameter δt and the E(NR) Scale

In the introduction, we presented the classical approach to determine the compatibility
between a polymer and a plasticizer. The classical approach involves the determination of
the solubility parameter of both components, by finding these values in published tables
(e.g., Hansen’s book [13]) or calculating the solubility parameter of each component by
group increments through the Van Krevelen method [14] or other similar approaches. Then,
the solubility criteria are shown in Equations (11)–(13).

It is interesting at this point to evaluate how the total solubility parameter δt correlates
with the E(NR) scale. Our first approach was to use the Hansen solubility parameter δt
derived from the data tabulated in ref. [13]. However, the correlation with the E(NR) values
reported in Table 1 was not satisfactory.

The following step was to calculate the δt value for each solvent, plasticizer and
polymer reported in Table 1 according to the Van Krevelen method [14]. The calculation
results are shown in the last column on the right of Table 1. These calculated δt values
were then put in a graph against the E(NR) values of Table 1 and the results are shown
in Figure 3. Although this time, the correlation coefficient R2 = 0.64 is not as good as the
E(NR) vs ET(30) correlation shown in Figure 1, an evident trend can be observed so that at
least a rough estimation of E(NR) can be derived from δt according to the following:

δt = −0.472 E(NR) + 43.33 (19)
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In the correlation between the δt values of Table 1 and the E(NR) values, we were
forced to exclude the δt values of tetrahydrofurfuryl alcohol, ethyl lactate and the polymer
polymethylmethacrylate (PMMA).

4.3. Some Reflections on the Diene Rubber Compatibility Based on the E(NR) Scale

The main purpose of the present work was to create a polarity scale for hydrocarbon
rubbers and conventional and new plasticizers. As shown in Table 1, it was possible
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to measure the E(NR) value of the key diene rubbers polyisoprene (IR), polybutadiene
(BR) and the copolymer styrene–butadiene (S-SBR). From this measurement, it turned out
that the liquid oligomers of IR and BR were adequate model compounds of the higher
polymers IR and BR since very similar E(NR) values were measured. The same reasoning
also applies for squalene as a model compound of IR polymer. Regarding the conventional
hydrocarbon plasticizers of diene rubber, from Table 1, it is immediately evident that the
T-DAE plasticizer with its relatively high aromatic content is fully compatible with S-SBR,
since both compounds share the same E(NR) value. Furthermore, it is also confirmed that
T-DAE is also more compatible with IR and BR than MES, which, although less aromatic,
evidently contains some structural feature that increases its polarity to the same level
as biodiesel (the methyl ester of rapeseed oil tested previously with success as a rubber
compound plasticizer [17]).

The phthalate-based plasticizers used in the past in passenger winter tire treads result
in the E(NR) scale being less polar and more compatible with the diene rubber than the
currently used ester plasticizers like adipates and sebacates.

“Green” plasticizers are those produced from renewable sources. Thus, emerging
green plasticizers for the tire industry are soybean and sunflower oils as well as the semi-
green blend of naphthenic oil with fatty acids (Nytex Bio 6200). As expected, these green
plasticizers are in the middle of Table 1, and the compatibility with the diene rubbers like
IR, BR and S-SBR is probably moderate. On the other hand, in Table 1, it is immediately
evident that such mentioned green plasticizers have excellent compatibility with more
polar rubbers like epoxidized natural rubber (ENR) and nitrile rubber (NBR).

Tetrahydrofurfuryl alcohol (THFA) is considered a green alcohol fully derived from
renewable sources. Thus, its esters with carboxylic acids also from renewable sources
are 100% green. However, such esters of THFA are all found at the bottom of Table 1,
suggesting high polarity and poor compatibility with IR, BR and S-SBR. Instead, the THFA
esters are certainly suitable as plasticizers for ENR and NBR.

5. Conclusions

The evaluation of the polymer–plasticizer compatibility through an ET(30) scale is
hindered by the insolubility of the ET(30) dye in hydrocarbon polymers like IR, BR and
S-SBR. Furthermore, ET(30) dye may have limited solubility in plasticizers and is sensitive
to their weak acidity. In fact, protonation of the ET(30) dye destroys the CT band of this
solvatochromic dye. To circumvent such a situation, other authors [25] have proposed
an interesting, original and sophisticated approach that permits the estimation of the
ET(30) values of certain “difficult” substrates where the direct polarity measurement is
hindered. The alternative approach proposed in the present work is to use Nile Red dye as
a solvatochromic dye. Nile Red has the advantage of being soluble in hydrocarbons and in
polar solvents and it is not sensitive to protonation.

In Table 1, a series of 53 different compounds including rubbers, plasticizers, hydro-
carbon solvents and even some polar polymers (like PMMA, PLLA, PEG-400 and polyTHF)
were tested with the Nile Red probe. For the evaluation of liquid polarity, Nile Red was dis-
solved in the selected liquid and the spectrum was recorded, while for polymers, Nile Red
was embedded in a thin solid film of the selected polymer and the spectrum was recorded
on the solid-state film. Wherever possible, the liquid or plasticizer was also evaluated with
the ET(33) dye (seldom with the ET(30) dye) and the resulting value converted into the
ET(30) scale through Equation (15).

Thus, Table 1, in a certain number of cases, reports both the E(NR) value and the ET(30)
value. These data were used to derive a correlation between E(NR) scale and ET(30), limited
to a selected number of polymers and plasticizers, as shown in Figure 2 and displayed by
Equations (17) and (18) with a very good correlation coefficient.

Furthermore, the total solubility parameter δt as defined by Equation (10) has also been
calculated for each compound according to the Van Krevelen method [14] and reported in
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Table 1. A reasonable correlation was also found between the solubility parameter and the
E(NR) scale, as shown in Figure 3 and described by Equation (19).

Thus, with Nile Red dye, it is possible to study the polarity of hydrocarbon polymers
(like rubbers) and plasticizers and to connect the results either with Reichardt’s ET(30) scale
or with the total solubility parameter.
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Abstract: Solvation properties are key for understanding the interactions between solvents and solutes,
making them critical for optimizing chemical synthesis and biochemical applications. Designable
solvents for targeted optimization of these end-uses could, therefore, play a big role in the future
of the relevant industries. The tailorable nature of protic ionic liquids (PILs) as designable solvents
makes them ideal candidates. By alteration of their constituent structural groups, their solvation
properties can be tuned as required. The solvation properties are determined by the polar and non-polar
interactions of the PIL, but they remain relatively unknown for PILs as compared to aprotic ILs and
their characterization is non-trivial. Here, we use solvatochromic dyes as probe molecules to investigate
the solvation properties of nine previously uncharacterized alkyl- and dialkylammonium PILs. These
properties include the Kamlet–Aboud–Taft (KAT) parameters: π* (dipolarity/polarizability), α (H-bond
acidity) and β (H-bond basicity), along with the ET(30) scale (electrophilicity/polarizability). We then
used molecular dynamics simulations to calculate the radial distribution functions (RDF) of 21 PILs,
which were correlated to their solvation properties and liquid nanostructure. It was identified that
the hydroxyl groups on the PIL cation increase α, π* and ET(30), and correspondingly increase the
cation–anion distance in their RDF plots. The hydroxyl group, therefore, reduces the strength of the
ionic interaction but increases the polarizability of the ions. An increase in the alkyl chain length on the
cation led to a decrease in the distances between cations, while also increasing the β value. The effect
of the anion on the PIL solvation properties was found to be variable, with the nitrate anion greatly
increasing π*, α and anion–anion distances. The research presented herein advances the understanding
of PIL structure–property relationships while also showcasing the complimentary use of molecular
dynamics simulations and solvatochromic analysis together.

Keywords: ionic liquids; protic ionic liquids; KAT; molecular dynamics; solvation

1. Introduction

Ionic liquids (ILs) are a unique class of solvents possessing tailorable physicochemical
properties through varying their chemical structure [1–3]. They are often defined as liquid
salts with melting points ≤100 ◦C, though MacFarlane et al. (2018) proposed expanding
this definition to include IL-solvent mixtures [4]. In both industry and research applications,
the beneficial properties that can be provided by ILs include low viscosity, negligible vapor
pressure, control over thermal phase transitions, support for amphiphilic self-assembly
and even biocompatibility and biodegradation [4–9]. A key property of many ILs is the
ability to solvate a combination of polar and non-polar compounds due to containing both
ionic components and organic alkyl groups [5,10–12]. Despite this duality, the majority of
ILs are considered polar solvents based on a generalization of IL solvent properties. This
highlights the complexity of solvent properties, and their challenging nature to define and
characterize. Specifically, the International Union of Pure and Applied Chemistry (IUPAC)
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defines polarity as ‘the action of all possible intermolecular interactions between solute ions
or molecules and solvent molecules, excluding interactions leading to definite chemical
alterations of the ions or molecules of the solute’ [13]. Not surprisingly, the literature,
therefore, lacks a comprehensive understanding of select structure–property relationships
describing the solvent properties of ILs.

Characterization of solvent–solute interactions is a non-trivial task, and many different
techniques have been used for this purpose. These include but are not limited to, 1H and
13C NMR [14], UV/vis absorption and fluorescence [15–19], octanol-water partition [20],
chromatography [20–22] and analyzing the solvent effect based on standard chemical re-
actions [23–28]. Physical properties can also provide insight into the macroscopic polar
properties of a solvent through for example, refractive index and molar refractivity [29,30],
but do not provide detail on intermolecular electrostatic and polarization forces between
the solute and solvent. The technique that is arguably most effective at comparing sol-
vent properties across ILs is the use of UV/visible spectroscopy with optimized solva-
tochromic/solvatofluorochromic dyes [23,30–32]. The absorbance/fluorescence shift of
these dyes occurs due to their interactions with the solvent and can be measured via spec-
troscopy and calculated on an empirical basis [33–37]. They have previously been used to
develop the Kamlet–Aboud–Taft (KAT) parameters as a multi-parameter approach that has
been shown to be suitable for ILs [30–32,38]. Using this method, the solvation properties of
a solvent are described using three unique parameters [33–37]. These include, π* (dipolar-
ity/polarizability), α (H-bond donating (HBD) acidity) and β (H-bond accepting (HBA)
basicity). Another well-utilised empirical scale of polarity is the ET(30) electronic transition
scale [29,39]. It is calculated from the maximum absorbance wavelength shift of Reichardt’s
betaine dye or Reichardt’s dye 30 and is a result of solvent dipolarity/polarizability and
H-bond acidity. However, we have previously noted significant solubility and protonation
issues when applying Reichardt’s dye 30 during experimentation with ILs. Therefore,
Reichardt’s dye 33 (RD33) [40] has been used as a substitute, producing an ET(33) value
that can be correlated to ET(30) via a linear relationship. Combined, these four parameters
account for the diverse interactions possible between an IL solvent and solute.

Protic ILs (PILs) are an easy-to-synthesize, non-aqueous solvent class with appli-
cations in a variety of areas, such as biomolecule stability and activity and chemical
catalysis [11,41–45]. PILs differ from aprotic ILs due to the proton transfer that occurs
during synthesis from the neutralization of a Brønsted acid by a Brønsted base, produc-
ing a solvent capable of hydrogen bonding. Their overall polarity is, therefore, based on
the combination of hydrogen bonds, dipole–dipole interactions and electrostatic interac-
tions. These multiple contributing factors and the non-specific nature of polarity mean
that the use of a multi-parameter analysis method is a necessity. Previously, 11 solva-
tochromic dyes were trialed for the characterization of PIL solvation properties, identi-
fying N,N-diethyl-4-nitroaniline (DE4A), 4-nitroaniline (4NA) and RD33 as the optimal
choice [38]. To date, solvation properties of only 16 alkylammonium nitrate, formate,
acetate and thiocyanate PILs have previously been fully reported [21,38]. Comparatively,
alkylammonium cations were shown to have weaker H-bond basicity and elevated π* as
compared to tetraalkylammonium sulfonate aprotic ILs [21,46]. These literature studies
concluded that H-bond acidity was shown to be a result of both cation and anion structural
groups, while H-bond basicity was dominated by the anion. The nitrate anion was identi-
fied as a stronger H-bond anion and more polarizable than the organic carboxylate anions.
Additionally, a decrease in π* with increasing alkyl chain length has been observed for
PILs. However, the impact of hydroxyl groups on the anion remains an unexplored area of
PIL solvation properties, and it is unknown how robust these trends are across ion series.

Molecular dynamics (MD) simulations provide additional and complementary informa-
tion to the experimental investigation of molecular interactions of a solvent, such as information
on the specific interactions of PILs based on their structure. The literature on MD of ILs has pri-
marily focused on interactions and the structure of aprotic ILs. For example, Miao et al. (2022)
modeled the liquid structure of choline-amino acid-based ILs through their internal H-bonds
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and atom–atom pair correlation functions then correlated this with their ability to solvate
lignin [47]. Previously, Eyckens et al. (2016) combined KAT parameters with the modeled struc-
ture of tri- and tetraglyme with lithium bis(trifluoromethyl)sulfonimide [48]. The low β value of
the system was attributed to the chelation of each glyme to the bis(trifluoromethyl)sulfonimide
anion and confirmed with MD simulations. More recently, MD simulations were compared to
diffusion coefficients of guanidinium-based PILs. This study found that H-bonding was the
main interaction between cation and anion and specifically, anions with high proton affinities
showed a clear localization of the acidic proton of the cation [49]. Therefore, the KAT multi-
parameter method and MD analysis of IL solvent properties is a potent combination but has
not been explored for PILs.

Herein, we combine experimentally determined KAT parameters with radial distri-
bution functions (RDFs) from MD simulations for the expansion of our understanding of
PIL properties. First, we present the KAT and ET(30) solvation parameters of twelve PILs,
nine of which were previously uncharacterized, using the dyes DE4A, 4NA and RD33
(Figure 1a). The focus on PILs as a subclass of ILs in this study is due to a lack of represen-
tation in the literature. The molecular structures of these PILs are presented in Figure 1b.
These PILs have been selected to investigate the effect of hydroxyl groups, alkyl chain
length, cation substitution and choice of anion on PIL solvation properties. Each of these
structural properties has shown considerable impact on PIL physicochemical properties
observed in previous studies [50]. MD simulations were then conducted for the nine PILs
in combination with a further twelve PILs (Figure 1c) where their KAT and ET(30) solvation
parameters had been previously reported in the literature [38]. In total, 21 sets of RDF plots
have been calculated for these PILs and compared to their experimentally determined sol-
vation properties. This combination of experimental and computational analysis allows for
a deeper understanding of the structure–property trends of alkyl- and dialkylammonium
PILs liquid structure and solvation properties.
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Figure 1. The chemical structures, names and abbreviations of (a) the solvatochromic dyes used for
calculation of KAT parameters and the ET(30) scale, (b) previously uncharacterized PILs that have
been characterized for their solvation properties via solvatochromic dye absorbance analysis in this
study (in the red frame), and (c) PILs from the literature previously characterized for their solvation
properties and have been analyzed in this study via MD simulations for their respective RDF plots.

2. Method
2.1. PIL Synthesis

All reagents for the synthesis of ILs were used as received. The precursors included di-
ethanolamine (98.0%), ethanolamine (99.5%), ethylamine (66.0% in water), propylamine (98.0%),
butylamine (99.5%), pentylamine (99.0%), acetic acid (99.0%), glycolic acid (99.0%) and lac-
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tic acid (85.0%), purchased from Sigma-Aldrich (St. Louis, MO, USA). Formic acid (98.0%)
was purchased from Merck (Darmstadt, Germany). The molecular solvents were used as
received and include dimethylsulfoxide (DMSO) (>99.9%) and methanol (MeOH) (99.8%)
from Sigma-Aldrich, acetonitrile (ACN) (>99.9%) from Merck and MilliQ water from a Merck
Synergy system with UV, Type 1 water (18.2 MΩ·cm at 25 ◦C ultrapure water).

Each PIL was synthesized via the dropwise addition of a Brønsted acid to a Brønsted
base for stoichiometric neutralization in an ethanol bath (<5 ◦C) according to the literature
method reported [1,50]. Each synthesis was kept below 10 ◦C to avoid the amide side
reaction in batches of 20 g per PIL (102–220 mmol of reagent). After synthesis, each PIL was
dried to remove excess water using a rotary evaporator for 24 h followed by approximately
72 h below 0.3 mbar on a freeze dryer. The water content was then measured using a
combination of coulometric Karl-Fischer titration for <1 wt% water content and volumetric
Karl-Fischer titration for PILs with >1 wt% water content. The final water content of each
of the PILs is provided in Table S1 of the ESI.

2.2. UV/Visible Spectroscopy Analysis

The dye molecules used were N,N-diethyl-4-nitroaniline (99%, Santa Cruz Biotechnology,
Dallas, TX, USA), 4-nitroaniline (99%, Fluka, Thermo Fisher Scientific, Waltham, MA, USA),
and Reichardt’s Dye 33 (99%, Aurora Fine Chemicals, San Diego, CA, USA). The chemical
structures of these dyes are shown in Figure 1a.

Solutions of solvatochromic dyes in PILs were prepared according to our previously
recorded method [38]. This was accomplished by serial dilution of each dye in methanol, and
then the methanol was evaporated via a vacuum oven. Once the methanol was completely
evaporated, each solvent of interest was added for a final dye concentration of 0.014 mM,
0.02 mM and 0.63 mM of DE4A, 4NA and RD33, respectively. It should be noted, that for PILs
with particularly high viscosity, a combination of manual stirring, a benchtop vortex and time
(approximately 12 h) was used to ensure full dispersion of the solubilized dye. The PILs with
high viscosity were EAL, EAH, EtAA, EtAL, PAG, PAL, BAL, BAG, PeAG, PeAL and DEtAA.

The spectroscopic measurements were performed using a PerkinElmer EnSight Multi-
mode plate reader (PerkinElmer, Waltham, MA, USA) and the spectral range for absorbance
measurements was 300–600 nm with a bandwidth of 1 nm for all absorbance measurements.

2.3. KAT Formulation

The ET(33) parameter was calculated using Equation (1), where λmax is the wavelength
corresponding to the maximum absorbance of the solvatochromic dye RD33. ET(33) was
then calculated from ET(30) using the linear relationship shown in Equation (2) [38]. For
a more detailed description of the inception and application of the equations used here,
consult the original papers as referenced here [29,33,34,36].

ET(33)
(

kcal·mol−1
)
=

28591.5
λmax

(1)

ET(30) = 0.9442ET(33)− 5.7329 (2)

The KAT parameter π* was calculated using Equation (3). The calculation of π* uses the
maximum absorbance frequency of the dye DE4A ( vmax), where s = −3.182 and vO = 27.52 kK
where each are constants that have been reported previously in the literature [36,38].

vmax = vO + sπ∗ (3)

The parameter α is calculated from a combination of the ET(30) and π* values
in Equation (4).

α = 0.0649(ET(30))− 0.72π∗ − 2.03 (4)
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Finally, parameter β was obtained using Equation (5) where λDE4A is the maximum
absorbance wavelength of the dye DE4A and λ4NA is the maximum absorbance wavelength
of the dye 4NA.

β =

(
1.035

(
104

λDE4A

)
−
(

104

λ4NA

)
+ 2.64

)/

2.80
(5)

The PILs of EAN, PAN and EAF, as well as the molecular solvents DMSO, ACN, water
and MeOH, were used as controls to compare to previous studies. All calculated results,
including wavelength of maximum absorbance, are reported in Table 1.

2.4. Molecular Dynamics Simulations

All systems comprised 500 cations and 500 anions randomly packed into a 60 × 60 × 60 Å3

unit cell using PACKMOL [51]. Initial atomic partial charges were calculated using Gaus-
sian 16 [52], and the general amber force field (GAFF) [53] standard protocol for partial
charge calculation (HF/6-31G*) was applied to all atoms using the Antechamber program
of the AMBER 20 package [54]. All MD simulations were performed using the GROMACS
2019.3 software [55]. ACEPYPE [56] was used to convert the topology from AMBER format
to GROMACS format. Prior to the MD simulation, a molecular mechanics minimization
was performed on each structure employing the steepest descent method, with a maximum
force convergence criterion of 20 kJ mol−1 nm−1. Each simulation was equilibrated by
500 ps of annealing where the temperature was increased linearly from 298.15 K to 600 K in
the first 250 ps, then reduced to 298.15 K in the final 250 ps. Production MD simulations,
with atomic coordinates saved every 10 ps, were run for 100 ns in the NPT ensemble at
298.15 K and 1 bar with the Nose–Hoover thermostat and Parrinello–Raman barostat. The
LINCS algorithm was applied to all bonds to allow a 2 fs timestep, and a 10 Å cutoff
was applied to electrostatic and van der Waals interactions, with the particle-mesh Ewald
scheme applied to long-range electrostatics. Analysis was carried out using VMD 1.9.3 [57].

3. Results
3.1. KAT Parameter Characterisation of PILs

The maximum absorbance wavelengths of DE4A, 4NA and RD(33) were obtained for
12 PILs and four molecular solvents and are provided in Table 1. From each of these the
KAT parameters π* (polarizability), α (H-bond acidity) and β (H-bond basicity) in conjunction
with the ET(30) scale were calculated and these values are also provided in Table 1. By using a
consistent method and dyes, it is, therefore, possible to compare to our previous work.

Table 1. The maximum absorbance wavelength of the solvatochromic dyes in each of the PILs and
their corresponding calculated solvation parameters.

Max Absorbance Wavelength (nm)
π*

(±0.01)
α

(±0.03)
β

(±0.03)
ET(30) (±0.3)DE4A

(±1)
4NA
(±1) RD(33) (±1)

Novel

PAF 410 385 426 0.95 1.03 0.68 57.6
PAG 401 383 440 0.78 1.02 0.84 55.6
BAG 397 382 444 0.70 1.04 0.90 55.1
PeAG 395 382 447 0.67 1.04 0.95 54.7
EAL 407 385 433 0.89 1.00 0.75 56.6
PAL 398 383 440 0.72 1.06 0.91 55.6
BAL 395 383 443 0.67 1.07 0.98 55.2
EtAA 414 388 430 1.02 0.94 0.67 57.0

DEtAA 412 385 426 0.98 1.00 0.64 57.6

Control

DMSO 413 390 529 1.00 0.19 0.74 45.30
acetonitrile 402 368 - 0.80 - 0.43 -
methanol 396 370 442 0.69 1.07 0.62 55.34

water 429 377 406 1.27 1.00 0.09 60.76
EAN 417 380 - 1.07 - 0.41 -
PAN 414 383 411 1.02 1.13 0.55 59.95
EAF 411 385 423 0.96 1.05 0.66 58.09

The KAT parameters (π*, α and β) are a unitless scale relative to each dye while ET(30) is measured as kcal/mol.
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3.1.1. ET(30) Scale

The ET(30) scale or electrophilicity is a measure of the energy required to transfer
charge through the PILs. The dominating charged contributions to this measurement are
the H-bond donors (acidity), dipole–dipole and dipole/induced dipole interactions of the
PILs. The ET(30) values are shown in Figure 2 where the newly characterized PILs and data
from this study are presented as circles, and the previously reported values as triangles.
The two molecular solvents presented here are water and methanol with relatively high
and low ET(30) values, respectively. The ET(30) of the PILs studied here is approximately
within the two molecular solvents and ranges from 54.7 to 57.6 kcal/mol.
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Structural changes of the PIL cation of alkyl chain length, hydroxyl groups and primary
or secondary substitution all had an effect on the ET(30) values. Decreasing the alkyl
chain length induced an increase in ET(30) values, as seen with the glycolate and lactate
alkylammonium series, with the order of PAG > BAG > PeAG and EAL > PAL > BAL. There
was a noticeable increase in ET(30) when substitution increased from primary to secondary
ammonium cations, shown by DEAF > EAF, DEtAF > EtAF, and DEtAA > EtAA, likely due
to the increased number of functional groups. This is consistent with the previous study
where the ET(30) of DEtAF was slightly higher than EtAF [38]. However, from literature
results of similar ILs, tertiary and quaternary substituted alkylammonium ILs generally
have lower ET(30) values relative to primary and secondary [46]. This may be due to the
increased steric hindrance caused by additional structures, reducing the number and/or
strength of the interactions of the cation.

The effect of the anion can be seen in Figure 2. For the ethylammonium cation, there is a no-
ticeable difference between anions in the order nitrate > formate > lactate ≈ glycolate ≈ acetate.
Notably, nitrate-containing PILs consistently have the highest ET(30). Increasing the alkyl
chain length from formate to acetate led to a decrease in ET(30). Interestingly, PILs contain-
ing the glycolate or lactate anions had similar ET(30) values, when paired with the same
cation. This suggests that the effect of the hydroxyl group on a small-chained carboxylate
anion is independent of its position. In contrast to the cation, there was only a minor change
in the ET(30) values of the lactate and glycolate PILs as compared to the anion counterparts
without a hydroxyl group, e.g., PAG ≈ PAA and PeAG only 0.3 kcal/mol greater than
PeAA. We conclude that the hydroxyl groups present on the anion are less capable of acting
as H-bond donors as compared to those on the cation [38].
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3.1.2. π* (Polarizability)

The polarizability of a solvent depends on multiple solvent interactions, including
π–π stacking when available, along with non-specific dipole–dipole interactions and dis-
persive forces. Since the PILs used in this study consisted of alkylammonium and di-
alkylammonium cations they are incapable of π–π stacking, and hence the polarizability
is characterizing the PILs dipole formation and ion–ion interactions. Values of π* are
normalized to DMSO, where DMSO = 1 to ensure consistency with the literature.

The π* values of the PILs in this study are presented in Figure 3, along with those
in the literature for PILs, DMSO, ACN and MeOH. A good consistency of π* values with
the literature was obtained for most of the ILs, though we note some variability in the
measurement of π* in the case of EAF. By order of the trend ‘decreasing π* with increasing
alkyl chain length’, the experimental value of PAF (0.95) would be expected to have a
π* between the literature values of EAF (0.90) and BAF (0.70). However, the determined
value of EAF (0.96) here was higher than the literature value; therefore, PAF aligned
with said trend in this study. Contributions from possible water content variation or
stoichiometric variance in the PILs may cause shifts in π* as seen in their ability to alter the
physical properties of PILs [50,58,59]. In general, increasing the alkyl chain length of the
cation led to a decrease in π*, while the presence of a hydroxyl group on the cation led to
an increase.
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Similarly, the addition of a hydroxyl group on the anion of the PIL increases π*.
A comparison between the glycolate/lactate PILs to acetate or formate shows a consistent
increase in π*, e.g., PAA has a π* value of 0.68 as compared to PAG at 0.78 and PAL at
0.72. Similarly, the hydroxyl group on the cation increases π*, though to a larger degree
as previously reported [38]. Increasing the alkyl chain length of the anion from formate to
acetate anion shows a decrease in π*, consistent with results from the literature [38].

3.1.3. α H-Bond Acidity

The α value of a solvent is defined as its ability to donate a H-bond or its H-bond
acidity. It was found that α was the KAT parameter with the highest variance between
those in this study and those in the literature, with an average variation of only 0.03. This
variation may be due to its calculation from not one but two dyes, compounding any
variation observed.

All experimental and literature α values are presented in Figure 4. With a range
of 0.94 to 1.07 for α, most PILs are higher than water and all are much higher than the
molecular solvents DMSO and ACN [38]. Only EtAA was found to have an α less than
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water, showing that PILs have similar H-bond donating properties to water. This is not
surprising as some PILs have been shown to form H-bonding networks similar to that of
water [60,61]. The effect of the alkyl chain on the cation shows an increase with increasing
alkyl chain length for the glycolate and lactate series. Comparatively, the formate and
nitrate series each only vary marginally with no definitive trend. There was an apparent
decrease in α with the presence of a hydroxyl group on the cation; however, an additional
hydroxyl group supplied by increased substitution of the ammonium group increases α,
e.g., EtAF (0.96) < DEtAF (1.00) < EAF (1.05) and EtAA (0.94) < Delta (1.00).
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lar solvents as well as the nitrate series of PILs. Therefore, it indicates the contribution of 
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Figure 4. The calculated α values of PILs separated by anion. The experimental values determined in
this study are denoted by a circle (•) and the reported values from Yalcin et al. [38] are denoted by a
triangle (N). The error bars are smaller than the symbols, and the values are provided in Table 1.

In regard to the anions, the nitrate anion led to PILs with the overall highest α of the
anions collated here. As the nitrate group [NO3

−] is unable to donate H-bonds due to its
structure, this is likely due to the high ionizability of the anion, enhancing the H-bond
donating ability of the partnered cation [50]. The hydroxyl group on the anion showed
a variable effect on α, where the lactate series was generally higher than the glycolate.
However, the formate and nitrate anions had consistently higher α than acetate, glycolate
and lactate. While the α results here show higher variance as compared to the rest of the
solvation properties, the trends presented are consistent with the literature and are a result
of both anion and cation contributions [38].

3.1.4. β H-Bond Basicity

As α is the ability of a solvent to donate H-bonds, β is a measure of its ability to accept
H-bonds or its H-bond basicity. Figure 5 presents the calculated β values of this study in
conjunction with previously reported β from Yalcin et al. [38] As opposite properties, the
order of PILs is naturally inverse when comparing β to α, as are their trends. Specifically,
the effect of the cation appears varied, as the alkyl chain length of the cation generally
increased β, while hydroxyl groups showed a decrease in β. This is not surprising as the
molecular structure of alkylammonium cations lends itself to H-bond donating with the
ammonium (–NH3

+) group. Additional research into cation structures may further shed
light on the relationship between cation structure and PILs β.

The presence of a hydroxyl group on the anion appears to generally increase the
β of PILs as compared to its effect when on the cation. This can be seen in Figure 5
via a comparison of the glycolate and lactate anions with the ethanolammonium and
diethanolammonium cations. Where β values of the hydroxylated anions range from
0.75–0.98 and the hydroxylated cations range from 0.45–0.67 [38]. This work shows the
strong influence of anion structure on the β of PILs and its inverse relationship to α, most
visible in the nitrate PILs, each with relatively high α, but comparatively low β. Consistent
results were obtained for the PILs EAF and PAN with some variation in the EAN β value,
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potentially due to changes in water content. The molecular solvents across studies had
high accuracy with almost identical values for DMSO, ACN and MeOH. Noticeably, the
variation between carboxylate-based PIL α and β values are significantly less than that
of the molecular solvents as well as the nitrate series of PILs. Therefore, it indicates the
contribution of both cation and anion to these properties, specifically –NH3

+ to α and
–COO− to β.
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3.2. Radial Distribution Functions of PILs

MD simulations were performed on the 21 alkylammonium PILs shown in Figure 1,
and from these, their RDFs were calculated. These 21 PILs include the 9 PILs from this
study and the previous 12 where the ET(30) and KAT parameters have been reported. This
series of PILs provides systematic structural variation to enable insight into the effect of
hydroxyl groups on either the cation or the anion, increased alkyl chain length of the cation,
increased branching of the ammonium cation, and variations in the anion between nitrate
and carboxylates.

The RDF plots for the PILs containing a formate anion are visualized in Figures 6 and 7
to demonstrate the effect of changes in cation structure on solvation properties. Similarly,
the RDF plots for PILs containing the propylammonium cation are included in Figure 8 for
determining the effect of the anion structure. The remaining 11 RDF plots are presented
in Figures S1–S11. This analysis has used the N+ of the respective cation or the negatively
charged O− of the anion as the representative position of each ion in the solution and
consequently their solvation environment.

3.2.1. The Effect of Cation Structure

The RDFs for the ILs with a formate anion (EAF, PAF, BAF, PeAF, EtAF and DEtAF)
are presented in Figure 6, where each structure is overlayed with the atoms of interest
and their labels within the RDF analysis. A solvation map of the distances between atoms
according to their peaks in the RDF plots is presented in Figure 7. Though not to scale,
these plots allow for a visual comparison of the distances between ions and the effects of
their different structural groups.
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Figure 6. The radial distribution functions of the formate series of PILs (a) EAF, (b) PAF, (c) BAF,
(d) PeAF, (e) EtAF and (f) DEtAF. The RDF plots are inset with the molecular structure of each PIL,
where the ions are highlighted, N+ in blue with the cation subscript e.g., NEA is the N+ atom on
ethylammonium, O− in red with the anion subscript e.g., OF is the O− atoms of formate. Additional
functional groups are highlighted in grey. The terminal carbon in the cation alkyl chain e.g., CPeA is
the terminal carbon of the pentylammonium cation, and hydroxyl groups e.g., OEtA is the oxygen
atom of the hydroxyl group in the ethanolammonium cation.
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Figure 8. The RDF plots of (a) PAA, (b) PAG, (c) PAL and (d) PAN inlayed with its molecular structure
with N+ ions highlighted in blue and O− ions in red. Each RDF plot (left) has its corresponding
solvation map adjacent (right) with a visualization of the peaks seen in each plot. The solvation maps
are not to scale.

The distance between cation and anion as represented by the distances between
Ncation and OF was consistent and was 2.75 Å for the ethyl- to pentylammonium PILs
(Figure 6). With the introduction of a hydroxyl group on the cation (EtAF) the cation–anion
distance increases to 2.77 Å and then increases further with DEtAF to 2.79 Å (Figure 7a).
This indicates the slight rearrangement of charge upon the cation with the presence of
hydroxyl groups, possibly due to increased H-bond formation within the PIL which can
be seen as an increase in α from EtAF to DEtAF. The distances of H-bonds between the
carboxylate anion and the cations hydroxyl groups slightly increased (from 2.55 Å to 2.57 Å)
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as well as cation–cation (from 4.19 Å to 4.95 Å) and secondary cation–anion distances
(from 4.55 Å to 4.61 Å) for EtAF as compared to DEtAF (Figure 7a). It may be possible the
branching of DEtAF increased steric hindrance of the structural packing within the solvation
environment of the PIL, causing weaker interactions despite the increased availability of
hydroxyl groups.

The liquid nanostructure of PILs is a reported phenomenon describing the weak
structuring of ions based on the segregation of hydrophilic and hydrophobic domains [62].
Experimentally, this can be observed using small angle scattering, where the peak position
measured in inverse angstroms can be used to estimate the correlation distance, e.g., PeAF
has a correlation distance of 15.4 Å [50]. This represents the distance between the repeating
groups in solution, i.e., the distance between cations segregated by non-polar groups.
Liquid nanostructure, therefore, does not describe an ion’s solvation environment but
can be correlated to the trends observed. Here it is observed that by increasing the alkyl
chain length, a decrease in the N–N distance occurs, indicating the ammonium cations
are closer (Figure 7b). This is due to the increased structuring of the system and closer
packing of ions [2]. Analysis of EAF NEA–CEA distances shows a sharp peak at 2.55 Å
for the alkyl chain of the same molecule; however, beyond that is only a broad increase
in g(r) before reaching bulk EAF. This is representative of the weak liquid nanostructure
of EAF which is caused by the short chain length (weak hydrophobicity) on the cation
and has been observed by previous small angle X-ray scattering experiments (SAXS) [62].
Upon increasing the alkyl chain length, two peaks can be observed for N–C of each cation.
The first peak is indicative of the alkyl chain of the same molecule and the second is its
neighbor. However, the second peak is closer than the length of a second alkyl chain and,
therefore, indicates the grouping of alkyl chains from nearby cations. Representative of
the liquid nanostructure observed by SAXS. These alkyl chains form the non-polar domain
of their liquid nanostructure, where increasing alkyl chain length increases the distance
at which these peaks are observed. Notably, these RDF peaks for N–C are not observed
for the ethanolammonium cation and is as expected from the previously reported SAXS
analysis of ethanolammonium based PILs [62].

3.2.2. The Effect of Anion Structure

The RDFs for the PILs with a propylammonium cation (PAA, PAG, PAL, PAN) are pre-
sented in Figure 8, where each structure is inlaid with the atoms of interest and their labels
within the RDF analysis. Through analysis of the RDF plots in Figure 8, individual solvation
maps of the PILs were developed and are presented adjacent to their corresponding RDF.

The most noticeable change caused by the anion is the change in distance between
anions (e.g., OA–OA for PAA). This difference can be grouped by the type of anion, where
PAF and PAA have an O–O distance of 4.45 Å (Figure 6b) and 4.47 Å (Figure 8a), respectively.
PAG and PAL have distances of 4.71 Å and 4.69 Å, respectively (Figure 8b,c) and the
inorganic anion of PAN has a distance of 5.37 Å (Figure 8d). This increase in O–O distance
indicates an increase in the repulsive forces of the anion. Despite increased O-O distance
for the glycolate and lactate anions, the distance between the hydroxyl group and the
anion carboxylate (OG–OHG and OL–OHL, respectively) does not change as seen in their
solvation maps. The RDF of O–OH has two distinct peaks, only 0.8 Å apart. The first peak
is representative of O–OH on the same molecule (2.75 Å), while the second peak is the
O–OH of an adjacent anion molecule (3.55 Å). Therefore, it is likely that the hydroxyl group
is oriented towards the anions to enable H-bonding between anions and help form a polar
domain within the liquid structure of the PIL. Comparatively, the distance between the
hydroxyl group in EtAF and the formate anion is 2.55 Å (Figure 7), revealing the stronger
H-bond donating ability when present on the cation, as compared to the anion. This is
supported by the α results obtained during the experimental KAT analysis.

There is an increase in the cation to anion distance in the order
PAA (2.73 Å) < PAF (2.75 Å) = PAG (2.75 Å) < PAL (2.77 Å) < PAN (2.81 Å). The overall
change in distance from PILs containing the acetate or nitrate anion is 0.8 Å, which in-
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dicates slightly weaker ionic interactions from PAA to PAN. This is likely related to the
relatively high ∆pKa of nitrate-based PILs and indicative of more strongly dissociated
ions in solution [50]. Although it is noted that acid-base dissociation in neat PILs will be
energetically different from that in water, so ∆pKa based on acid-base equilibria in water
should be employed with caution.

4. Discussion

Structural feature trends can provide design rules for tailored solvents and so the
continued characterization of PIL properties remains an important area of study. While
there has been much research into aprotic IL solvation properties, many PILs have not
been characterized, despite their cheap precursors and ease of synthesis [1]. Due to the
nature of PILs and ILs in general, the repeatability of characterization studies is variable as
many factors can influence the PILs’ physical and chemical properties [50]. Notably water
content, IL ionizability and cation–anion stoichiometry influence these properties [4,59,63],
and it is essential for water content to be reported. Here, the water content of all PILs used
has been presented in Table S1.

The characterization of PIL solvation properties through the multi-parameter
KAT method provides detailed information on the possible interactions of PILs as well as
the interaction strengths. However, the solvation parameters of π*, α, β as well as ET(30)
are dependent on the chosen solvatochromic dyes, and while they should be representative
of interactions with other solutes, variations are expected between studies using different
dyes, and for solutes of different sizes. Importantly, while these provide important insights
into solvent–solute interactions, they are constructed from specific dyes and will not be
transferrable to all solutes. The inclusion of MD simulation data for PILs is advantageous
for understanding their solvent structure by investigating the short-range structures of PIL
via RDF plots to provide a visualization of the structure surrounding the charged moieties
of either cation or anion.

Increasing the length of the cation alkyl chain was influential on all solvation proper-
ties, and typically led to an increase in β, and reduction in α, π* and ET(30). In addition, it
led to a decrease in the N–N distances in the RDF plots. This is consistent with segregation
of polar and non-polar moieties of the ions into separate domains. The increase in β with
increasing alkyl chain length is consistent with an increase in the non-polar solvent envi-
ronment for solutes, due to the increasing proportion of non-polar domains, thus, reducing
the number of polarizable interactions with solutes.

The presence of hydroxyl groups in PILs has been shown to be one of the most impor-
tant structural moieties in relation to the effect of a chemical group on their physicochemical
properties [50]. This is also true for their solvation properties [38] and their ability to act
as successful solvents for biological molecules [64]. The hydroxyl group on the cation
significantly increases α, π* and ET(30) values while decreasing the β value. This solvation
change is seen as an increase in the cation–anion distance from the RDF plots, where
the structure change allows for weaker ionic interactions and greater polarizability. For
DEtAF where there were two hydroxyl groups present, there was an even larger increase
in cation–anion distances as well as polarizability. This increase in PIL polarizability is
noticeable as an increase in cohesive forces within the PIL, while simultaneously altering
the physicochemical properties of the PIL by increasing density, viscosity, surface tension,
glass transition temperature and refractive index [50].

The influence of the anions on the solvation properties of the PILs had a different
impact compared to the cations, for the ions used in this study. The anion impacted the
ET(30) values, with decreasing ET(30) as nitrate > formate > acetate, which was consistent
with our previous study [38]. We see this order again in the specific distance from the
MD simulations between the cation and anion (NPA–O) of PAN > PAF > PAA. This follows
the order of PIL ionicity where the ionicity can be estimated by the ∆pKa of the acid/base
pair, with nitric acid and propylamine having the greatest ∆pKa and acetic acid and propy-
lamine having the lowest. Overall PILs containing the nitrate anion led to notably higher π*

211



Liquids 2024, 4

and α with lower β, than those with formate or acetate anions. This is highly important for
the application of PILs towards biomolecules, where the solvent β has been correlated with
IL hydrophobicity [65] and IL effect on protein stability [66], and previous studies have
shown that the low β of nitrate anions and short cation alkyl chains preserve native protein
structures at low PIL concentrations [43,64,67]. In addition, the presence of the hydroxyl
group on carboxylate anions showed variability, with comparable π*, α and β relative to
the formate and acetate PILs, although it increased β as compared to cation-based hydroxyl
groups, revealing β to be predominantly governed by anion structure.

5. Conclusions

The solvation properties of nine PILs were characterized using the KAT multi-parameter
method to obtain π*, α, and β, along with ET(30) values. These were combined with
literature data of 12 related PILs to develop structure–property relationships. RDF plots
from MD simulations were obtained for all 21 PILs to gain insight into the atomic distances
and solvation environments of individual ions. Increasing the cation alkyl chain length
increased β, while decreasing α, π* and ET(30) and was observed to decrease cation–cation
(N–N) distances in the RDF plots. Hydroxyl groups on the cation generally increased
α, π* and ET(30) and led to an increase in cation–anion (N–O) distance in their respec-
tive RDF plots. Further analysis correlated anions with their polarizability in the order
of nitrate > formate > acetate, and the increase in cation–anion distances calculated by
RDF plots followed the same order of anions. Overall, nitrate was the most influential and
polarizable anion for the PIL solvation properties, followed by glycolate/lactate and then
formate/acetate anions. This order correlated to anion–anion distances from the RDF plots,
where nitrate had the greatest distance between anions. The research herein is an extension
of the current literature on PIL solvent properties, and to the best of our knowledge, is
the first combination of RDF analysis and solvatochromic dyes applied to the study of
PIL structure–property trends. Further work in this area can be used to investigate the
poorly understood effect of non-stoichiometry in PILs. Additionally, reported solvation
properties of PIL mixtures in the literature are lacking but would be highly beneficial to
applications requiring select biomolecular solvation.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/liquids4010014/s1, Table S1: Water content of each PIL;
Figures S1–S11: RDF plots of the PILs.
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Abstract: The solvent-dependent intensity changes in the first UV/Vis absorption band of the three
polyenes DPH, DPHb, and ttbP3 dissolved in a hydrocarbon solvent with temperature allow for
the conclusion that, at temperatures above 233 K, the two phenyl groups of DPH are rotated out-of-
plane to yield a non-coplanar molecular structure. This leads to the conclusion that DPH becomes
increasingly less coplanar as the temperature rises above 233 K. When the phenyl groups rotate
out-of-plane, the polarizability decreases, and the energy of the first electronic transition increases by
an extra value. Therefore, below 233 K, the correlation lines between the absorption energy of the
0–0 component of the UV/Vis absorption band and the solvent polarizability, as measured by the SP
values, show bilinear behavior. The unexpected behavior shown by DPH dissolved in tetrachloro-
and dichloromethane is discussed. We dedicate this research as a tribute to the very important
contribution to the solvent effect made by Prof. Christian Reichardt and also to his generous and
altruistic scientific help that he has always shown.

Keywords: solvent effect on the spectra of organic compounds; solvatochromism of diphenylpolyenes;
on the polarizability of diphenylpolyenes in Cl4C and in Cl2CH2

1. Introduction

Polyene compounds are part of the chromophores involved in important biochemical
processes such as vision, the coloration of relevant fruits and vegetables, the generation of
vitamins, and protection mechanisms against sunlight. In these biochemical processes, the
photophysics of these compounds plays a very important role, and therefore, it has been
imperative to know their photophysical functioning.

Thus, Hausser et al. [1,2] synthesized in 1935 seven diphenylpolyenes, [C6H5-(CH=CH)n-
C6H5 with n = 1–7]. From their photophysical studies, carried out at 293 and 77 K, they
established for the first time a series of guidelines on the photophysical properties of
these compounds [2,3]. From these studies, the authors were able to conclude that the
bathochromic shift of the first UV/Vis absorption band of these vinylogous diphenyl
polyenes by the successive addition of a vinylene group is significantly large. They also
found that this band shift does not depend on (a) the solvent’s dipole moment or (b) the
solvent’s relative permittivity, but (c) it does depend on the solvent’s refractive index.
In summary, these authors established in 1935 that the vinylogous batahochromism of
diphenylpolyenes depends only on the solvent’s polarizability.

Hausser et al. also confirmed that (a) the solvatochromism of the emission band of
these diphenylpolyenes is almost negligible, as compared to that shown by their UV/Vis
absorption, and (b) that these compounds show a significant Stokes band shift, which
increases with increasing polyene chain length. These findings supported the hypothesis,
which was later widespread, that the electronic states involved in the UV/vis absorption
and the emission process in these compounds must be of a different nature.
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On the other hand, it is important to point out that from theoretical calculations [4–6]
obtained at a temperature of 0 K, it was assumed that these diphenylpolyenes have a
coplanar molecular structure in their fundamental electronic state. The evidence obtained
by X-ray diffraction [7–9] allowed for the conclusion that all these compounds have flat
polyene chains.

However, Drente et al. [9,10] already indicated that, although in a crystalline state
these polyenes adopt a coplanar conformation with their phenyl rings, in the case of
1,8-diphenyl-1,3,5,7-octatetraene (DPO), the phenyl groups appear rotated by 7.5◦ and 5.4◦

at 293 K and 173 K, respectively [10]. On the other hand, Hall et al. [11] found that for
1,6-diphenyl-1,3,5-hexatriene (DPH) in crystal form at 293 K, its phenyl groups are rotated
by only 1.9◦ with respect to its coplanar polyene chain.

One should keep in mind that in a crystalline state, the diphenylpolyene molecules
are arranged in a way that forces the molecules to adopt a coplanar structure, particularly
at very low temperatures. However, it cannot be ruled out that this coplanar arrangement
can change in solutions at higher temperatures.

There is also evidence from the 13C NMR spectra of diphenylpolyenes, measured in a
thermotropic liquid crystal ZLI-1167 between 354 and 307 K, showing a loss of planarity
due to the rotation of the two phenyl groups, as reported by Benzi et al. [12], and the spectra
of DPH, dissolved in 2-methyl-tetrahydrofuran and measured at 323, 293, 268, 238, 208,
and 188 K, as reported by Catalán et al. [13].

Let us now focus on the solvatochromism of diphenylpolyenes, which, according
to Hausser et al. [1,2], depends solely on the polarizability of the dissolving medium. It
is already accepted that the polarizability of α-ω-diphenylpolyenes increases with the
elongation of their flat molecular structure. In addition, Bramley and Fèbre [14] indicate
that this increase in polarizability is larger than expected by applying the additivity rule to
these compounds.

It should be noted that, upon raising the temperature and the connected out-of-plane
rotation of the two phenyl groups of α-ω-diphenylpolyene, a decrease in the size of
the planar area of the compound would inevitably lead to a significant reduction in its
sensitivity to the solvent’s polarizability.

At low temperatures, the electronic transition energy of the first UV/Vis absorption
band should follow a linear correlation with the corresponding values of the solvent’s
polarizability. But this linear behavior should change with the increasing rotation of the two
phenyl groups, causing a loss of planarity and of the polarizability of the diphenylpolyene.

It is well established by the Mulliken–Rieke rule [15] that the intensity of an electronic
transition is independent of temperature, and if the intensity is not kept constant with
temperature, it must be concluded that the compound under consideration is changing its
molecular structure. We already showed [13,16] that by raising the solution temperature,
there comes a point at which the intensity of the first UV/Vis absorption band of the
diphenylpolyenes decreases.

The aforementioned behavior can be confirmed using a solution of the corresponding
DPP in a solvent that allows us to measure the absorption band of the compound over
a wide range of temperatures. For this, a suitable solvent is a 1/1 mixture by volume of
decaline and methylcyclohexane, which we will call DEMCH. We have shown that in this
solvent, we can measure the absorption of these compounds even at 77 K.

It seems logical to expect that if a diphenylpolyene, above a certain temperature,
rotates its phenyl groups, not only will its polarizability decrease, but if not, it will also
cease to be nonpolar. Consequently, at high temperatures, its solvatochromism will decrease
with the polarizability of the solvent and increase with the dipolarity of the solvent. This
would allow us to understand why Ponder and Mathies [17] found that diphenylpolyenes
had a non-zero dipole moment in 1,4-dioxane at a temperature of 20.5 ◦C.

In this work, we will also show the thermochromic behavior of diphenylpolyenes,
which are considered non-acidic and non-basic compounds, when dissolving them in a
solvent such as Cl4C, which only shows polarizability (SP) (SP = 0.768, SdP = 0.00) [18],
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and in Cl2CH2, which shows both polarizability (SP) and dipolarity (SP) (SP = 761 and
SdP = 0.769) [19].

Consequently, the peaks of the first absorption band of the polyene compound dis-
solved in Cl4C should show linear behavior at low temperatures, and when reaching
temperatures at which the diphenylpolyene compound rotates its phenyl groups, it should
follow another type of linear behavior as the polarizability of the diphenylpolyene com-
pound decreases. That is to say, in the wide range of temperatures studied, the energy of
one of its peaks in the first absorption band should show bilinear behavior with tempera-
ture [20].

However, when dissolved in Cl2CH2, the behavior will be different since, while the
polarizability contribution will decrease as the compound rotates its phenyl groups, the
contribution due to the dipolarity of the compound will increase, possibly compensating
for the previous effect caused by the polarizability of the solvent. Consequently, in these
compounds, the energy of their peaks will tend to remain linear with temperature.

All this will be analyzed from the corresponding spectroscopic data obtained with
DPH, ttbP3, and DPHb in the solvents indicated above. It is interesting to note that a
thorough and critical review of the knowledge of the photophysics of diphenylpolyenes
has been recently published [21].

In Scheme 1, the molecular structures of the polyenes used in the present work
and available in our laboratory are shown: all-trans-1,6-diphenyl-1,3,5-hexatriene (DPH),
all-trans-diindanylidene-2-butene (DPHb), and 3,8-di-tert-butyl-2,2,9,9-tetramethyl-1,3,5,7-
decatriene (ttbP3).
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Scheme 1. Molecular structures of the polyenes utilized in this work.

2. Experimental Section

Spectrophotometric-grade methylcyclohexane and decaline from Sigma-Aldrich
(St. Louis, MO, USA) are of 99 and 98% purity. Di- and tetrachloromethane are Uvasol
for Spectroscopy solvents from Merck Uvasol (Rahway, NJ, USA) with purities larger
than 99.9%.

Solution temperatures were controlled with an Oxford DN1704 cryostat that was
purged with dried nitrogen (99.99% pure) and equipped with an ITC4 controller interfaced
to the spectrometer. All UV/Vis absorption spectra were recorded on a Cary-5 spectropho-
tometer at variable temperatures, using suprasil quartz cells with a 1 cm path length that
were fixed to the cryostat.

3. Results and Discussion
3.1. Changes in the Polyene’s Molecular Structure with Temperature

In Figures 1–3, we present the first UV/Vis absorption band, respectively, of the three
polyenes studied dissolved in decaline/methylcyclohexane (1:1 by volume; a solvent which
we will call DEMCHEM), obtained in a temperature range between 93 and 363 K.
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Figure 4 represents the areas of the first UV/Vis absorption bands of the three polyenes
studied dissolved in DEMCHEM and measured at constant concentrations between 93 and
363 K; all areas are referred to as the area values measured at 93 K.
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from 363 K to 93 K.

The data for DPH shown in Figure 4a allow for the clear conclusion that (a) DPH stud-
ied in a temperature range of 93 to 223 K maintains its molecular structure, and (b) above
223 K, its molecular structure experiences increasing deformation with increasing temperature.

The data for DPHb shown in Figure 4b exhibit that hardly any molecular structure
deformation occurs within the temperature range studied. The area of this first absorption
band measured between 93 and 363 K maintains its values, referring to the corresponding
value at 93 K within 1 ± 0.01.

This behavior of DPH and DPHb dissolved in DEMCHEM is in incontestable agree-
ment with the supposition that DPH experiences a twisting of its two phenyl groups,
whereas this twisting does not occur in DPHb because its two phenyl groups are blocked
and cannot rotate (see Scheme 1).

The corresponding areas of the first absorption band of ttbP3 dissolved in DEMCHEM
are shown in Figure 4c, clearly confirming the previously mentioned supposition.

The results achieved in ttbP3 indicate that in this triene, the small temperature-induced
deformations, which may be due to small changes in the tert-butyl groups, will barely be
translated into small changes in the intensity of its first absorption band. The measured
values of the corresponding band areas, referring to the corresponding value at 93 K, are
within 1 ± 0.02 throughout the whole temperature range studied.

3.2. Temperature-Dependent Solvatochromic Changes in Polyenes

As was previously shown (see Figure 4a), by increasing the temperature of the DPH
solution in DEMCHEM above 233 K, as shown in Figure 4a, the compound begins to rotate
its phenyl groups, and the rotation of these groups will increase with an increase in the
temperature of the solution. As a consequence of this rotational movement, the coplanar
surface of the DPH will begin to decrease, and therefore, its polarizability will decrease
below an SP of 0.71.

Figure 5 presents the correlation between the temperature-dependent energy of the 0–0
component of the first UV/Vis absorption band of DPH dissolved in DEMCHEM and the
corresponding values of the empirically determined solvent polarizability parameter SP of
DEMCHEM. The correlation clearly shows bilinear behavior with respect to SP: for SP values
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larger than 0.7, a correlation line corresponding to vabs = (−5300 ± 135) SP + (31,806 ± 99)
with n = 14 and r = 0.996 can be seen, and for SP values smaller than 0.7, a correlation line of
vabs = (−5671 ± 89) SP + (32,081 ± 63) with n = 10 and r = 0.997 is found.
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Figure 5. Wavenumber (in cm−1) of the 0–0 component of DPH in DEMCHEM versus the polariz-
ability (SP) of the solvent.

Figure 6 shows the correlation between the temperature-dependent energy of the 0–0
component of the first UV/Vis absorption band of DPHb dissolved in DEMCHEM and the
corresponding SP values. The results show a clear linear correlation line for the entire SP
range, which can be adjusted by vabs = (−6229 ± 43) SP + (28,856 ± 30), with n = 26 and
r = 0.999.
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Figure 7 presents the correlation between the temperature-dependent energy of the 0–0
component of the first UV/Vis absorption band of ttbP3 in DEMCHEM and the corresponding
SP values. Again, a clear linear correlation line for the entire SP range is found, which can be
described by the correlation equation vabs = (−3946 ± 56) SP + (35,055 ± 40), with n = 17 and
r = 0.998.
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Figure 7. Wavenumber (in cm−1) of the 0–0 component of ttbP3 in DEMCHEM versus the polariz-
ability (SP) of the solvent.

Figure 8 describes the correlation between the temperature-dependent energy of
the 0–0 component of the first UV/Vis absorption band of DPH dissolved in Cl4C and
the corresponding SP values. A clearly bilinear behavior is shown for SP values larger
than 0.78, with a corresponding correlation of vabs = (−3023 ± 127) SP + (30,295 ± 103)
with n = 11 and r = 0.992, and for SP values smaller than 0.78, the fitting is expressed by
vabs = (−4848 ± 352) SP + (31,724 ± 265) with n = 7 and r = 0.987.

Finally, Figure 6 shows the correlation between the temperature-dependent energy
of the 0–0 component of the first UV/Vis absorption band of DPH dissolved in Cl2CH2
and the corresponding SP values. A clear linear behavior is evident, in agreement with the
correlation equation vabs = (−3882 ± 69) SP + (30,971 ± 56), with n = 15 and r = 0.998.

The results given in Figures 8 and 9 do not only highlight the particular solvatochromic
influence of these two solvents, apolar Cl4C and dipolar Cl2CH2, but they are also in
agreement with the accepted model for the solvatochromism of diphenylpolyenes. As
already mentioned in the Introduction, it is commonly accepted that diphenylpolyenes
are polarizable planar compounds which are non-polar, non-acidic, and non-basic. CL4C
and CL2CH2 are solvents with high polarizability and have, with SP = 0.768 and 0.761,
nearly the same polarizability SP values. However, they differ in their other empirical
solvatochromic parameters: for Cl4C, the solvent dipolarity parameter SdP = 0.000, the
solvent basicity parameter SB = 0.044, and the solvent acidity parameter SA = 0.000 [19],
whereas for Cl2CH2, the corresponding solvent parameters are SdP = 0.769, SB = 0.0178,
and SA = 0.040 [19].
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Consequently, DPH sees its bilinear behavior revealed when dissolved in CL4C due to
its high polarizability (see Figure 8), while in CL2CH2, the destabilization created by its
polarizability is practically compensated for by the stabilization generated by its dipolarity,
thus explaining the linear correlation behavior shown in Figure 9.

4. Conclusions

In this work, an adequate analysis of the solvatochromism of three carefully selected
polyene compounds, measured in well-selected suitable solvents, was carried out, allowing
for a better understanding of their photophysical behavior.
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Abstract: This article contains a comparative spectral analysis corroborated with the quantum
mechanical computations of four cycloimmonium ylids. The spectral shift of the visible electronic
absorption band of the studied molecules in 20 solvents with different empirical parameters is
expressed by linear multi-parametric dependences that emphasize the intramolecular charge transfer
(ICT) process. The nature of molecular interactions and their contribution to the spectral shift of
the visible ICT band of solutes are also established in this manuscript. The results of the statistical
analysis are used to estimate the cycloimmonium ylids’ excited dipole moment by the variational
method, using the hypothesis of McRae. The importance of the structure of both the heterocycle
and carbanion substituents to the stability and reactivity of the studied cycloimmonium ylids is
underlined by the quantum mechanical computations of the molecular descriptors.

Keywords: cycloimmonium ylids; solvatochromic study; nature and strength of molecular interactions;
excited-state dipole moment

1. Introduction

Cycloimmonium ylids [1–3] are N-ylids with separated charges on a nitrogen belong-
ing to a heterocycle and on a negative α-exo-cycle carbon, named the carbanion. Two highly
electronegative atomic substituents are bonded to the carbanion in carbanion-disubstituted
methylids, while in carbanion-monosubstituted methylids, one electronegative atomic
group and a hydrogen atom are bonded to the carbanion.

In the second half of the 20th century, Professors I. Zugravescu and M. Petrovanu with
their teams, working in the Faculty of Chemistry of Alexandru Ioan Cuza University of
Iasi, made a great contribution by obtaining and characterizing new molecules belonging
to the cycloimmonium ylid class [2].

The studied cycloimmonium ylids contain heterocycles (pyridinium, iso-quinolinium,
pyridazinium and benzo-[f]-quinolinium) and the carbanion’s substituents (carbethoxy,
acetyl and benzoyl) [2].

The stability of cycloimmonium ylids is influenced by both the electronegativity of
the carbanion substituents and the electron-withdrawing ability of the heterocycles [2,3].
For example, the carbanion-disubstituted cycloimmonium ylids are more stable than
those that are carbanion-monosubstituted, and iso-quinolinium ylids are more stable than
pyridinium ylids.

The most common method for obtaining cycloimmonium ylids is the “salt method”
from the quaternary halogenures of heterocycles in basic solutions [2].

All cycloimmonium ylids are characterized by a high-wavelength electronic absorp-
tion band (usually placed in the visible range) that is attributed to an internal charge
transfer (ICT) from the carbanion toward the heterocycle and is very sensitive to the solvent
nature [3–8]. This band shifts to high wavenumbers when the ylid is passed from nonpolar
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or non-protic solvents to polar and protic ones; it disappears or its intensity diminishes in
acid media [3,7].

Cycloimmonium ylids are used as acid–basic indicators due to their change in color
in the presence of acids and bases [2,3]. They are also used as semiconductors [9], in
obtaining thin conducting films [10], or as chemical precursors in reactions for new
heterocycles [11,12]. The 2,3 dipolar cycloadditions of cycloimmonium ylids to dienophiles
have been used to synthesize steroid analogs with biological activity [13], including antivi-
ral [14], anticancer [15], antifungal [16,17] and antituberculosis [18] effects.

Due to their high reactivity, some cycloimmonium ylids with monosubstituted carban-
ions are used as precursors in synthesis reactions [19,20].

As dipolar and polarizable molecules, cycloimmonium ylids are used, in small con-
centrations, as sounders in liquids in order to obtain information about the nature and the
strength of the molecular interactions in solutions [5–8,21].

In order to illustrate the importance of solvents’ empirical scales in characterizing the
nature and strength of molecular interactions and in estimating the excited-state dipole
moment of the solute molecules, we have chosen four cycloimmonium ylids: two with com-
mon heterocycle and two pairs with common carbanions. These molecules were previously
studied separately from a spectral point of view in binary and ternary solutions [5–8,22–24].
The chosen cycloimmonium molecules show electronic absorption bands in the UV range of
the π− π∗ type and a visible band of the n−π∗ type [3]. The UV bands are of high intensity
and low sensitivity to the solvent nature, but the visible absorption band is of low intensity,
disappears in acid media and shifts to blue when the solute molecules pass through a
non-polar/aprotic solvent to a polar/protic solvent. Based on these characteristics, the
electronic visible band was attributed to an intramolecular charge transfer (ICT) transition
from the ylid carbanion toward its heterocycle [3,6–8].

The mechanism of the visible ICT band of cycloimmonium ylids is similar to that based
on the definition of the solvent polarity scales (ET(30) and EN

T ) introduced by Cristian Re-
ichardt and co-workers [25–27] using betaine dye derivatives as spectrally active molecules.

The empirical mono-parameter solvent scales classify liquids regarding their solvation
ability but do not allow us to establish the contribution of each type of molecular interaction
to the solvation energy. They measure only the difference between the solvation energies in
the electronic states responsible for the electronic (absorption/emission) band appearance
according to its position in the electronic spectrum relative to the solute gaseous phase.

The theoretical relationships [28–30] established for describing the influence of dielec-
tric continuous liquids on the electronic bands of the solutes, as well as the new empirical
parameters [31] introduced by Kamlet, Abboud and Taft (KAT) and by Catalan [32] in order
to consider the ability of solvents to form hydrogen bonds by receiving or donating protons,
were used, with better results, in establishing both the nature and contribution of each type
of interactions to the total spectral shift in a given solvent and in estimating the dipole
moment in the excited state of the studied cycloimmonium ylids.

In all solutions, interactions between the components can modify some chemical
descriptors of the molecules. Both specific (hydrogen bonds, change of electrons or protons,
dimerization and clusterization) and non-specific (orientation, induction, polarization and
dispersive) interactions can take place between the solution components. Intermolecular
interactions induce changes in spectral tools of solutions, such as spectral shifts, variations
in intensities and/or polarization of the spectral bands.

Solvatochromism describes the changes in the position/intensity of molecular UV–Vis
bands of the solute induced by the solvent polarity. Some researchers previously used
the notion of the solvent polarity. For example, Brooker [33] suggested the term solvent
polarity in 1951, and Kosower realized a solvent scale based on the energy at the maximum
of a visible electronic absorption band in 1958 [34]. But the term solvent polarity was
recognized by IUPAC in 1994 when it was introduced in the Glossary of terms used in
physical organic chemistry and defined as the “solvation capability of solvent depending
on all intermolecular solute/solvent interactions which do not change the chemical nature
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of the solution components”. When a chemical reaction occurs in situ, it must be ensured
that the reaction components of the chosen solvent have good solubility and do not change
their chemical structure.

In the middle of the 20th century, the chemists used the term solvent polarity (sug-
gested by Brooker in 1951 [33]) to characterize liquid properties. Kosower [34,35] was
the first to determine the positions of the visible electronic band of the complex 1-ethyl-4-
carbomethoxy pyridinium iodide in 21 solvents and classified them based on the energy
at the maximum of intermolecular charge transfer band between the iodine and pyridine
derivative, listing a Z-scale, or solvent polarity scale.

The complex structure and the charge transfer mechanism studied by Kosower are
shown in Figure 1. Due to the change in the orientation of the complex dipole moment
caused by the visible photon absorption (see Figure 1a), the spectral position of the visible
absorption band of the complex depends only on the ground dipole moment of complex
(by the solvation energy of the complex in its non-excited electronic state). The dipole
moment in the excited electronic state of the complex is perpendicular on the ground state
dipole moment. The interaction with the reactive field created by the solvent molecules
surrounding the solute becomes null after the visible photon absorption. Therefore, the
parameter Z introduced by Kosower measures the solvation energy of the considered
complex in its ground electronic state. The solvent polarity scale is based on Equation (1)
in which the wavelength at the maximum of the electronic absorption band is expressed in
cm and the solvent polarity Z in kcal/mol.

Z
(

kcal
mol

)
=

2.8591·10−3

λ(cm)
(1)
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Figure 1. Chemical structure of 1-ethyl-4-carbomethoxy-pyridinium iodide complex and the mecha-
nism of ICT of the visible electronic band appearance. (a) Electron transfer from iodine to heterocycle.
(b) Relative orientation of the solvent molecules and the dipole moments of solute on its ground and
excited states.

Some inconvenient factors, such as insolubility of this complex in the non-polar
solvents and high concentration at which the spectral recordings must be carried out, make
it impossible to measure Z values for a great number of solvents.

A large number of solvent scales have been defined. More than 30 empirical polarity
solvent scales have been published to date [36], and the existence of linear correlations
between them was emphasized by different authors.

The Dimroth and Reichardt [25–27] empirical scale of solvent polarity is usually
applied to characterize the solvatochromic effects of solvents. It is constructed based
on the spectral characteristics of betaine 1 (2,6-bis[4-(t-butyl)phenyl]-4-[2,4,6-tris[4-(t-
butyl)phenyl]pyridine-1-yl]phenolate) [25] with the chemical structure illustrated in
Figure 2a.
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Figure 2. (a) Chemical structure of betaine 1 dye and mechanism of the ICT in this molecule;
(b) hypsochromic shift of the visible band of betaine 1 in polar solvents compared with non-polar ones.

Betaine 1 dye (Figure 2a) shows a visible electronic absorption band due to an in-
tramolecular charge transfer (ICT) through oxygen towards the heterocycle; this process
causes the decrease in the dye excited-state dipole moment and the change in its sensitiv-
ity. So, the solvation energy in the ground state of the solute determines its stabilization,
while in the excited state, the local field created by the solvent becomes antiparallel to
the molecular dipole moment, and the energy corresponds to a destabilization process, as
Figure 2b suggests.

Betaine 1 dye is used to measure the solvent polarity due to its high solubility in
the majority of liquids and due to the great difference between its dipole moments in
the ground (µg = 15D

)
and in the first excited (µe = 6D) electronic states, inducing high

values of the spectral shifts in the visible range for the polar solvents compared with the
non-polar ones.

Betaine 1 dye is at the basis of two solvent polarity scales, ET(30) and EN
T , with the

following definitions.

ET(30)
kcal
mol

= hcNAν = 2.8591·10−3ν = 2.8951·10−3/λmax(cm) (2)

In Equation (2), ν is the wavenumber at the maximum of the electronic absorption
band, measured in cm−1, and λmax is the wavelength (expressed in cm) corresponding to
the same maximum.

The second empirical solvent scale is named EN
T , and it is defined using the values of

ET(30) in the respective solvent and in water and TMS, corresponding with Equation (3).

EN
T =

ET(solvent)− ET(TMS)
ET(water)− ET(TMS)

=
ET(solvent)− 30.7

32.4
(3)

The last scale was introduced in order to avoid the use of non-IS unity kcal/mol and
then transform it in kJ/mol. The parameter EN

T is adimensional.
Reichardt contributed to the proposal of these empirical scales and to the increase in

the solvent number characterized by parameter EN
T , considering the electronic absorption

spectra of other betaine dyes [26] as standard dyes for the solvents in which betaine 1 is not
soluble. A complex study of the solvent influence on organic molecules was realized by
prof. C. Reichardt in [27].

These two solvent polarity scales are known for more 400 pure and mixed liquids. The
increasing the solvent polarity is in the following order:

• Non-polar non hydrogen bond donor (HBD) (cyclohexane, benzene, THF and dichloromethane);

229



Liquids 2024, 4

• Dipolar non-polar HBD (aprotic) solvents (acetone, DMF and DMSO);
• Dipolar protic solvents (alcohols and acids).

The empirical scales of the solvents [36] arrange the liquids using the spectral data and
can be applied to the solute molecules showing electronic spectra and developing the same
type of interactions with a given solvent. In the solution of a solute, molecular interactions
differ according to the standard molecule, and deviations in the linear dependence of the
spectral data vs. empirical parameters are observed. The presence of the aberrant points
in graphs of experimental wavenumbers vs. empirical solvent parameters indicates the
presence of supplemental interactions between the solute and the solvent molecules.

The statistical analysis of experimental data shows the linearity between the experi-
mental wavenumbers at the maximum of the electronic band of the solute and the empirical
polarity parameter of the solvent according to Equation (4).

ν = mPp + n (4)

In Equation (4), the following notation is used: ν is the wavenumber at the maximum
of the electronic band, and Pp is the empirical polarity parameter of the solvent. The
correlation coefficients m and n can be statistically established using experimental spectral
data and the values of the solvent polarity parameters. Due to the linear relationships
between various polarity scales according to [36], in the present paper, we used an equation
of the type (4) both for Z and ET(30) parameters.

The empirical solvent scales based on multiple parameters have the advantage of
separately considering the effect of the different forces on the solute molecules.

Some theoretical representations [28–30] were concomitantly developed in order to
compute the contributions of each type of solvent to the electronic bands of the solute.
But, as Reichardt comments [26,27], these theories take into consideration only universal
interactions, considering the solvent a continuum dielectric acting on the valence electrons
of the solute molecules. The solvation energy in the electronic states responsible for the
appearance of the electronic transition in absorption or emission processes is computed
using macroscopic parameters n (refractive index) and ε (electric permittivity) of the solvent
in the existent theories. The specific interactions of the solute/solvent type are neglected by
the existent theories.

The impossibility to develop a unitary theory describing the complex phenomena
from the liquid phase results from the multitude of the interactions developed between its
components and from the very close values of the interaction energies and the energy of
the thermal motion, which determine only a partial order in liquids.

In this situation, the researchers combined [5,8,37] the theoretical and empirical corre-
lations using multi-parametric linear relations between the spectral characteristics of the
solute and the solvent parameters in order to assure good correspondence between the
experimental and computed results. Usually, equations of the type (5) are used to describe
the solvent influence on the electronic bands of the solutes.

νcalc. = ν0 + C1f(n) + C2f(ε) + C3α+ C4β (5)

In Equation (5), the first term signifies the wavenumber at the maximum of the
electronic band of the solute measured in its gaseous phase; the two following terms
describe the universal interactions as functions of the macroscopic parameters of the solvent
(refractive index, n, and electric permittivity, ε), and the terms C3α and C4β describe the
specific interactions in which the solvent molecules donate and receive protons, respectively.

This combination of the theoretical representations and the empirical treatment permit
us to use the theoretical expressions of the correlation coefficients C1 and C2 [6,7] in order to
compute some molecular parameters of the solute in its excited state of electronic transition.

Equations of the types (6) and (7) express the correlation coefficients (determined by
statistical means) as functions of microscopic parameters of the solute (molecular radius,
a; dipole moment, µ; polarizability, α; and ionization potentials, I, of solute (u) and sol-
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vent (v) in the solute ground (g) and excited (e) states of the electronic transition). The
corresponding parameters of the solute in its ground state can be computed by quantum
mechanical procedures.

C1 =
2µg(µg − µecosϕ)

a3 + 3kT
αg − αe

a3 (6)

C2 =
µg − µe

a3 −
2µg(µg − µecosϕ)

a3 − 3kT
αg − αe

a3 +
3
2
αg − αe

a3
IuIv

Iu+Iv
(7)

In the case of solute molecules showing both absorption and emission electronic
spectra, the dipole moments in the electronic states responsible for the electronic transition
and the angle between them can be computed based on similar relations written for both
types of electronic spectra [38–41]. In the case in which the solute molecules are active only
in absorption spectra, the variational method [42], based on the McRae hypothesis [28] that
the molecular polarizability does not vary in the visible photon absorption process, can
be applied.

The combined spectral and computational analyses of the molecular parameters
help us to obtain supplemental information about the excited states of the molecular
structures, contributing to the development of the quantum mechanical calculations for the
excited states.

2. Materials and Methods

Four cycloimmonium ylids, pyridinium-dicarbethoxy-methylid (PDCM)—C12H15O4N1,
iso-quinolinium dicarbethoxy methylid (iQDCM)—C16H17O4N1, pyridinium-acetyl-benzoyl
methylid (PABM)—C15H13O2N1 and benzo-[f]-quinolinium acetyl-benzoyl-methylid
(BQABM)—C23H17O2N1, are considered in this paper. The structural features of the
studied cycloimmonium ylids are given in Scheme 1. Two ylids (PDCM and PABM) have
pyridine as a common heterocycle. Two pairs of ylids have the same substituents at their
carbanions (PDCM and iQDCM, respectively, BQABM and PABM).
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Scheme 1. Structural features of the studied cycloimmonium ylids.

The optimized geometries of the studied ylids, in a common format, are provided in
Supplementary Material.

The studied substances were prepared as described in [2] in Alexandru Ioan Cuza
University Organic Chemistry Labs. Their purity was assessed by spectral (NMR and IR)
and chemical (elemental) means.
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The spectral grade solvents were obtained from Merck Company, Darmstadt, Ger-
many, and Sigma-Aldrich, Burlington, MA, United States (headquarters) and used without
any purification.

The solvent parameters were taken from [43].
The solvent parameters used in this paper are listed in Table 1, where ET(30) and EN

T
are from [27].

Table 1. Solvent parameters.

No. Solvent ET(30) EN
T Z(kcal/mol) f(ε) f(n) π* α β

1 Dioxane 36.0 0.164 64.55 0.286 0.300 0.55 0.00 0.37

2 Benzene 34.3 0.111 59.6 0.299 0.295 0.59 0.00 0.10

3 o-Xylene 33.1 0.074 - 0.302 0.292 0.41 0.00 0.11

4 Toluene 34.5 0.099 - 0.302 0.297 0.54 0.00 0.11

5 Anisole 44.3 0.198 60.8 0.524 0.300 0.73 0.00 0.32

6 Chloroform 39.1 0.259 63.4 0.552 0.267 0.69 0.20 0.10

7 n-Butyl acetate 38.5 0.241 - 0.577 0.240 0.46 0.00 0.45

8 Chlorobenzene 36.8 0.188 62.0 0.605 0.307 0.71 0.00 0.07

9 Ethyl acetate 38.1 0.238 60.5 0.625 0.228 0.55 0.00 0.45

10 Dichloromethane 40.7 0.309 64.3 0.727 0.256 0.82 0.20 0.10

11 Benzyl alcohol 50.4 0.608 82.0 0.804 0.311 0.98 0.60 0.52

12 Cyclohexanol 49.6 0.509 76.5 0.824 0.276 0.45 0.66 0.84

13 n-Butyl alcohol 49.7 0.586 77.5 0.833 0.242 0.47 0.84 0.84

14 Isobutyl alcohol 47.1 0.552 80.6 0.852 0.237 0.40 0.69 0.84

15 n-Propyl alcohol 50.7 0.617 78.2 0.866 0.240 0.52 0.84 0.90

16 Acetone 42.2 0.355 65.5 0.868 0.222 0.62 0.08 0.48

17 Ethanol 51.9 0.654 80.8 0.895 0.221 0.86 0.86 0.75

18 Methanol 55.4 0.762 84.4 0.909 0.203 0.60 0.98 0.66

19 Water 63.1 1 94.6 0.964 0.206 1.09 1.17 0.47

20 Formamide 55.8 0.775 80.5 0.973 0.267 0.97 0.97 0.71

The visible electronic absorption band was recorded with a Specord UV–Vis Carl Zeiss
Jena spectrophotometer with a data acquisition system.

The optimized structure and the molecular descriptors of cycloimmonium ylids in the
electronic ground state, in vacuum, were established with the Spartan’14 program [44,45].
The density function theory (DFT) was used with the B3LYP method (Becke’s three-
parameter functional using the Lee–Yang–Parr correlation functional) in combination
with the 6-31G* basis set [46].

Statistical analysis was carried out using the Origin 9 program using fitting methods
(linear fit and multiple linear regressions). In order to obtain a better correlation between
the spectral data and solvent parameters, the aberrant points were eliminated.

3. Results and Discussion
3.1. Computational Results

The optimized structures of the studied methylids are illustrated in Figures 3–6.
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Figure 6. Optimized structure and atomic electrostatic charge for BQABM.

From the Figures 3–6, it can be seen that the ylid covalent bond is polarized; the
electronic charge is shifted to carbanion from nitrogen. In this way, the studied methylids
have a zwitterionic and basic nature in their ground electronic state. One can see that
the covalent bond C=O is also polarized due to the high electronegativity of oxygen.
Pronounced charge separation on the covalent bond C=O due to high electronegativity
of oxygen can be seen in Figures 3–6. The smallest charge separation is on the C=O bond
neighboring the benzene ring in PABM (Figure 5). This fact favors the ability of the studied
methylids to participate in specific interactions with protic molecules [3,5,7].

Figures 7–10 show the transitions between HOMO and LUMO orbitals with intramolec-
ular charge transition (ICT) from the carbanion towards the heterocycle for all studied
cycloimmonium ylids.
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Figure 10. HOMO–LUMO orbital transition for BQABM.

In the ground electronic state (HOMO), the studied methylids are characterized by
a high electronic charge on the carbanion, while in their excited electronic state (LUMO),
the non-bonded electrons are shifted towards the heterocycle. So, the electric dipole
moment of the considered molecules decreases [6,7,23,24] in the process of the visible
photon absorption. This results in the solvation energy of the studied methylids being
higher in the ground electronic state compared with the first excited-state solvation energy.

The molecular descriptors obtained in quantum mechanical analysis for the considered
cycloimmonium ylids are listed in Table 2. The results from Table 2 correspond to gaseous
state of the studied molecules.

From Table 2, it can be seen that studied molecules are dipolar and polarizable. Ac-
cording to Koopmans’s theorem [47] the values with the changed sign of HOMO and
LUMO energies are the ionization potential and electron affinity of the studied methylids.
The relatively small values of these parameters show that the cycloimmonium ylids can be
used as precursors in chemical reactions.

The HOMO–LUMO gap (Table 2) shows the high chemical reactivity and biological
activity of the studied molecules.

The HBA and HBD count shows that the methylids do not donate protons to the solvent
molecules (null value of HBD count) but can receive protons from protic solvents. There are
three places (HBA count is 3) in methylids where the hydrogen bond can be realized.

The data from Table 2 were corroborated with the spectral results used in this study
for calculating the excited dipole moments for the studied molecules.
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Table 2. Molecular descriptors of the studied methylids computed by Spartan ‘14.

Properties
Ylid

PDCM iQDCM PABM BQAM

Total energy (au) −829.93 −975.57 −784.5894 −1091.84

Dipole moment (Debye) 7.40 8.34 3.24 8.64

Polarizability (
.

A3) 60.50 64.74 61.20 69.66

Solvation energy (kJ/mol) −49.38 −48.11 −39.36 −54.42

Weight (amu) 237.255 287.315 239.274 339.394

Volume (
.

A3) 244.96 296.33 254.49 356.49

Area (
.

A2) 268.89 315.88 264.40 352.67

EHOMO (eV) −5.34 −5.25 −5.38 −5.17

ELUMO (eV) −2.18 −2.40 −1.94 −2.50

|∆E| = |EHOMO-ELUMO| (eV) 3.16 2.85 3.44 2.67

HBA count 3 3 3 3

HBD count 0 0 0 0

3.2. Spectral Results

The experimental wavenumbers (expressed in cm−1) at the maximum of the visible
electronic absorption bands of the considered methylids are listed in Table 3.

Table 3. Wavenumbers at the maximum of the electronic absorption band for the studied methylids.

No. Solvent
ν (cm−1)

PDCM iQDCM PABM BQABM

1 Dioxane 22,900 21,607 22,830 21,050

2 Benzene 22,550 21,116 23,400 20,600

3 o-Xylene 22,450 21,120 23,850 21,350

4 Toluene 22,720 21,460 23,750 20,250

5 Anisole 23,040 21,725 23,400 21,180

6 Chloroform 23,280 22,040 24,630 21,500

7 n-Butyl acetate 23,020 21,450 24,280 21,620

8 Chlorobenzene 22,950 21,270 23,800 21,200

9 Ethyl acetate 23,300 21,516 24,330 20,880

10 Dichloromethane 23,160 21,970 24,570 21,310

11 Benzyl alcohol 24,770 23,405 26,020 23,040

12 Cyclohexanol 24,530 23,070 26,000 23,950

13 n-Butyl alcohol 24,550 23,265 25,980 24,100

14 Isobutyl alcohol 24,700 23,270 26,300 24,160

15 n-Propyl alcohol 24,950 23,260 26,450 24,250

16 Acetone 23,450 21,970 24,480 21,900

17 Ethanol 24,970 23,685 26,760 24,160

18 Methanol 25,950 23,960 27,500 24,200

19 Water 25,450 24,180 27,620 24,520

20 Formamide 25,190 24,100 27,020 23,070
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The data from Table 3 show that the visible band of cycloimmonium ylids is sensitive
to the solvent nature; it shifts to blue when the ylids are passed from non-polar/aprotic
solvents to polar/protic ones, due to the increase in the orientation and specific interactions
in the ground electronic state.

One can establish linear dependence between the energy at the maximum of the visible
band of cycloimmonium ylids and the empirical parameter introduced by Kosower for the
solvent polarity (see Equation (8) and Table 4).

Emax

(
kcal
mol

)
= MZ

(
kcal
mol

)
+ N (8)

Table 4. Regression coefficients for Equation (8).

Molecule M ± ∆M N ± ∆N R Standard Deviation Nr

PDCM 0.31 ± 0.02 46.8 ± 1.6 0.93 0.8 16

iQDCM 0.27 ± 0.02 45 ± 1.5 0.92 0.9 17

PABM 0.36 ± 0.02 46.4 ± 2.1 0.91 1.2 16

BQABM 0.44 ± 0.04 32.9 ± 2.6 0.92 1.2 15

The slope M, in relation to (8), indicates the strength of the molecular interactions of the
methylid with the solvent and the cut at the origin, N (kcal/mol), approximates the energy
at the maximum of the visible absorption band when it is recorded in the vaporous state
of the spectrally active molecule. From Table 4, it can be seen that cycloimmonium ylids
with symmetrically substituted carbanion are less sensitive to the solvent action compared
to those with asymmetric carbanion. The cut at the origin in Equation (8) decreases with
the increase in the benzene rings in the ylid molecule. In the last column of Table 4, the
number Nr of the points used in statistical analysis after the elimination of the aberrant
points is specified.

The dependence of the type (8) is illustrated in Figure 11. The very good linear
dependence between Emax

(
kcal
mol

)
and the Kosower empirical polarity is given due to the

similar mechanism determining the visible band appearance for the cycloimmonium ylids
and for the complex considered by Kosower.
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studied molecules.

The standard molecule considered by Reichardt in obtaining the solvent polarity,
betaine 1 dye (see Figure 2a), has a chemical structure more similar to that of the cycloim-
monium ylids. It is normal to obtain a good linear dependence between the energy at the
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maximum of the visible band of cycloimmonium ylids and the parameters of the ET(30)
empirical scale, from Equation (9), as shown by the data of Table 5.

Emax

(
kcal
mol

)
= CET(30) + D (9)

Table 5. Regression coefficients for Equation (9).

Molecule C ± ∆C D ± ∆D R Standard Deviation N

PDCM 0.39 ± 0.03 51.1 ± 1.2 0.91 0.86 19

iQDCM 0.35 ± 0.02 48.6 ± 1.1 0.91 0.88 20

PABM 0.45 ± 0.03 52.5 ± 1.2 0.95 0.93 18

BQABM 0.54 ± 0.04 40.6 ± 2 0.90 1.3 16

In the last column of Table 5, the number N of the points used in statistical analysis
after the elimination of the aberrant points is specified.

Very good correlation between the positions of the visible band of cycloimmonium
ylids and those of the Reichardt’ standard dye is illustrated in Figure 12. This fact can
be explained by the similitude between the electronic transitions in the visible photon
absorption process for both types of molecules.
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Figure 12. Energy at the maximum of the absorption band versus the ET(30) parameter for the
studied molecules.

The mono-parameter empirical scales of solvents proposed by Kosower and by Re-
ichardt categorize the solvents regarding their influence on the ITC visible band of cy-
cloimmonium ylids but do not establish relations between the correlation coefficients of
Equations (8) or (9) and the molecular descriptors computed for the cycloimmonium ylids.

By using dependences of the type (5), in which the theoretical results are combined
with the empirical ones, the correlation coefficients resulting from theoretical means ex-
press their dependence on the molecular descriptors of the spectrally active molecules by
equations of the types (6) and (7), allowing new estimations to be obtained for the excited
states of the studied molecules.

In our attempt to use an equation of the type (5) in statistical analysis of the spectral
data, the equation of the type (10) was obtained, showing an important role of the universal
interactions (described by the term C1f(ε)) and of the hydrogen bond (described by the
term C2α), in which the methylids accept protons from the protic molecules of the solvents.
An equation of the type (10) suggests the basic nature of cycloimmonium ylids and their
dipolar characteristics in orientation interactions.

ν = ν0 + C1f(ε) + C2α (10)
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In the last column of Table 6, the number N of the points used in statistical analysis
after the elimination of the aberrant points is specified.

Table 6. Regression coefficients for Equation (10).

Ylid ν0 ± ∆ν0 C1 ± ∆C1 C2 ± ∆C2 R N

PDCM 22,335 ± 237 1134 ± 451 1949 ± 249 0.94 20

iQDCM 21,101 ± 191 746 ± 361 2136 ± 200 0.96 20

PABM 22,969 ± 290 1656 ± 550 2607 ± 304 0.95 20

BQABM 20,153 ± 395 1724 ± 723 2794 ± 382 0.94 18

The correlation coefficients obtained in statistical analysis based on relation (5) and
the data of Tables 1 and 3, when the parameters without real importance (f(n) and β) were
eliminated, are given in Table 6.

The values computed by Equation (10) and the experimental data referring to the
visible electronic absorption band of the considered cycloimmonium ylids are plotted in
Figures 13 and 14.
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There is a very good correlation between computed and experimental wavenumbers
at the maximum of the absorption band: the slopes are nearly 1 (0.95 for PDCM, 0.97 for
iQDCM, 0.96 for PABM, 0.94 for BQABM), and the regression coefficient Adj R-square is
over 0.94 for all studied molecules.

Using the correlation coefficients from Table 6, the contribution of each type of in-
teraction was computed for the four cycloimmonium ylids under study. The term C1f(ε)
describes the strength of the universal interactions, while the term C2α describes the
contribution of the specific interactions. Table 7a,b show the results of calculation for
the contribution of these interactions to the total spectral shift recorded in the respective
solvent, in cm−1, as well as in percentages.

Table 7. (a). Contribution of universal interactions C1f(ε) (cm−1) and of the specific interactions C2α

(cm−1) to the total spectral shift recorded in each solvent. The numbers correspond to the solvents
from Table 1. (b). Contribution of universal interactions C1f(ε) (cm−1) and of the specific interactions
C2α (cm−1) to the total spectral shift recorded in each solvent. The numbers correspond to the
solvents from Table 1.

(a)

No.
PDCM iQDCM

C1f(ε); (P%) C2α; (P%) C1f(ε); (P%) C2α; (P%)

1 323; (100) 0 215; (100) 0

2 338; (100) 0 224; (100) 0

3 341; (100) 0 227; (100) 0

4 341; (100) 0 227; (100) 0

5 592; (100) 0 393; (100) 0

6 624; (61.5) 390; (38.5) 414; (49.2) 428; (50.8)

7 652; (100) 0 433; (100) 0

8 684; (100) 0 454; (100) 0

9 706; (100) 0 469; (100) 0

10 852; (68.6) 390; (31.4) 545; (56.0) 428; (44.0)

11 909; (43.7) 1170; (56.3) 603; (32.0) 1284; (68.0)

12 931; (41.9) 1287; (58.1) 618; (30.4) 1412; (69.6)

13 941; (36.5) 1638; (63.5) 625; (25.8) 1798; (74.2)

14 963; (41.7) 1346; (58.3) 639; (30.2) 1477; (69.8)

15 979; (37.4) 1638; (62.6) 650; (26.6) 1798; (73.4)

16 981; (86.3) 156; (13.7) 651; (79.2) 171; (20.8)

17 1011; (37.6) 1677; (62.4) 671; (26.7) 1840; (73.3)

18 1027; (35.0) 1911; (65.0) 682; (24.5) 2097; (75.5)

19 1089; (32.3) 2282; (67.7) 723; (22.4) 2504; (77.6)

20 1099; (36.7) 1892; (63.3) 730; (26.0) 2076; (74.0)

(b)

No.
PABM BQABM

C1f(ε); (P%) C2α; (P%) C1f(ε); (P%) C2α; (P%)

1 475; (100) 0 492; (100) 0

2 496; (100) 0 514; (100) 0

3 501; (100) 0 519; (100) 9

4 501; (100) 0 519; (100) 0
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Table 7. Cont.

5 870; (100) 0 901; (100) 0

6 916; (63.7) 522; (36.3) 949; (63) 558; (37)

7 958; (100) 0 992; (100) 0

8 1004; (100) 0 1041; (100) 0

9 1036; (100) 0 1075; (100) 0

10 1207; (69.8) 522; (30.2) 1250; (69.1) 558; (30.9)

11 1335; (46.0) 1566; (54.0) 1382; (45.2) 1674; (54.8)

12 1368; (44.3) 1723; (55.7) 1417;(43.5) 1841; (56.5)

13 1384; (38.7) 2192; (61.3) 1433; (38.0) 2344; (62.0)

14 1414; (44.0) 1801; (56.0) 1465; (43.2) 1925; (56.8)

15 1438; (39.6) 2192; (60.4) 1490; (38.9) 2344; (61.1)

16 1441; (87.3) 209; (12.7) 1493; (87.0) 223; (13.0)

17 1486; (39.8) 2245; (60.2) 1539; (39.0) 2399; (61.0)

18 1509; (37.1) 2558; (62.9) 1563; (36.4) 2743; (63.6)

19 1600; (34.4) 3054; (65.6) 1658; (33.7) 3264; (66.3)

20 1615; (39.0) 2531; (61.0) 1674; (38.2) 2706; (61.8)

The data of Table 7a,b show that the universal orientation-induction interactions are
prevalent in non-protic solvents, while the specific interactions of the type hydrogen bonds
become very important in the protic solvents, even more strong than those universal.

By using the values of C1 (cm−1) from Table 6 and relations (6) and (7), the excited-state
dipole moment of the studied cycloimmonium ylids can be estimated (in the limits of the
variational model [7,23,42]. The values of the molecular descriptors from Table 2 were used
in estimating the excited dipole moment of the studied molecules.

The results of estimating the excited dipole moment of the studied molecules are listed
in Table 8. The values of the molecular radius, a, of cycloimmonium ylids were computed
using the values of the molecular area and volume computed by Spartan ’14.

Table 8. Excited- and ground-state dipole moments of cycloimmonium ylids.

Ylid a (Å) µg(D) µe(D) αg

(
Å

3
)

∆E
(
cm−1 )

PDCM 2.733 7.40 7.08 60.50 25,469

iQDCM 2.814 8.34 8.14 64.74 22,988

PABM 2.888 3.24 1.61 61.20 27,747

BQABM 3.033 8.64 8.07 69.66 29,602

We mention that the estimation of the excited-state dipole moment was conducted
using the values of the ground electronic state of the dipole moment and polarizability for
each molecule considered in its vaporous phase (Table 2).

From the data of Table 8, it can be seen that the smallest dipole moment in the
ground state corresponds to PABM, a molecule with a uni-ring heterocycle and with an
asymmetrically substituted carbanion. It is smaller than the ground-state dipole moment
of PDCM, a cycloimmonium ylid with the same heterocycle due to the presence of four
oxygen atoms in PDCM compared with PABM containing only two oxygen atoms. Oxygen
is known as an electronegative atom able to increase the electronic charge delocalization.
The ground dipole moment of PABM is smaller than that of BQABM due to the structure of
the heterocycle in the last ylid. It can be seen that the charge separation on the C=O bond
neighboring the benzene ring is very small (see Figure 5).

242



Liquids 2024, 4

From Table 8, it can be seen that the electric dipole moment of all cycloimmonium ylids
under study is diminished by the visible photon absorption in accordance with the shift of
this absorption band to blue when the solvent polarity increases. The largest decrease by
excitation was obtained for PABM. It is possible that the carbanion asymmetry determines
its sp3 hybridization and facilitates the electronic charge shift towards the heterocycle.

In Table 8, the values ∆E of the distance between the ground and the first excited level
(LUMO-HOMO) expressed in cm−1 are also listed, and it can be observed that the n − π*

transition is realized from the ground state towards one non-occupied level situated below
the LUMO.

4. Conclusions

By corroborating the computational and spectral data regarding the chosen four
cycloimmonium ylids, one can observe the dipolar and polarizable characteristics of
these molecules.

The two empirical scales, proposed by Kosower and by Reichardt, categorize the
solvents regarding their global effects on the studied cycloimmonium ylids.

Results of the present study showed very good correspondence between the wavenum-
bers at the maximum of the electronic bands determined by the same mechanism (based on
the electron charge transfer) both for the studied molecules and for the standard molecules
used in the definition of the mono-parameter polarity scales.

The multi-parameter solvent scales can be used in determining the nature of molecular
interactions and the contribution of each type of interaction to the total spectral shifts of
the electronic bands.

Corroborating the theoretical results with the empirical treatment of the solvent effect
on the electronic absorption bands of the spectrally active molecules, as cycloimmonium
ylids, one can obtain information about the excited-state dipole moments.

The excited-state dipole moment of each studied cycloimmonium ylid is smaller
than that in its ground electronic state, proving the shift of electronic charge towards the
heterocycle in the visible absorption process.
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Use of DFT Calculations as a Tool for Designing New
Solvatochromic Probes for Biological Applications
Cynthia M. Dupureur

Department of Chemistry & Biochemistry, University of Missouri St. Louis, St. Louis, MO 63121, USA;
cdup@umsl.edu

Abstract: The intramolecular charge transfer behavior of push–pull dyes is the origin of their sensi-
tivity to environment. Such compounds are of interest as probes for bioimaging and as biosensors to
monitor cellular dynamics and molecular interactions. Those that are solvatochromic are of particular
interest in studies of lipid dynamics and heterogeneity. The development of new solvatochromic
probes has been driven largely by the need to tune desirable properties such as solubility, emission
wavelength, or the targeting of a particular cellular structure. DFT calculations are often used to
characterize these dyes. However, if a correlation between computed (dipole moment) and experi-
mentally measured solvatochromic behavior can be established, they can also be used as a design
tool that is accessible to students. Here, we examine this correlation and include case studies of the
effects of probe modifications and conformation on dipole moments within families of solvatochromic
probes. Indeed, the ground state dipole moment, an easily computed parameter, is correlated with
experimental solvatochromic behavior and can be used in the design of new environment-sensitive
probes before committing resources to synthesis.

Keywords: fluorescence; solvatochromism; DFT

1. Introduction

Fluorescence has become one of the most common means of molecular detection.
Sensitivity, ease-of-use, and the broad array of fluorescence techniques have fueled these
developments. Fluorescent molecules that exhibit differential emission properties in re-
sponse to environment, e.g., viscosity and/or solvent polarity, are solvatochromic and thus
particularly efficient probes [1].

For many years, cellular membranes, composed primarily of amphipathic phospho-
lipids, were principally thought to serve as boundaries and barriers for cells. However, in
the past few decades, we have come to better understand a remarkable dynamic complex-
ity. The existence of lipid rafts, or mobile domains, that are distinct in their composition
and properties from the surrounding lipid has been known for some time [2,3]. Lipids
containing more unsaturated phospholipids and cholesterol tend to be more rigid and
less hydrated and therefore more nonpolar [4,5], with lower local viscosity (Lo; Figure 1).
Conversely, regions with more saturated phospholipids and less cholesterol have more
mobility, are more polar, and exhibit higher local viscosity (Ld).

Thus, the structures of cellular membranes lend themselves well to the application
of solvatochromic probes. There are a number of well-known fluorescent probes of lipid
order. These are well discussed in recent reviews [1,4], and some are discussed below.

What has driven interest in these probes is a developing understanding of the role
of lipid order and lipid dynamics in a variety of important cellular processes. One of
these is cellular stress, in the form of starvation or oxidative stress. Dioxaborine- and
Nile Red- based dyes have been recently applied to map the effects of these types of
stresses on cellular lipid structures [6,7]. Characterizing changes in lipid order as a result
of apoptosis, or programmed cell death, is another area of strong interest. Here, Nile
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Red and hydroxyflavones have been applied [8,9], and this area of probe application has
been reviewed recently [10]. Another cellular process being probed with solvatochromic
lipid dyes is viral entry. Laurdan and DiO are two probes that have been applied in this
area [11–14].
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1.1. Desirable Properties in a Solvatochromic Probe

Advantageous excitation and emission wavelength ranges are of primary concern
in choosing a probe application. This would include ranges that do not overlap with
other emission signals in a cell (350–550 nm; [15–17]). This is the primary driving force
for the development of red emitting probes, e.g., 600–750 nm [18–20]. Also important
are properties that affect sensitivity. An ideal, sensitive fluorescent probe should have
appropriate solubilities, high extinction coefficients (>30,000 M−1 cm−1), high quantum
yields in the medium of interest (>50%), and sufficient photostability for the purpose [21].
Often, a delicate balance of all of these properties is required for the application of a probe,
and sometimes, it is necessary to compromise on one or more of these elements to achieve
an experimental goal. For example, some of the most commonly used solvatochromic
probes (laurdan and NR12S) do not have the most desirable photostability [16].

The structural features that lend themselves to solvatochromism include extended π

systems. Second, molecules that respond to solvent polarity typically have large dipole
moments and, more precisely, a large difference between the ground and excited state dipole
moments. Structurally, this translates to uneven distribution of electrons in the molecule,
usually facilitated by the presence of polar groups, more specifically, electron donating and
electron withdrawing groups separated by an extended system of conjugation through
which electrons can easily travel via push–pull or intramolecular charge transfer (ICT)
behavior [22]. If a more polar solvent stabilizes the probe in its excited state (larger probe
dipole moment) to a greater extent than it stabilizes the ground state (smaller probe dipole
moment), positive solvatochromism results [23]. This is exhibited as a red (bathochromic)
shift in optical spectra (Figure 2). If, instead, a more polar solvent stabilizes the ground state
of the probe more than the excited state, negative solvatochromism results (not shown).
In this case, the transition is of higher energy and the optical spectrum exhibits a blue or
hypsochromic shift [23].
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1.2. The Problem of Design

The early history of applying solvatochromic probes to the study of lipids was
serendipitous, that is, dyes in the Nile Red family were known to be sensitive to sol-
vent polarity [18]. However, more recently the optimal properties of a solvatochromic dye
have received more direct attention. Older dyes have been used as scaffolding and modified
for specific purposes. Much of the design of solvatochromic probes stems from specific
needs such as solubility in a lipid environment [21], facile synthetic routes, and a general
understanding that useful push–pull dyes require electron donating and withdrawing
groups separated by extended conjugation. Occasionally, functional groups are added
because they are thought to optimize for specific properties such as organelle targeting [7],
photostability [16], or solubility [24]. The somewhat meandering history of lipid probe
literature does not typically document extensive rational design. Indeed, there is very little
literature on the rational design of these dyes [24–26]. Desirable behaviors of these dyes
are discussed, but usually in hindsight.

While there are a number solvatochromic dyes widely used for biological imaging, it
is generally acknowledged that due to the complexity of properties that require balance for
an application, there is an ongoing need to develop new dyes [1]. For synthetic chemists,
this provides an attractive challenge. However, not all researchers possess this skill or have
ready access to it. It would be advantageous to have a means of assessing the potential of
new structures for solvatochromic behavior before committing the resources for synthesis
and characterization.

Density functional theory (DFT) calculations are a common feature of papers that
describe the synthesis and characterization of new solvatochromic probes. These calcula-
tions are readily accessible to even the most junior researchers via programs like Spartan
and Gaussian, and these calculations provide a number of molecular parameters that are
correlated with good solvatochromic behavior. The first are the energies of HOMO and
LUMO, from which the difference is easily computed. Small HOMO LUMO gaps (e.g.,
3–5 eV; [27,28]) facilitate electronic transitions and are common among solvatochromic
probes. Secondly, maps of the HOMO and LUMO in ground and excited states illustrate the
movement of electron density of the molecule upon excitation. Another important visual is
the electrostatic potential (ESP) map, which illustrates charge distribution. When dramatic,
these latter images can clearly show the potential for intramolecular charge transfer (ICT) or
push–pull behavior, a hallmark feature of solvatochromic probes. See Figure 3 for examples
of these types of DFT data for a solvatochromic probe.
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Although the landscape of solvatochromic probe design is complex, it would be desir-
able and supportive to be able to compute a single, accessible parameter that is correlated
with experimental solvatochromic behavior. Transition dipole moments (µe − µg) are
of course informative. A common range for these values for solvatochromic probes is
5–14 D, but these are often computed from the slopes of Lippert–Mataga plots and thus
are derived from experimental data [26,30,31]. Exited state dipole moments are seldom
reported [30]. Computed ground state dipole moments are sometimes reported and are
often large for solvatochromic probes [31–33]. Discussed here is the potential of DFT, in
particular, ground state dipole moments, to contribute to the design process, rather than as
a form of characterization presented with synthesis. First, reported data on a few series of
known solvatochromic dyes are compiled to determine the extent to which a computed
dipole moment correlates with experimentally determined solvatochromic behavior. Then,
we will examine, in retrospect, how modifications to known families of dye structures
can affect the ground state dipole moment and electrostatic potential maps. The effect of
conformation on computed dipole moments will also be examined. Then, we will explore
the application of DFT in the design of metallafluorenes as lipid probes. All of these
investigations are accessible to students and can provide excellent training in molecular
properties and probe design.

2. Methods
2.1. DFT Calculations

Routine dipole moments were computed using Spartan ’18 (Wavefunction, Irvine, CA,
USA). The probe structures were first energy minimized. Using the density functional
basis set B3LYP-6-31G*, the equilibrium geometry was calculated in the ground state in
polar solvent (DMF). Output includes the dipole moment. To systematically search for
low energy conformers (conformer distribution), the density functional sets wB97X-V and
6-311+G were applied.

2.2. Determination of ET30 and Lippert–Mataga Slopes

The Stokes shift (∆ν) is calculated as follows:

∆ν = νA − νF (1)

where νA is the λmax of the absorption spectra and νF is the λmax of the emission spectra in
wavenumbers (cm-1).

Small variations in the forms of solvent polarizability are often applied [32,34–36],
and this can lead to some variability. To normalize that, Stokes shift data from the lit-
erature were plotted vs. a form of the solvent polarizability function f1(ε, η), defined
as follows [37]:

f1(ε, η) =

(
ε − 1

2ε + 1
− η2 − 1

2η2 + 1

)
(2)

where (ε) is the dielectric constant and (η) is the refractive index of the solvent. Polarity
functions were either obtained from the literature [34,38] or computed from solvent refer-
ence data [39]. Table 1 features a summary of solvent data used in this study. Published
Stokes shift data were plotted vs. both the above polarizability function f1(ε, η) and vs.
ET30 [23] using Kaleidagraph 3.51 software (Synergy Software, Reading, PA, USA).

Table 1. Solvent data used in this study a.

Solvent Dielectric Constant b

ε
Refractive Index b

η
ET30

c f 1(ε,η) d

Water 80.1 1.3330 63.1 0.3217
Glycol 37.0 1.4385 56.3 0.2719

Methanol 32.7 1.3284 55.4 0.3086
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Table 1. Cont.

Solvent Dielectric Constant b

ε
Refractive Index b

η
ET30

c f 1(ε,η) d

Ethanol 24.5 1.3614 51.9 0.2911
Dichloromethane 8.93 1.4241 40.7 0.2172
Tetrahydrofuran 7.58 1.4072 37.4 0.2096

Ethyl acetate 6.00 1.3724 38.1 0.1993
Toluene 2.38 1.4969 33.9 0.01350
Dioxane 2.22 1.4224 36.0 0.02164

Carbon tetrachloride 2.24 1.4601 32.4 0.01400
Acetonitrile 37.5 1.3441 45.6 0.30500

Dimethylformamide 36.7 1.4305 43.2 0.27440
DMSO 46.7 1.4783 45.1 0.26340

Chloroform 4.81 1.4458 39.1 0.14700
Cyclohexane 2.02 1.4262 30.9 -0.001600

n-hexane 1.88 1.3749 31.0 -0.0014
Acetone 20.7 1.3587 42.2 0.2842
Benzene 2.27 1.5011 34.3 0.001700

Diethyl ether 4.33 1.3524 34.5 0.16760
a Used to compute Lippert–Mataga and ET30 slopes from published Stokes shift data for Table 2. b Taken from
Ref. [39]. c Taken from Ref. [23]. d Taken from Refs. [34,38] or computed from reference data as described in the
Section 2.

3. Results
3.1. Experimental Assessments of Solvatochromism

The quickest and most entertaining way to assess the solvatochromism of a probe is
to observe solutions in various solvents under a UV lamp (Figure 4). Solvatochromism is
usually formally assessed by measuring the Stokes shift, that is, the difference in wavenum-
bers between the excitation and emission maxima (∆ν = νA − νF), in a range of solvents
of differing polarity. The absorbance (or excitation) maximum of a probe can sometimes
respond to solvent polarity, but in general, emission peak maxima are more sensitive to
this property.

Liquids 2024, 4, FOR PEER REVIEW 6 
 

 

sometimes respond to solvent polarity, but in general, emission peak maxima are more 
sensitive to this property. 

 
Figure 4. Solvatochromism of MF5 in various solvents. Imaged upon excitation at 395 nm. H2O refers 
to 10 mM Tris, pH 8. 

These solvent polarities are typically represented by either a form of a solvent polar-
izability function dependent on the solvent dielectric constant and refractive index [34,38] 
or by Reichardt’s ET30 series [23]. Such data for solvents used in this study are summarized 
in Table 1 (Section 2). 

Lippert–Mataga plots of the Stokes shift vs. the former function (Figure 5) remain in 
general use [37,40], although variations in the function are not uncommon [32,34–36]. In 
addition, theoretical variations in the treatment of solvent behavior have emerged from 
Bakshiev [38,41,42] and Kawski, Chamma, and Vaillet (KCV) [31,43] that are sometimes 
reported in addition to (or in lieu of) Lippert–Mataga plots [34,38,40]. All of these varia-
tions can be reflected in the quality of the correlation with the Stokes shift behavior of 
solvatochromic probes [35,38,40]. Further, probes can often have specific solvent interac-
tions that can reduce the quality of the correlation depending on how well the theory 
aligns with solvent behavior. 

 
Figure 5. Lippert–Mataga (left) and ET30 (right) plot for the solvatochromic dye Fr0. Plots were gen-
erated with data obtained from Ref. [44] as described in Section 2. 

Depending on the application, authors may or may not generate these plots, even 
though it is easily rendered from reported Stokes shift data and solvent reference data. 

Published Lippert–Mataga slopes for solvatochromic probes are in excess of 3000 
[40,43,45,46]. Another version of the Stokes shift and solvent behavior correlation uses the 
Reichardt ET30 series and is also common [26,32,47,48]. Here, large slopes of 100–600, either 
positive or negative, are indicative of significant solvatochromism. Those with little to no 
solvatochromic behavior (like many of the metallafluorenes) have single digit slopes. 

3.2. Solvatochromic Behavior vs. Dipole Moment 
To the author’s knowledge, there is no published source for a collection of solvato-

chromic data of various probes. There are two goals: One is to initiate a growing list of 
these data. The other is to assess a possible correlation between the computed ground state 
dipole moment and the experimental data for published solvatochromic probes. To that 

Figure 4. Solvatochromism of MF5 in various solvents. Imaged upon excitation at 395 nm. H2O
refers to 10 mM Tris, pH 8.

These solvent polarities are typically represented by either a form of a solvent polariz-
ability function dependent on the solvent dielectric constant and refractive index [34,38] or
by Reichardt’s ET30 series [23]. Such data for solvents used in this study are summarized in
Table 1 (Section 2).

Lippert–Mataga plots of the Stokes shift vs. the former function (Figure 5) remain in
general use [37,40], although variations in the function are not uncommon [32,34–36]. In
addition, theoretical variations in the treatment of solvent behavior have emerged from
Bakshiev [38,41,42] and Kawski, Chamma, and Vaillet (KCV) [31,43] that are sometimes
reported in addition to (or in lieu of) Lippert–Mataga plots [34,38,40]. All of these variations
can be reflected in the quality of the correlation with the Stokes shift behavior of solva-
tochromic probes [35,38,40]. Further, probes can often have specific solvent interactions
that can reduce the quality of the correlation depending on how well the theory aligns with
solvent behavior.
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Figure 5. Lippert–Mataga (left) and ET30 (right) plot for the solvatochromic dye Fr0. Plots were 
generated with data obtained from Ref. [44] as described in Section 2. 
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Figure 5. Lippert–Mataga (left) and ET30 (right) plot for the solvatochromic dye Fr0. Plots were
generated with data obtained from Ref. [44] as described in Section 2.

Depending on the application, authors may or may not generate these plots, even
though it is easily rendered from reported Stokes shift data and solvent reference data.

Published Lippert–Mataga slopes for solvatochromic probes are in excess of
3000 [40,43,45,46]. Another version of the Stokes shift and solvent behavior correlation uses
the Reichardt ET30 series and is also common [26,32,47,48]. Here, large slopes of 100–600,
either positive or negative, are indicative of significant solvatochromism. Those with little
to no solvatochromic behavior (like many of the metallafluorenes) have single digit slopes.

3.2. Solvatochromic Behavior vs. Dipole Moment

To the author’s knowledge, there is no published source for a collection of solva-
tochromic data of various probes. There are two goals: One is to initiate a growing list
of these data. The other is to assess a possible correlation between the computed ground
state dipole moment and the experimental data for published solvatochromic probes. To
that end, Stokes shift data for a collection of solvatochromic probes were gleaned from
published data and used to prepare ET30 and Lippert–Mataga plots to generate slopes that
relate experimental spectral data with a measure of solvent polarizability. Because the
primary interest here is understanding how modifications to a known probe affect the
ground state dipole moment, the primary focus is on prodan, Nile Red, and fluorene-based
probes and their derivatives. To add strength to the examination of a possible correlation
between experimental and computational data, a few other known solvatochromic probes
have been included.

Even the gathering of published experimental data and the computation of slopes
was informative: The number and identify of solvents used were quite variable across
the literature. Indeed, in the author’s experience, solubility can be a factor. Scatter in
the plots of experimental data vs. solvent property data is not unusual and is typically
attributed to solvent interactions [34,45]. A more sophisticated understanding of this scatter
or uncertainty is that the commonly used mathematical treatments of solvent behavior may
not always accurately account for properties and interactions that can affect the behavior of
solvatochromic probes. To further complicate the analysis, it is not uncommon for poor
correlations to be published and even interpreted. Noise in these plots is usually attributed
to solvent interactions [34,45]. To reduce the introduction of noise from the experimental
plots into the secondary correlation of slope with computed dipole moments, only slopes
with correlations in excess of 0.8 are reported.

The resulting Lippert–Mataga and ET30 slopes and ground state dipole moments
appear in Table 2. ET30 slopes range from 320 to single digits. Correspondingly, the highest
Lippert–Mataga slopes are close to 17,000, while the lowest ones are near 100. These spreads
provide substantial dynamic range to explore subsequent correlations. For some probes
explored here, there was no identifiable correlation between published Stokes shift data
and solvent polarizability. This was noted for either Lippert–Mataga or ET30 for Nile Red,
2APMC, and 2BME (Table 2), but was also true of other probes for which there was no
discernible correlation for either Lippert–Mataga or ET30 (A1–A3 [24]). Large computed
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ground state dipole moments range from 8 to 37 D, but lower values are also represented.
For a few probes, a range of dipole moments is tabulated. This is related to conformation,
which is discussed in more detail below.

Table 2. Data for some solvatochromic probes.

Probe Structure Lippert–Mataga Slope ET30 Slope Dipole Moment, D a Ref.
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Table 2. Cont.

Probe Structure Lippert–Mataga Slope ET30 Slope Dipole Moment, D a Ref.
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3.3. Assessing a Correlation between Experimental Spectral Data and Computed  
Dipole Moments 

To more clearly explore the correlation between the ground state dipole moment and 
experimental data via Lippert–Mataga and ET30 slopes, these data were plotted against one 
another (Figure 6A,B). Given the nature of the data, some scatter is expected in this sec-
ondary plot. In spite of that, however, there is a convincing correlation between the com-
puted ground state dipole moment and both slopes for this series of solvatochromic 
probes. 
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3.3. Assessing a Correlation between Experimental Spectral Data and Computed Dipole Moments

To more clearly explore the correlation between the ground state dipole moment
and experimental data via Lippert–Mataga and ET30 slopes, these data were plotted
against one another (Figure 6A,B). Given the nature of the data, some scatter is ex-
pected in this secondary plot. In spite of that, however, there is a convincing correlation
between the computed ground state dipole moment and both slopes for this series of
solvatochromic probes.
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Figure 5. Lippert–Mataga (left) and ET30 (right) plot for the solvatochromic dye Fr0. Plots were 
generated with data obtained from Ref. [44] as described in Section 2. 
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Figure 6. Correlations between experimental measures of solvatochromism and computed ground
state dipole moment. (A) Lippert–Mataga and (B) ET30. Data for the probes were taken from Table 2.

A couple of outlying points provide an opportunity to explore some possible reasons
for this weaker correlation. One possibility is that there is noise in the primary plot that
determines the slope and might be traceable to errors or choice of solvents. Another more
intriguing possibility is related to the importance of bond angles and conformation on the
computed dipole moment for probes. While some of the probes in Table 2 do not have
rotatable bonds that significantly affect the distribution of polar atoms, a number do have
important points of conformational variability. This issue is explored in more detail below.

3.4. Effects of Probe Modifications and Conformation on Dipole Moment and Electrostatic Potential

Here, we explore issues of modification, conformation, and design, using families of
solvatochromic probes as examples.

3.4.1. Impact of Probe Modification: Fluorene Series

The conjugated polycyclic structure of fluorene makes it an ideal aromatic core for
solvatochromic probes. Indeed, fluorene-based dyes have been investigated as membrane
probes and show promising quantum yields and photostability [16,21,53–55]. The structural
diversity of these probes provide an opportunity to examine the effect on the ground
state dipole moment (Table 2). In Figure 7, two examples are shown illustrating how
modifications to Fr0 affect both the direction and magnitude of the ground state dipole
moment and could therefore affect the solvatochromic response. Modifications made at the
Fr0 carbonyl, in particular, the introduction of additional polar atoms, have a significant
impact on the dipole moment. These data from this series illustrate that modifying a known
solvatochromic probe can affect the dipole moment and, by extension, the solvatochromic
behavior either in an advantageous or disadvantageous way.
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3.4.2. Impact on Conformation: Fluorene and Nile Red Series

It is reasonable to expect that when the spatial relationships among polar atoms in
the molecule are changed, the dipole moment will also change. Therefore, it is essential to
explore conformational aspects when using DFT for design purposes. Discussed here are
two approaches.

In an initial computation on Fr3, with no attention to conformation, the ground
state dipole moment was 6.37 D, which led to an outlying point (open circle in Figure 6).
However, exploring a different orientation for the heterocyclic ring and the rest of the
sidechain yielded a higher dipole moment (12.23 D) that aligns better with the other
correlated data. A similar pattern was observed for Fr4 and alternate conformations.

Nile Red remains one of the most commonly used solvatochromic probes [1,17,18,21,56].
This dye was known many decades before its application to the study of lipid dynamics
and has a large reported ground state dipole moment (8 D; [31]); Table 1).

A number of Nile Red derivatives have been prepared with goals in mind that include
membrane solubility [21,24] and organelle targeting [56]. How is the dipole moment
affected by these designs? The most commonly used of these is NR12S [21]. With the
chain extending out from the polycyclic core, the computed dipole moment is much larger,
36.6 D (Figure 8, Table 1). If, instead, the chain is rotated over the polycyclic core, the dipole
moment is closer to that of Nile Red. However, the electron distribution is visibly altered
by the addition of the chain, and this is reflected in the direction of the dipole moments of
these molecules.
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Nile Red as observed from electrostatic potential (ESP) diagrams obtained from DFT calculations, as
described in the Methods section. A single bond moving the chain was rotated manually in Spartan.
Red indicates areas of highest electron density and blue the lowest.

Spartan and other similar software packages do offer a systematic conformational
search, which allow for the exploration of a large number of conformers without input. A
number of solvatochromic probes, including NR12S, have a large number of rotatable bonds,
which extends the computation time dramatically and must be factored into investigations.
To illustrate this option here, an automatic conformer distribution search was conducted on
2BME (Table 2), which has limited points of bond rotation (and therefore more manageable
computation times). Interestingly, the reported dipole moment of 2 D falls well outside the
correlation [45]. However, the distribution search yielded a higher dipole moment (7.8 D)
in these low energy conformers, which fell well into correlation with the spectral data.
Where possible, exploration of conformation is therefore highly recommended, bearing in
mind the effect of a large number of rotatable bonds on computation time.

Finally, it is important to note that molecular conformations might not necessarily be
known in the environment upon which the probe is reporting. However, it is also possible
that dipole moments that align with the correlation might correspond to a dominant bond
angle/conformation in the medium in which the probe is applied. Collectively, these data
suggest a possibly useful correlation between experimental and computed solvatochromic
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behavior. And while commonly used solvatochromic probes are represented here, a
continued expansion of the library would inform the correlation.

3.4.3. Use of DFT in Probe Design: 2,7-Disubstituted Metallafluorenes

The 2,7 positions of fluorene are synthetically accessible locations for extending the
conjugation, as well as for providing a means of influencing electron movement for ICT
behavior and possibly engineering solvatochromic behavior. There are a few examples of
2,7 substitution via alkene linkers [57]. These are indeed solvatochromic, but as shown
above, flexibility can impact electron distribution. This is easily managed with an alkynyl
linker [58]. This was then followed by a series of papers that expanded the library of
2,7 substituents [59–62].

We have assessed a small library of these compounds (MFs) via both experimental
and theoretical approaches. First, this substituent does influence spectral behavior (ε, λmax,
and quantum yield), which indicates that these substitutions can be an effective means of
tuning these properties [29]. We showed that a few 2,7-disubstituted metallafluorenes can
detect detergents and stain cells [63,64].

More recently, we noted that 2,7-benzaldehyde substitution results in an impres-
sive ground state dipole moment (9 D), visible solvatochromic behavior, and competitive
Lippert–Mataga and ET30 slopes (6500 and 126, respectively) [29]. In contrast, MFs with
other electron withdrawing substituents have low dipole moments (e.g., 3 D) and are not
solvatochromic. However, since solvent spectral data are seldom reported for nonsolva-
tochromic compounds, these data serve as important controls for the correlations.

This general structure also provides a wealth of opportunities for exploring the design
of solvatochromic probes, and DFT is especially useful in exploring structure space without
committing resources for synthesis. As an example, a structure–dipole moment relationship
exploration was conducted via DFT calculations on a series of MFs related to MF5. As
summarized in Figure 9, the methoxy groups are absolutely critical to the magnitude of the
dipole moment; substituting the central atom with C decreased the dipole moment, while
removing the phenyl groups increased it. Thus, even within the fluorene core there are
opportunities to increase the dipole moment and hence solvatochromism.
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Figure 9. Structure–dipole moment relationships for MF5. Ground state dipole moments were
computed via DFT as described in Section 2. Red boxes highlight groups removed.

Further, consistent with the conformational variations explored above for other probes,
dipole moment varies with the rotation of the carbonyl; even the preferred conformation
cannot be easily known in the environment.

Finally, one can take this exercise further and design new molecules with high dipole
moments. For example, benzoxazole or benzimidazole derivatives are fluorescent [65–67].
2,7-disubstitution of sila- or germafluorene with these groups form chimeric probes which
increase the computed ground state dipole moment in polar solvent to 15 and 13 D,
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respectively [68]. These are excellent leads for increasing the solvatochromic behavior
of metallafluorenes.

4. Conclusions

Derivatization of existing probes is often conducted with a goal to increase desirable
properties such as solubility and emission wavelength. However, such modifications
can have an impact on the ground state dipole moment and could affect solvatochromic
behavior. Through the analysis of published Stokes shift data for a few series of known
solvatochromic probes, an informative correlation between the computed ground state
dipole moment and experimental solvatochromic behavior has been established. Molecular
conformations accessible via bond rotation can also affect the ground state dipole moment
and thus the correlation, which is an important factor in conducting DFT calculations for
this purpose. Expanding the library of computed data for other solvatochromic probes
would be needed to assess the greater generality of the correlation. Finally, while DFT
calculations are a common form of probe characterization, they can also provide powerful
design tools for the development of new solvatochromic probes, as well as a way to enlist
the efforts of junior scientists to contribute productively to probe development.
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Solvent Polarity/Polarizability Parameters: A Study of Catalan’s
SPPN, Using Computationally Derived Molecular Properties,
and Comparison with π* and ET(30)
W. Earle Waghorne

UCD School of Chemistry, University College Dublin, D04 V1W8 Dublin, Ireland; earle.waghorne@ucd.ie

Abstract: Catalan’s SPPN, a measure of solvent polarity/polarizability has been analysed in terms of
molecular properties derived from computational chemistry. The results show that SPPN correlates
positively with the molecular dipole moment and quadrupolar amplitude and negatively with the
molecular polarizability. These correlations are shared with Kamet and Taft’s π* and Reichardt
and Dimroth’s ET(30). Thus, one can associate the solvent polarity with non-specific interactions
involving the permanent charges on solvent molecules. It is also noted that the opposite correlations,
all three parameters increasing with increasing solvent polarity but decreasing with increasing solvent
polarizability, creates an ambiguity in their use, for example, in linear free energy relationships.

Keywords: solvent parameters; polarity; polarizability; ET(30); Catalan SPP; computational chemistry

1. Introduction

Understanding and predicting the effects of changes in solvent on chemical processes
are among the classical problems of solution chemistry. Thus, virtually all thermodynamic,
kinetic and spectroscopic properties of chemical systems are sensitive to changes in the
solvent, some changing by orders of magnitude.

The use of linear free energy relationships to explore or predict the effect of changes
in solvent on chemical processes is well established. The principle is straightforward and
one writes:

SP = ∑ ciPi (1)

where SP is some property, such as the log of the solubility of a solute, the Pi are experi-
mental parameters reflecting properties of the solvent (or solute) and that ci are coefficients
reflecting the response of the solute (or solvent). In effect each ciPi term represents the
effect of a different intermolecular interaction on SP.

Generally the parameters Pi are derived from experiments that are designed to isolate
a particular interaction. In general Pi values represent specific, acid–base interactions:
(1) the basicity of the solvent (Kamlet and Taft’s β [1], Catalan’s SB [2], Gutmann’s DN [3]);
(2) the acidity of the solvent (Kamlet and Taft’s α [4], Catalan’s SA [5], Gutmann’s AN [3]) or
non-specific interactions that are collected together in parameters that are measures of the
polarity/polarizability of the solvent (Kamlet and Taft’s π* [6], Catalan’s SPP [7], Reichardt
and Dimroth’s ET(30) [8]).

The range of experimental parameters raises several interesting questions, including
(1) the extent to which these parameters simply reflect properties of the solvent molecules,
(2) which molecular properties contribute to the experimental parameters and (3) whether
different parameters, for basicity say, reflect the same molecular properties.

These have been explored in a series of papers where experimental parameters have
been correlated with a set of molecular properties derived from computational chemistry.
These have shown that measures of solvent basicity (β, DN [9] and SB [10]) reflect the
partial charge on the most negative atom of the solvent molecule and the energy of the
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donor orbital, while measures of the solvent acidity (α [11], AN and SA [10]) reflect only
the partial charge on the most positive hydrogen atom of the solvent molecule.

In the present paper, a similar analysis of Catalan’s SPPN, a measure of solvent polarity
and polarizability, is reported and the results compared to those reported previously for
Kamlet and Tafts’s π* and Reichardt and Dimroth’s ET(30) [12,13].

2. Methods and Materials
2.1. Computational Details

The computational methods have been discussed in some detail previously [9,11–13].
Since the calculated molecular properties can depend on the method used, calculations were
carried out using both the Hartree–Fock and density functional (B3LYP functional) methods
using the 6-311+g(3df,2p) basis set. For the molecular dipole moments, quadrupolar
amplitudes and polarizabilities, plots of the values calculated using the two methods
against each other are linear and so the choice of method is immaterial [9]. This isn’t
the case for orbital energies, for which such plots show scatter around a straight line [9].
The situation for partial atomic charges is more complex, since these are not quantum
mechanical observables and require a model that ascribes the electronic charge density to
the individual atoms. Partial charges based on Mullican’s model are highly dependent on
the basis set and appear not to converge as the basis set is increased. Those based on the
Hirshfeld [14], Natural bond order [15] and the CM5 [16] model do converge as the basis
set is improved [9] and all have been used previously. It was fond that the Hirshfeld and
NBO models gave very similar results [12] and, in a recent paper considering Abraham
parameters it was recognized that the CM5 model overestimates the partial charges on
nitrogen atoms, for amides at least [17]. Thus the analyses reported here use partial charges
derived using Hirshfeld’s model.

All calculations were carried out using the Gaussian 9 software [18].

2.2. Analyses of Parameters

As in previous work, the normalized parameter, SPPN in this case, has been considered.
The use of normalized scales allows relatively direct comparison of the results of the
analyses. Values of SPPN were taken from [7].

The approach used is a simple [9], multivariable regression of the experimental param-
eter, P, against molecular descriptors, Qi, representing different molecular properties. Thus:

P = P0 + ∑ aiQi (2)

where P0 is the value of P when all of the aiQi terms are zero and the ai are the coefficients
recovered from the regression. In essence each aiQi term represents the contribution of a
particular interaction to P.

The molecular descriptors are normalized and calculated from the calculated molecular
properties, qi, as:

Qi =
qi − qmin

i
qmax

i − qmin
i

(3)

where qmin
i and qmax

i are the minimum and maximum values of qi. With the exception of
the orbital energies, the values of qmin

i are taken to be zero.
Seven molecular properties: the partial charges on the most negative atom and on the

most positive hydrogen atom, the molecular dipole moments, quadrupolar amplitudes (see
Appendix A) and polarizabilities and the energies of electron donor and acceptor orbitals
are considered. In general, the orbital energies are taken to be those of the highest occupied
and lowest unoccupied molecular orbitals; the exception to this is the case of solvents with
aromatic groups. This was discussed previously [9] but, briefly, solvents with a common
functional group have, for example, similar basicity parameters, whether they are aliphatic
or aromatic, although for aromatic solvents, the high energy π-bonds of the aromatic ring
are clearly the HOMOs, while for aliphatic solvents the HOMO is associated with the basic

262



Liquids 2024, 4

functional group. The fact that the basicity parameters are similar argues for the use of
the energies of the orbitals at the interacting functional group rather than those of the
aromatic ring.

In applying Equation (1), the experimental parameter, P, was initially correlated with
all seven molecular descriptors; subsequently, descriptors making negligible contributions
(typically ai ≤ 0.03) or with standard deviations comparable to the value of the coefficient,
were excluded and the correlation repeated with the remaining descriptors. Since both the
calculated properties and experimental parameters for solvents with a common functional
group are similar, the distributions of these can’t be represented by statistics based on
the normal distribution. Thus, the decision as to whether a descriptor was making a
significant contribution to P was decided on the basis of the increase in the standard
deviation between the calculated and experimental values of P, when the descriptor was
excluded from the correlation.

3. Results

Catalan’s SPPN is based on the differences in the solvatochromism of 2-(dimethylamino)-
7-nitrofluorine and its homomorph, 2-fuoro-7-nitrofluorine (Figure 1), which show similar
solvatochromism with that of 2-(dimethylamino)-7-nitrofluorine being substantially larger.
This assumes that specific interactions, such as hydrogen bonding to the NO2 moiety will
be removed by the subtraction, leaving only effects from solvent polarity and polarizability.
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In the analysis of SPPN polychlorinated alkanes, flexible esters and pyridine were
outliers and were excluded from the analysis. The analyses showed that only three sol-
vent molecular properties: the dipole moment, quadrupolar amplitude and polarizability,
showed significant correlations with SPPN. The coefficients recovered from the analyses are
listed in Table 1. Also listed in Table 1 are the corresponding coefficients for Kamlet, Abboud
and Taft’s π and Reichardt and Dimroth’s normalized EN

T (30). The SPPN values calculated
using the coefficients in Table 1 and solvent descriptors, Qi, recovered from properties
calculated using the density functional method are compared with experimental values in
Figure 2 (the dashed lines are one standard deviation above and below the line representing
perfect agreement); the plot using properties recovered from Hartree–Fock calculations is
similar. The values for pyridine (brown circle below the line) and the polychloroalkanes
(grey triangles) are included in Figure 2.

The values for the esters provide a cautionary example for the use of computational
methods. For rigid molecules the molecular properties recovered from computational cal-
culations are essentially determined by the method and basis set but for flexible molecules
the properties may also vary depending on the assumed molecular structure. This was
discussed previously [12] with regard to the variation of calculated properties of carboxylic
acids with rotation around the C−OH bond of the acid group. It was found that the dipole
moments and quadrupolar amplitudes of the acids depended strongly on the conformation
but that the other properties did not. It was also found that all molecular properties were
relatively insensitive to coiling of the alkyl chain of longer chain carboxylic acids.
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Table 1. Comparison of the ai values for Catalan SPP, Kamlet, Abboud and Taft’s π* and Reichardt
and Dimroth’s EN

T (30).

SPPN π* b EN
T (30) c

DF a HF DF HF DF HF

Intercept 0.63 ± 0.02 0.63 ± 0.02 0.03 ± 0.04 0.01 ± 0.05 0.05 ± 0.02 0.05 ± 0.03

apol −0.14 ± 0.04 −0.18 ± 0.03 −0.51 ± 0.07 −0.58 ± 0.07 −0.24 ± 0.04 −0.32 ± 0.05

ad−pole 0.35 ± 0.02 0.34 ± 0.03 0.63 ± 0.04 0.63 ± 0.04 0.19 ± 0.02 0.18 ± 0.03

aq−pole 0.39 ± 0.05 0.49 ± 0.06 0.68 ± 0.07 0.74 ± 0.07 0.19 ± 0.04 0.21 ± 0.04

aEDonor 0.40 ± 0.05 0.45 ± 0.05

aq+
d 0.58 ± 0.02 0.61 ± 0.03

σ b 0.05 0.05 0.11 0.11 0.07 0.07
a DF and HF indicate analyses based on properties calculated using density functional and Hartree–Fock calcula-
tion methods, respectively; uncertainties are standard deviations. b Ref. [12]; c Ref. [13]; d Charges calculated
using Hirshfeld’s model [14].
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Figure 2. Comparison of the experimental SPPN values and values calculated using the coefficients
in Table 1 (for density functional calculations). The symbols represent: blue triangles, alkanes; dark
grey triangles, chloro-alkanes; orange triangles, aromatics; yellow circles, ethers; green circles, nitriles;
light grey circles, alcohols; brown circles, amines and pyridine; dark blue circles, esters; light blue
squares, ketones; grey diamonds, amides; beige squares, S=O and P=O compounds. The solid line
represents perfect agreement and the dashed lines are 1 standard deviation above and below this.

In the case of the esters, the O=CR−O moiety will be planar while rotation around
the C−O bond is relatively free. The variations in the calculated molecular properties with
rotation around the C−O bond are shown, as normalized molecular descriptors, in Table 2;
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also shown are the corresponding SPP values calculated using the descriptors and the
coefficients reported in Table 1.

Table 2. Solvent descriptors a for esters with different molecular geometries.

Propyl Formate–SPP = 0.815

O=C−O−R
Dihedral Angle Qd–pole Qq–pole Qpol QEDonor

QEAcceptor
Qq− Qq+ SPPcalc

0◦ 0.77 0.45 0.35 0.61 0.32 0.40 0.06 0.97

60◦ b 0.66 0.34 0.35 0.60 0.37 0.38 0.06 0.91

120◦ b 0.47 0.26 0.35 0.59 0.37 0.38 0.06 0.83

180◦ b 0.40 0.33 0.35 0.59 0.29 0.41 0.06 0.84

Average 0.58 0.35 0.35 0.60 0.34 0.39 0.06 0.89

methyl acetate–SPP = 0.785

0◦ 0.78 0.20 0.27 0.66 0.29 0.42 0.08 0.91

60◦ b 0.67 0.20 0.27 0.66 0.32 0.40 0.08 0.88

120◦ b 0.46 0.32 0.27 0.67 0.32 0.41 0.08 0.86

180◦ b 0.33 0.34 0.27 0.64 0.25 0.42 0.08 0.84

Average 0.56 0.26 0.27 0.65 0.29 0.41 0.08 0.87

ethyl acetate–SPP = 0.795

0◦ 0.79 0.30 0.35 0.67 0.29 0.43 0.08 0.93

180◦ 0.36 0.38 0.35 0.65 0.25 0.42 0.08 0.84

propyl acetate–SPP = 0.795

0◦ 0.80 0.48 0.42 0.68 0.28 0.43 0.08 0.97

180◦ 0.38 0.40 0.42 0.66 0.25 0.42 0.08 0.84

butyl acetate–SPP = 0.784

0◦ 0.81 0.61 0.50 0.68 0.28 0.43 0.08 1.00

180◦ 0.37 0.48 0.50 0.66 0.24 0.42 0.08 0.85

methyl salicylate–SPP = 0.836

0◦ 0.19 0.70 0.65 0.86 0.47 0.40 0.22 0.85

60◦ c 0.27 0.61 0.64 0.85 0.42 0.40 0.24 0.84

120◦ c 0.34 0.53 0.64 0.85 0.42 0.40 0.25 0.83

180◦ c 0.44 0.51 0.65 0.87 0.48 0.37 0.19 0.84

Average 0.31 0.59 0.64 0.86 0.45 0.39 0.23 0.84
a 0≤Qi ≤ 1; calculated from molecular properties using Equation (2); molecular properties from density functional
calculations, Qq− and Qq+ are calculated using Hirshfeld’s model; b from single point calculations following
rotation of the O=C−O−R dihedral angle of the optimized 0◦ structure; c 60◦ and 120◦ results are from single
point calculations; angles are rotation of the benzene ring with respect to the O=CO−C plane; 0◦ corresponds to
the OH group of the benzene ring being on the same side as the COC oxygen and 180◦ to the OH being on the
side of the C=O.

Again, it can be seen that, while the variations are much smaller than those for the
carboxylic acids, it is only the dipole moments and quadrupolar amplitudes that vary
significantly with rotation around the C−O bond while the other molecular properties are
relatively constant.

Results for methylsalicylate are included in Table 2, since rotation of the benzene ring
progressively moves the O−H in the 2 position on the benzene ring away from the C−O−C
oxygen to the C=O oxygen. In this case, the dipole moment essentially doubles between
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the 0◦ and 180◦ rotamers but, in the calculation of SPPN, this is almost exactly compensated
by the corresponding increase in the quadrupolar amplitude.

4. Discussion

Like SPPN, both π* and EN
T (30) show positive dependences on the solvent dipole me-

ments and quadrupolar amplitudes and a negative dependence on the solvent molecule’s
polarizability. Each, however, shows an additional contribution.

In the case of EN
T (30), the additional contribution is from the charge on the most

positive hydrogen atom on the solvent molecule and reflects hydrogen bonding at the
pendant oxygen atom of the betaine dye used to define the scale. Of course, this is well
known and was used by Kamlet and Taft to define their α scale of hydrogen bond acidity [4].

The reason for dependence of π* on the energy of the electron donor orbital of the
solvent molecule is less clear. Both Catalan and Kamlet and Taft considered the possibility
of hydrogen bonding to the NO2 group on the aromatic probe molecules, but if this were
the case one would expect a correlation with the charge on the most negative atom of
the solvent molecule, which is the dominant contribution to measures of hydrogen bond
basicity (Kamlet and Taft’s β [9,12], Gutmann’s donor number [9], Abraham’s B [17] and
Catalan’s SB [10]).

Leaving these aside, it is interesting that all three parameters show positive correlations
with the solvent’s molecular dipole moment and quadrupolar amplitude and a negative
correlation with the solvent molecule’s polarizability.

Since these are intended as measures of a solvent’s polarity and polarizability, it is
reasonable to associate the polarity with the dipole moment and quadrupolar amplitude.
That is, the polarity is related to the intensity of the permanent charges imbedded in
the solvent.

The basis of solvent parameters based on solvatochromism is that the equilibrium
solvation of the ground state interacts with the excited state of the probe (By the Franck–
Condon principle, the time scale of the electronic transition is vastly less than the time
scale of molecular motions, so that, initially, the excited state interacts with the ground
state solvation shells.) and so, if, for example. the excited state of the probe has greater
charge separation than the ground state (This situation leads to an inverse relationship
between the solvent parameter and the energy of the electronic transition; that is, the larger
the energy gap the smaller the solvent parameter. The reverse situation, where the ground
state has greater charge separation leads to a direct relationship; that is, to parameters
that increase as the transition energy increases.), it will interact more strongly with the
surrounding solvation shells, lowering the excitation energy.

It is implicit in the design of all based on solvatochromism, that all solute–solvent
interactions will be stronger with the form of the solute with the greatest charge separa-
tion. This assumption is generally found to be correct; thus, basicity scales are positively
correlated with the partial charge on the most negative atom and the energy of the donor
orbital [9,10,12,17] and acidity parameters are positively correlated with the partial charge
on the most positive hydrogen atom [10,11].

As is clear from Table 1, the polarity/polarizability parameters show positive corre-
lations with the dipole moment and quadrupolar amplitude, measures of the intensity of
charges imbedded in the surrounding solvent, but negative correlations with the molecular
polarizability of the solvent. That is, increasing polarizability leads to decreases in SPPN,
π* and EN

T (30).
The expectation that polarizability should correlate positively with these experimental

parameters essentially arises from the assumption that charge–induced dipole interactions
will dominate. However, solvent molecules may also interact with the probe molecules by
London forces, in which case the stronger interaction is likely to be with the form with the
lower charge separation, the ground state in the above case, where the excited state has the
greater dipole moment. The observed negative correlation between SPPN, π* and EN

T (30)
the polarizability of the solvent molecules, argues that this latter interaction dominates.
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Whatever the explanation, SPPN, π* and EN
T (30) all show the same negative correlation

with the solvent molecular polarizability, which makes their use in linear free energy
relationships problematic. Thus, solvents with equal values of SPPN, for example, can have
quite different polarizabilities, compensated by differences in the dipole moments and/or
quadrupolar amplitudes.

5. Conclusions

The analysis of SPPN shows that, like Kamlet and Taft’s π* and Reichardt’s EN
T (30),

shows positive correlations with the molecular dipole moment and quadrupolar amplitude
of solvent molecules and a negative correlation with the molecular polarizability.

Since these parameters are measures of the solvent polarity and polarizability it is
reasonable to ascribe the solvent polarity to the permanent charges on the solvent molecules.
In the approach used here, the dipole moment and quadrupolar amplitude are used as
measures of the intensity of these charges. Thus, the solvent polarity is determined by
the permanent charges in the solvent molecule and acts by non-specific interactions of
these permanent charges with permanent charges on the solute. In contrast, solvent
polarizability is determined by the polarizability of the individual solvent molecules and
involves interactions with the non-polar parts of the solute through London forces.

It seems surprising that these experimental parameters reflect London rather than
the expected charge/dipole–induced dipole interactions. However, the experimental
parameters are based largely on probe molecules containing one or more aromatic rings,
generally one for π* [6], two for SPPN [7] and six for EN

T (30) [8], and so are likely to interact
well through London forces.

The observation that the polarity and polarizability act on the experimental parameters
in opposite directions, increasing polarity increasing the values of the parameter while
increasing polarizability decreases the values creates an obvious difficulty in the use of
these parameters in linear free energy relationships, for example.
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Appendix A

The quadrupolar amplitude is calculated as A =
√

∑ qijqij I = x, y, z and j = x, y, z,
where the qij are the components of the traceless quadrupole. Complex charge distribu-
tions, such as those of polyatomic molecules, are commonly represented by a series of
superimposed point objects. The first is a point charge (the net charge), which is a scalar
quantity, the second is the dipole, which is a vector and the third is the quadrupole, which is
a tensor. Just as the dipole has no net charge, the quadrupole has no net moment. The dipole
moment and quadrupolar amplitude are used here simply as quantitative measures of the
scale of charge centers imbedded in the bulk solvent, the “intensity” of embedded charges.
The simplest way to see the necessity for both the dipolar and quadrupolar contributions is
to consider CO2, which, despite having partial charges on the O and C atoms has a zero
dipole moment, but a nonzero quadrupolar amplitude.
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Abstract: Deep eutectic solvents (DESs) have emerged as novel alternatives to common solvents and
VOCs. Their employment as electrolytes in batteries has been an area of intense research. In this
context, understanding changes in the physicochemical properties of DESs in the presence of Li salts
becomes of utmost importance. Solvatochromic probes have the potential to gauge such changes.
It is reported herein that one such UV–vis molecular absorbance probe, Reichardt’s betaine dye 33,
effectively manifests changes taking place in a DES Glyceline composed of H-bond accepting salt
choline chloride and H-bond donor glycerol in a 1:2 molar ratio, as salt LiCl is added. The lowest
energy intramolecular charge–transfer absorbance band of this dye exhibits a 17 nm hypsochromic
shift as up to 3.0 molal LiCl is added to Glyceline. The estimated EN

T parameter shows a linear increase
with the LiCl mole fraction. Spectroscopic responses of betaine dye 33, N,N-diethyl-4-nitroaniline and
4-nitroaniline are used to assess empirical Kamlet–Taft parameters of dipolarity/polarizability (π∗),
H-bond-donating acidity (α) and H-bond-accepting basicity (β) as a function of LiCl concentration
in Glyceline. LiCl addition to Glyceline results in an increase in α and no change in π∗ and β. It
is proposed that the added lithium interacts with the oxygen of the –OH functionalities on the
glycerol rendering of the solvent with increased H-bond-donating acidity. It is observed that pyrene,
a popular fluorescence probe of solvent polarity, does respond to the addition of LiCl to Glyceline,
however, the change in pyrene response starts to become noticeable only at higher LiCl concentrations
(mLiCl ≥ 1.5 m). Reichardt’s betaine dye is found to be highly sensitive and versatile in gauging the
physicochemical properties of DESs in the presence of LiCl.

Keywords: deep eutectic solvent; Reichardt’s betaine dye 33; Glyceline; Lithium chloride; pyrene

1. Introduction

Deep eutectic solvents (DESs) have emerged as viable alternatives not only to toxic
organic solvents but also to ionic liquids [1–7]. While many commonly used organic
solvents are hazardous to the immediate environment and belong to the class of volatile
organic compounds (VOCs), recent toxicity reports are not favorable as far as common
ionic liquids are concerned [7,8]. Escalating costs associated with the manufacture of many
organic solvents combined with the complexity of synthesis and purification of most ionic
liquids further restrict the use of these solvent media in science and technology today [7,8].
A DES, in this context, affords a solubilizing media that is mostly non-toxic and inexpensive.
DESs can be prepared by simple mixing of two judiciously selected constituents. There
have been many discoveries in the types of DESs depending upon the constituents but the
most important are type III DESs. They consist of an H-bond donor (HBD) and an H-bond
acceptor (HBA), that are inexpensive, non-toxic, and easily acquired. After mixing the
two constituents, the melting point of the resulting mixture is usually much lower than
the melting points of each of the constituents resulting in a liquid state of matter under
ambient conditions. Among several classes of DESs proposed in the recent literature, the
ones prepared by mixing a common ammonium salt, such as HBA with a suitable HBD,
are perhaps the most investigated so far [3,5,9]. Specifically, the DESs constituted of choline
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chloride as the HBA and one of the HBDs, namely urea, glycerol, ethylene glycol, and
malonic acid, are the initial DESs in this class that were reported around two decades
ago [3,5,9]. Applications of these DESs in various strata of science and technology have
been growing ever since [2,3].

One of the major areas of application of DESs is in electrochemistry, where DESs
have shown potential as worthy electrolytes for batteries [10,11]. As a consequence, salt-
added DESs have become a solvent system subject to rigorous investigation of late. In
this context, investigations of potential uses for DESs in Li-ion batteries have naturally
emerged. Changes in the physicochemical properties of the DESs due to the presence of Li
salt have subsequently become an active area of research. Understanding of the solvation
and dynamics of Li salts within DESs is being pursued by researchers worldwide.

Solvatochromic probe behavior within a Li salt-added DES system can reveal changes
in the physicochemical properties of the milieu due to the addition of the Li salt; it also
reveals information on solute solvation and dynamics in the process [12–14]. Information
gained from the responses of spectroscopic probes can be useful in understanding reactivity,
separation, extraction, and electrochemistry involving solutes with similar functionalities.
We have found that Reichardt’s betaine dye 33 (structure provided in Figure 1), which is
known to manifest dipolarity/polarizability along with the H-bond donating (HBD) acidity
of the solubilizing medium, is effectively able to gauge the consequences of adding LiCl
to the DES constituted of choline chloride (ChCl) and glycerol (Gly) in a 1:2 molar ratio
named Glyceline. The use of betaine dyes to obtain physicochemical changes and solute
solvation affords a simple and effective way to obtain insights to such complex systems.

Figure 1. Structure of Reichardt’s betaine dye 33.

2. Materials and Methods

Glycerol (≥99.5%), choline chloride (≥99.0%) and LiCl with >99% (by mass) pu-
rity were purchased from Sigma-Aldrich (St. Louis, MO, USA) and stored in an Auto
Secador desiccator cabinet. 2,6-Dichloro-4-(2,4,6-triphenylpyridinium-1-yl)phenolate (be-
taine dye 33) was purchased in the highest available purity from Fluka (≥99%, HPLC
grade). 4-Nitroaniline (NA) and N,N-diethyl-4-nitroaniline (DENA) were purchased in the
highest purity from Spectrochem Co., Ltd. (Mumbai, India). and Frinton Laboratories,
respectively. Pyrene [≥99.0% (GC), puriss for fluorescence] was obtained in highest purity
from Sigma-Aldrich Co.

The calculated amount of glycerol and choline chloride was transferred to a glass vial
and weighed using an analytical balance with a precision of ±0.1 mg. The components
were mixed thoroughly to obtain a homogeneous solution and subjected to vacuum for
approximately 6 h. As per the requirement, a pre-calculated amount of LiCl was added to
this solution and mixed over a magnetic stirrer at 60 ◦C until all of the LiCl was dissolved,
and a homogeneous solution was obtained. Stock solution of all of the probes was prepared
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by dissolving the required amount in ethanol in a pre-cleaned amber glass vial and stored
at 4 ± 1 ◦C to retard any photochemical reaction. An appropriate amount of the probe
solution from the stock was transferred to the 1 cm path length quartz cuvette. Ethanol was
evaporated using a gentle stream of high purity nitrogen gas to achieve the desired final
concentration of the probe. A pre-calculated amount of LiCl was added—Glyceline DES
was directly added to the cuvette and the solution was thoroughly mixed. The final concen-
trations of DENA, NA, betaine dye 33 and pyrene were ~20, 20, 50 and 10 µM, respectively.
A Perkin-Elmer Lambda 35 double-beam spectrophotometer with variable bandwidth was
used for the acquisition of the UV−vis molecular absorbance spectra of DENA, NA and
betaine dye 33. Steady-state fluorescence spectra of pyrene (λex = 337 nm) were acquired
on an Edinburgh Instruments Ltd. (Livingston, UK) spectrofluorimeter (FLS1000-SS-S)
with STGM325-X grating excitation and STGM325-M grating emission monochromators
with a 450 W Xe arc lamp as the excitation source, a single cell TEC holder and a Red
PMT as the detector. All spectra were duly corrected by subtracting the spectral responses
from suitable blanks prior to data analysis. Data analysis was performed using SigmaPlot
v14.5 software.

3. Results and Discussion

UV–vis molecular absorbance spectra of Reichardt’s betaine dye 33 dissolved in LiCl-
added Glyceline under ambient conditions are presented in Figure 2A (the maximum molal
concentration of LiCl in the system was mLiCl = 3.0 mol·kg−1, which corresponds to mole
fraction χLiCl = 0.24). A careful examination of the spectra reveals that the lowest energy
absorbance band of the dye shows systematic monotonic hypsochromic shift as LiCl is
added to Glyceline. It is well-established that 2,6-diphenyl-4-(2,4,6-triphenylpyridinium-
1-yl)phenolate (Reichardt’s betaine dye 30) exhibits an unusually high solvatochromic
band shift; the lowest energy intramolecular charge-transfer absorption band of betaine
dye 30 is hypsochromically-shifted by ca. 357 nm in going from relatively nonpolar
diphenyl ether (λmax~810 nm) to water (λmax~453 nm) [15–17]. It is established that the
negative solvatochromism of betaine dye 30 originates from the differential solvation of its
highly polar equilibrium ground-state and the less polar first Franck–Condon excited-state
with increasing solvent polarity [15–17]. There is a considerable charge transfer from the
phenolate to the pyridinium part of the zwitterionic molecule. Because of its zwitterionic
nature the solvatochromic probe behavior of betaine dye 30 is strongly affected by the
HBD acidity of the solvent; HB-donating solvents stabilize the ground-state more than
the excited-state. The empirical scale of solvent ‘polarity’, ET(30) for betaine dye 30, is
defined as the molar transition energy of the dye traditionally in kcal·mol−1 at room
temperature and normal pressure according to the expression ET(30) = 28591.5/λmax
in nm [15–17]. However, in the present work a derivative of betaine dye 30, 2,6-dichloro-
4-(2,4,6-triphenylpyridinium-1-yl)phenolate (betaine dye 33), is used to investigate LiCl-
added Glyceline system due to it having certain advantages over betaine dye 30. The
low solubility of betaine dye 30 in many H-bonded solvent systems renders it unsuitable
for our investigations. Betaine dye 33, on the other hand, has no such problems due to
inherent structural differences with betaine dye 30. For historical reasons, it has been
related to number 33, and the lowest energy absorbance transition of this dye [i.e., ET(33)]
is calculated the same way ET(30) is calculated [17].

Thus, from the absorbance spectra of betaine dye 33 presented in Figure 2A, the
corresponding ET(33) are estimated and converted into EN

T using Equations (1) and (3):

ET(30) = 0.9953(±0.0287)× ET(33)− 8.1132(±1.6546) (1)

R = 0.9926, standard error of estimate = 0.8320, n = 20
ET(30) was obtained from ET(33) (i.e., Equation (1)) by acquiring the lowest energy

UV–vis absorbance band for both the dyes in 20 different solvents, and performing linear
regression analysis between the two.
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EN
T =

[ET(30)SOLVENT − ET(30)TMS]

[ET(30)WATER − ET(30)TMS]
(2)

Figure 2. Absorbance spectra of Reichardt’s betaine dye 33 [50 µM] in Glyceline and LiCl-added
Glyceline under ambient conditions (panel A) and variation in EN

T with a mole fraction of LiCl (χLiCl)
(panel B). The solid straight line is the best fit obtained from the linear regression analysis. Error in
EN

T is ≤±0.007.

Here, TMS stands for tetramethylsilane. From ET(30)WATER = 63.1 kcal·mol−1 and
ET(30)TMS = 30.7 kcal·mol−1, we obtain

EN
T =

[ET(30)SOLVENT − 30.7]
32.4

(3)

EN
T is easier to conceive as it is dimensionless and varies between 0 for TMS (extreme

non-polar) and 1 for water (extreme polar) [17]. Table 1 lists the lowest energy absorbance
maxima (λmax,33) of betaine dye 33 along with the estimated EN

T for the LiCl-added Glyce-
line system. A hyposchromic shift of 17 nm is observed in going from no LiCl to 3.0 m of
LiCl in Glyceline which transforms to an increase in EN

T from 0.86 to 0.95. It is convenient
to note that a plot of EN

T versus χLiCl exhibits good linear behavior (R2 > 0.98) with a slope
of 0.36 (±0.02) (Figure 2B). Thus, it is concluded that as LiCl is added to Glyceline, the
dipolarity/polarizabilty and/or HBD acidity of the system increases; and the increase is
effectively manifested in the spectral response of the Reichardt’s betaine dye 33 in a linear
manner with the mole fraction of LiCl.
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Table 1. Absorbance maxima for Reichardt’s betaine dye 33 (λmax,33), DENA (λmax,DENA) and NA
(λmax,NA) and corresponding estimated Kamlet–Taft empirical solvent parameters, at different mole
fractions of LiCl (χ LiCl) in Glyceline under ambient conditions. Error in λmax are ≤±0.5 nm. Error
in EN

T is ≤±0.007 and errors in α, β and π∗ are ≤±0.005.

mLiCl (mol·kg−1) χLiCl
λmax,33
(nm) EN

T
λmax,DENA

(nm) π* λmax,NA
(nm) β α

0.0 0.00 426 0.86 422 1.21 385 0.43 0.85

0.5 0.05 422 0.89 422 1.21 385 0.43 0.89

1.0 0.10 419 0.90 422 1.21 385 0.43 0.92

1.5 0.14 417 0.91 422 1.21 385 0.43 0.94

2.0 0.18 413 0.93 422 1.21 385 0.43 0.98

2.5 0.21 411 0.94 422 1.21 385 0.43 1.00

3.0 0.24 409 0.95 422 1.21 385 0.43 1.02

Whether the increase in EN
T upon addition of LiCl to the DES Glyceline is due to the

increase in the dipolarity/polarizabilty or the HBD acidity or both is explored by assessing
empirical Kamlet–Taft solvatochromic indicators of solvent dipolarity/polarizability (π∗),
HBD acidity (α), and HBA basicity (β) [18–22]. The π∗ is estimated from the absorption
maximum (νDENA, in kK) of DENA, a non-hydrogen bond donor solute, using [18,19]:

π∗ = 8.649 − 0.314νDENA (4)

and then α was estimated from ET(30) and π∗ values [18,20].

α = [ET(30)− 14.6(π∗ − 0.23δ)− 30.31]/16.5 (5)

The δ parameter in Equation (5) is a “polarizability correction term” equal to 0.0 for
nonchlorinated aliphatic solvents, 0.5 for polychlorinated aliphatics, and 1.0 for aromatic
solvents [21]. Finally, β values are determined from the enhanced solvatochromic shift of
NA relative to its homomorph DENA, –∆ν(DENA–NA)/kK [18,22]:

β = −0.357νNA − 1.176π∗ + 11.12 (6)

Interestingly, the UV–vis absorbance spectra of both DENA and NA, respectively, do
not show any statistically meaningful variation upon addition of up to 3.0 m LiCl to the
DES Glyceline (Figure 3A). Based on Equations (4) and (6), this subsequently reflects in
no change in the β and the π∗ parameters as LiCl is added to Glyceline (Table 1). The
parameter α, which depends on the ET parameter along with π∗ (Equation (5)), does
increase with an increasing concentration of LiCl in Glyceline (Figure 3B).

The Kamlet–Taft empirical parameters for solvent polarity (π∗, α, and β) clearly indi-
cate the surprising outcome that, as LiCl is added to DES Glyceline, dipolarity/polarizability
of the medium does not change, nor does the H-bond accepting basicity—the medium
acquires more H-bond donating acidity [parameter α increases linearly with increasing
χLiCl within the system with a slope = 0.70 (±0.02)]. Within Glyceline, it is reported that
the Cl− of ChCl are involved in H-bonding with the –OH functionalities of glycerol that in
turn contribute to DES formation [23]. We believe that added Li+ preferentially combines
with the oxygen of the –OH functionalities of glycerol thus rendering the HBD acidity of
the medium to increase [24]. The diminished HBA basicity due to this is compensated by
the presence of additional Cl− of the LiCl. Since both added Li+ and Cl− are involved in
various H-bonding within the system, diminishing their charges, no effective increase in
dipolarity/polarizability is observed.
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Figure 3. UV–visible absorbance spectra of N,N-diethyl-4-nitroaniline (DENA, 20 µM) and 4-
nitroaniline (NA, 20 µM) (panel A) and variation in α, β and π∗ with mole fraction of LiCl (χLiCl)
within Glyceline (panel B) under ambient conditions. Errors in α, β and π∗ are ≤±0.005.

Since fluorescence polarity probes are known for their higher sensitivity, we employed
pyrene as one of such probes to assess the effect of LiCl addition on DES Glyceline. Fluores-
cence emission spectra of pyrene is constituted of five vibronic bands with band 1-to-band
3 intensity ratio (Py I1/I3) increases monotonically with increasing dipolarity of the pyrene
cybotactic region [25–29]. Emission spectra of pyrene in LiCl-added Glyceline is acquired
at five different temperatures in the range 298.15 to 358.15 K (representative spectra are
shown in Figure 4A).

The estimated Py I1/I3 at different χLiCl are plotted in Figure 4C. A careful examination
of the data reveals that statistically meaningful changes in Py I1/I3 start to appear only
above 1.5 m LiCl—for mLiCl < 1.5 m, the pyrene probe is not able to manifest polarity
changes in the system as LiCl is added to Glyceline. Betaine dye 33 response, however,
could effectively reflect the changes in the medium at very low LiCl concentrations as
well. It is interesting to note that at higher LiCl concentrations, the Py I1/I3 decreases
suggesting a decrease in the dipolarity of the pyrene cybotactic region in the presence of
LiCl. We again invoke the explanation given above that both Li+ and Cl− tie up with the
charged species present in the solution thus lowering the dipolarity of the medium—this
lowering in dipolarity may be overshadowed by the increased HBD acidity that becomes
reflected in the response of the betaine dye 33. Further support for this is afforded by
the variation in Py I1/I3 of the LiCl-added Glyceline as the temperature is increased
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(Figure 4B shows pyrene emission spectra at two different temperatures). Figure 4D
depicts the clear decrease in Py I1/I3 as the temperature of LiCl-added Glyceline system is
increased—the decrease is observed to be linear. This observation is akin to the decrease in
static dielectric constants (ε) of several liquids, including several DESs and ionic liquids, as
the temperature is increased. Also, similar observations were reported for the LiCl-added
ChCl:Urea and glycerol, respectively, as well as LiTf2N-added 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([C2C1im][Tf2N]) at similar temperatures [30–32].

Figure 4. Fluorescence emission spectra of pyrene within Glyceline in the absence and presence of
LiCl (χLiCl = 0.24) at 298.15 K (panel A) and at 298.15 K and 358.15 K at χLiCl = 0.24 (panel B). Band
1 to 3 emission intensity ratio of pyrene (Py I1/I3) within LiCl-added Glyceline for temperatures
ranging between 298.15 and 358.15 K (panel C) and for different LiCl mole fractions at all investigated
temperatures (panel D). Error in Py I1/I3 is ≤±0.02.

4. Conclusions

Reichardt’s betaine dye 33 is able to effectively manifest the changes taking place in
DES Glyceline as LiCl salt is added. The response of the betaine dye 33 in concert with
responses from DENA and NA (to obtain empirical Kamlet–Taft parameters) affords a
scenario where it is clear that as LiCl is added to Glyceline, the HBD acidity of the medium
increases with little or no change in the dipolarity/polarizability and HBA basicity. The
interaction of Li species with the oxygens of the –OH functionalities of glycerol imparts
increased HBD acidity to the medium with other interactions compensating for each other
in such a manner that there is little or no increase in dipolarity/polarizability and HBA
basicity. The fluorescence probe pyrene is able to reflect the decrease in the dipolarity
but only at higher LiCl concentrations (mLiCl ≥ 1.5 m). A decrease in dipolarity with
increasing temperature, however, is amply manifested through the pyrene response. The
sensitivity and versatility of Reichardt’s betaine dye in effective gauging changes in the
physicochemical properties of the liquid medium is amply demonstrated.
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Abstract: The objective of this research is to propose a general model utilizing the solvatochromic
polarity of electronic transition energy (ET) of the Reichardt indicator to predict paracetamol solubility
in the solvent mixtures. In order to model validation, the available ET (30) values of nine aqueous
mixtures obtained from existing literature sources were utilized. The trained model yielded a
relatively accurate estimation of paracetamol solubility in the investigated systems.

Keywords: paracetamol; solubility prediction; Reichardt indicator; binary mixtures

1. Introduction

Paracetamol, known as N-acetyl-p-aminophenol, is highly valued for its analgesic
and antipyretic properties in the treatment of various conditions such as fever, headache,
arthritis, neuralgia, post-surgical pain, and providing palliative care to advanced cancer
patients [1]. While it is mostly administered as a tablet, other forms such as intravenous
preparations, suppositories, and solutions are also available in the market [2]. For efficient
drug absorption, it must be in an aqueous solution form at the absorption site. The im-
proved aqueous solubility of drugs or drug candidates can increase their bioavailability,
reduce their dosage, and ultimately enhance their efficacy. Therefore, the aqueous solubility
of any drug candidate is a crucial physicochemical property essential for its successful
development. This aspect of drug development is often limited by poor solubility, and,
as a result, it is crucial to determine drug candidate solubility as early as possible. There
is considerable interest in the development of models that accurately predict aqueous
solubility directly from a chemical structure [3]. In the case of the low aqueous solubility of
a drug, addition of a permissible organic solvent, cosolvency, is an appropriate solution.
Cosolvency helps the formulation scientists to dissolve the desired amount of the drug
in a given volume of the liquid formulation. In some cases, i.e., in injectable solution,
there is a volume restriction problem too. More solubilizing cosolvent with a lower tox-
icity and less side effects is more favorable. Desolubilization of a drug is also required
where recrystalization is the aim of the experiments. In these cases, the drug and the
related compounds are dissolved in a good solvent; usually an organic solvent and an
anti-solvent is added to the mixtures to induce crystallization process. These practical
applications reveal the importance of solubility data in binary solvent mixtures. Despite
the experimental determination of the solubility in cosolvent + water mixtures, there are
some models to calculate the solubility in mixed solvent systems. These models facilitate
the process of data usage in industrial applications. The extended Hildebrand solubility
approach of Martin [4], mixture response surface [5], the combined nearly ideal binary
solvent/Redlich–Kister equation [6], the log-linear model of Yalkowsky [7], the modified
Wilson model [8], phenomenological model [9], fluctuation theory [10], the excess free
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energy approach [11], the Jouyban–Acree model [12], and Kamlet–Abboud–Taft-linear
solvation energy relationship [13,14] were the well-known reported mathematical models
for solubility prediction in cosolvency mixtures. One of the commonly used models that
have demonstrated accurate predictions of solubility is the Jouyban–Acree model, which is
dependent on both temperature and solvent compositions [12]. Beyond their general forms,
these models can be customized by introducing the chemical and physical properties of
solvent and solute into their parameters. Some of these parameters that exhibit quantitative
structure–property relationships (QSPRs) are the Hansen [15] and Catalan [16] solubility
parameters, Abraham solvation parameters and solvatochromic polarity parameters (e.g.,
electronic transition energy (ET) or Reichardt’s polarity). In continuation of our previous
works in combining the QSPR parameters with the Jouyban–Acree model, this study seeks
to suggest a combined Jouyban–Acree model with Reichardt’s polarity parameter that can
predict and correlate paracetamol solubility in the cosolvency systems. To achieve this, data
on paracetamol solubility along with ET 30 values in different cosolvency systems were
gathered from the literature and utilized to develop a comprehensive model capable of
predicting paracetamol solubility accurately. We used paracetamol as a model drug in this
work, since a very wide range of solubility data in cosolvent + water mixtures are available
for this drug.

2. Computational Methods

Until now, the solubility pattern of paracetamol has been studied in the binary aqueous
mixtures of ethanol [17], 1-propanol [18], 2-propanol [19], polyethylene glycol 200 (PEG
200), PEG 400 [20], propylene glycol (PG) [21], PEG 600, N-methyl pyrrolidone (NMP) [22],
methanol [23], carbitol [24], 1,4-dioxane [25], acetonitrile [26], dimethylformamide (DMF),
and dimethylsulfoxide (DMSO) [27] and non-aqueous binary mixtures of NMP + PEG
600 [22], PEG 600 + PG [28], PEG 200 + ethanol, PEG 400 + ethanol, PEG 600 + ethanol [29],
PG + ethanol [30] and ethyl acetate + ethanol [31]. The solubility data in the mole fraction
unit were used for the studied computations. ET (30) values for the binary aqueous
mixtures of ethanol, methanol, PG, 2-propanol, 1-propanol, acetonitrile, DMF, DMSO, and
1,4-dioxane were obtained from a reference by using interpolation for the desired co-solvent
mass fraction [32]. However, ET (30) values for other mixtures were not available and
excluded from the computations. Furthermore, the Abraham solubility parameters for
the investigated solvents were taken from a reference [33]. It is obvious that some of the
mentioned cosolvents, like methanol, DMF or 1,4-dioxane, are highly toxic and could
not be used in the preparation of oral/parenteral/topical pharmaceutical formulations.
We included these cosolvents in our study to show the capability of the proposed model
to cover various cosolvent + water systems. In addition, these binary solvent mixtures
could be used in other industrial applications such as crystallization, preparation of the
nanoparticles, etc.

The investigated model in this work was the Jouyban–Acree model as the most precise
cosolvency model available, it depicts the correlation between the solubility of a solute
and both the temperature and the solvent composition. In binary cosolvency systems at
different temperatures, the Jouyban–Acree model can be expressed in a general form as
follows [12]:

ln xm,T = wc · ln xc,T + ww · ln xw,T +
wcww

T

2

∑
i=0

Ji(wc − ww)
i (1)

where xm,T , xc,T and xw,T denote the solubility of the solute in the solvent mixtures, cosol-
vent and water at temperature T/K; wc, and ww are the mass fractions of mono solvents
1 (the cosolvents (c) in this work), and 2 (water (w) in this work) in the absence of the
solute; and Ji terms are the model coefficients representing the two-body (d-d, d-c, c-c, d-w,
w-w (d = drug)) and three-body (d-d-d, d-d-c, d-c-c, d-c-d, c-c-c, d-d-w, d-w-w, d-w-d, w-w-w,
d-w-c) interactions in the solute saturated mixture solution [12]. One can integrate the
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Jouyban–Acree model with certain parameters such as Reichardt’s polarity parameter to
analyze the characteristics of solvents with regard to their physicochemical properties.
By including these values in Equation (1) for a given solute, the combined model can be
obtained as

ln xm,T = wc · ln xc,T + ww · ln xw,T +
(wcww

T
)(

J′1 + J′2 · EN
m,T

)

+
(

wcww(wc−ww)
T

)(
J′3 + J′4 · EN

m,T

)
+

(
wcww(wc−ww)

2

T

)(
J′5 + J′6 · EN

m,T

) (2)

where J′ terms are the model parameters and EN
m,T is the ET (30) values for the desired

binary mixtures. The symbols used in prior models remain unchanged in this case. The
model constants in Equation (2) are determined through a no-intercept least square analysis.

To investigate the capability of Reichardt’s polarity parameter for improving the solu-
bility prediction power of the Jouyban–Acree model, the obtained results were compared
with the Jouyban–Acree model combined with Abraham solvation parameters. For this
purpose, Equation (3) as a simplified model for one solute was used:

ln xm,T = wc · ln xc,T + ww · ln xw,T +
(wcww

T
)
(

J ′′1 + J ′′2 (cc − cw)
2 + J ′′3 (ec − ew)

2 + J ′′4 (sc − sw)
2

+J ′′5 (ac − aw)
2 + J ′′6 (bc − bw)

2 + J ′′7 (vc − vw)
2 + J ′′8 (acbc − awbw)

2

)

+
(

wcww(wc−ww)
T

)( J ′′9 + J ′′10(cc − cw)
2 + J ′′11(ec − ew)

2 + J ′′12(sc − sw)
2

+J ′′13(ac − aw)
2 + J ′′14(bc − bw)

2 + J ′′15(vc − vw)
2 + J ′′16(acbc − awbw)

2

)

+

(
wcww(wc−ww)

2

T

)(
J ′′17 + J ′′18(cc − cw)

2 + J ′′19(ec − ew)
2 + J ′′20(sc − sw)

2

+J ′′21(ac − aw)
2 + J ′′22(bc − bw)

2 + J ′′23(vc − vw)
2 + J ′′24(acbc − awbw)

2

)
(3)

Solvent coefficients, namely c, e, s, a, b and v, exhibit variation based on the type of
solvent being analyzed. The phase’s affinity to interact with solutes via polarizability-based
interactions is expressed as e, whereas s quantifies the dipolarity/polarity of the solvent
phase. Hydrogen-bond acidity and basicity of the solvent phase are designated as a and b
coefficients. Additionally, v represents the overall dispersion interaction energy between
the solvent phase and the solute. Also, J ′′ terms are the model parameters.

To determine accuracy, the mean relative deviation (MRD) is employed and computed
via the following formula:

MRD% =
100

NDP∑
( |Calculated solubity value−Observed solubity value|

Observed solubity value

)
(4)

The formula involves NDP, which represents the quantity of data points in every set.
The definition of the MRD is very similar to that of the relative standard deviation (RSD) for
the repeated experiments. One could directly compare the numerical values of the MRDs
with the RSD values for experimental measurements, where the ideal model should provide
MRD% close to RSD values. The RSD for repeated paracetamol solubility data using the
same chemicals and the same instruments and procedures varied from 3.3% to 17.0% and
as a general rule; with a lower solubility, a larger RSD is obtained [34]. Concerning the
paracetamol solubility data reported from different laboratories, the overall RSD varied
from 17.6% to 21.1% [35]. In order to demonstrate the predictive ability of the models in
question, a leave-one-solvent-system-out method was utilized for cross-validation. During
each analysis, one data set was omitted from the training process and the trained model
was then used to predict its corresponding solubility.

3. Results and Discussion

The experimental paracetamol solubility data in binary aqueous mixtures of ethanol,
methanol, PG, 2-propanol, 1-propanol, acetonitrile, DMF, DMSO, and 1,4-dioxane were
used to train Equations (1)–(3). In the first step, the Jouyban–Acree model and its combined
form with Reichardt’s polarity parameter were used for each binary system data correlating,
individually. The MRD% values for these computations are given in Table 1. As can be
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seen, MRD% values for all solubility systems were less than 15%, showing the reliability
of data for fitting to the mathematical model. Furthermore, the low MRD% values being
obtained separately for each cosolvency system is an initial criterion for including them in
the generation of a general model.

Table 1. MRDs% for solubility of paracetamol in the aqueous binary systems at various temperatures
for Equations (1) and (2).

No. Solvent Mixtures T (K)
MRDs (±SD)%

Equation (1) Equation (2)

1 Ethanol + water 293.2 6.2 ± 7.1 4.9 ± 6.4
298.2 3.2 ± 2.8 1.6 ± 1.6
303.2 3.3 ± 3.0 2.0 ± 1.7
308.2 3.9 ± 3.3 1.4 ± 1.4
313.2 4.3 ± 4.7 4.2 ± 2.9

2 PG + water 293.2 2.3 ± 3.0 2.3 ± 3.0
298.2 2.3 ± 2.1 2.3 ± 2.1
303.2 1.9 ± 3.1 1.9 ± 3.1
308.2 2.3 ± 2.3 2.3 ± 2.3
313.2 3.3 ± 2.6 3.3 ± 2.5

3 Methanol + water 298.2 0.6 ± 0.5 0.6 ± 0.4
4 1,4-Dioxane + water 293.2 13.8 ± 13.1 10.9 ± 9.0

298.2 7.9 ± 9.0 6.1 ± 4.7
303.2 8.1 ± 6.9 5.9 ± 3.9
308.2 9.7 ± 8.7 6.9 ± 6.4
313.2 11.3 ± 9.5 8.6 ± 7.6

5 1-Propanol + water 293.2 7.9 ± 6.1 8.1 ± 5.0
298.2 4.0 ± 4.0 3.3 ± 2.2
303.2 3.6 ± 3.0 0.7 ± 0.9
308.2 6.8 ± 5.6 6.6 ± 3.6
313.2 7.6 ± 6.6 7.2 ± 4.7

6 Acetonitrile + water 293.2 11.6 ± 19.0 5.3 ± 10.2
298.2 10.4 ± 13.6 3.0 ± 5.9
303.2 9.1 ± 8.6 2.3 ± 2.4
308.2 8.5 ± 6.3 3.6 ± 3.9
313.2 8.1 ± 7.4 5.5 ± 6.5

7 DMSO + water 298.2 12.8 ± 16.7 11.6 ± 15.2
303.2 6.0 ± 6.5 3.8 ± 4.5
308.2 5.3 ± 5.8 3.1 ± 4.2
313.2 10.4 ± 12.3 10.1 ± 11.8

8 DMF + water 298.2 8.3 ± 9.6 5.7 ± 8.1
303.2 4.9 ± 6.4 1.9 ± 2.5
308.2 4.9 ± 4.3 1.7 ± 2.3
313.2 6.8 ± 7.6 5.3 ± 7.2

9 2-Propanol + water 293.2 8.7 ± 7.3 9.0 ± 7.0
298.2 5.5 ± 4.4 5.2 ± 4.8
303.2 2.6 ± 2.4 1.8 ± 1.5
308.2 4.7 ± 4.3 4.3 ± 3.3
313.2 9.2 ± 6.5 9.0 ± 6.1

Another point in Table 1 was the low value of MRD% for the combined form of the
Jouyban–Acree model with Reichardt’s polarity parameters compared with the Jouyban–
Acree model. The Jouyban–Acree model, in its general form, is not influenced by the
characteristics and properties of either the solute or solvent. Despite this, factors such
as solute ionization in solvent mixtures, solubilization/desolubilization capacity, density,

281



Liquids 2023, 3

dielectric constant, and physical/chemical stability can impact solubility. These parameters
can be described in ET (30) values reported for the solvent mixtures.

The next step was the correlation of all data for the generation of a general model
for solubility prediction. The trained version of the combined form of the Jouyban–Acree
model with Reichardt’s polarity parameters for the paracetamol solubility prediction in
aqueous solvent mixtures was as:

ln xm,T = wc · ln xc,T + ww · ln xw,T +
(wcww

T
)(

5922.694− 75.549EN
m,T

)

+
(

wcww(wc−ww)
T

)(
6900.277− 135.008EN

m,T

)
+

(
wcww(wc−ww)

2

T

)(
8395.463− 156.285EN

m,T

) (5)

It is important to highlight that the statistical significance of all the model constants
was confirmed through t-test analysis at a probability level of <0.1. The back-calculated
solubility data, comprising 422 data points, showed an overall MRD% of 37.6%. Table 2
displays the MRD% values calculated for paracetamol solubility data in different solvent
mixtures at varying temperatures, using Equation (5). For the trained model, the lowest
predicted solubility data deviation (MRD = 4.3%) can be observed for a solvent mixture
of 2-propanol and water at a temperature of 303.2 K. Conversely, the highest deviation
(MRD = 139.0%) occurs for a solvent mixture of PG and water at a temperature of 293.2 K.

One can remove J′1, J′3, and J′5 from Equation (2) to reach below model with J′i EN
m,T

parameters.

ln xm,T = wc · ln xc,T + ww · ln xw,T

+
(wcww

T
)(

35.147EN
m,T

)
+
(

wcww(wc−ww)
T

)(
7.948EN

m,T

) (6)

The overall MRD% for back-calculated data with this trained equation is 46.9% which
does not have significant difference with Equation (5) demonstrating Equation (6) with
three parameters can be used instead of Equation (5) with six parameters.

The effectiveness of Reichardt’s polarity parameter in improving the solubility predic-
tion accuracy of the Jouyban–Acree model was examined by comparing the results with
those obtained from the Jouyban–Acree model that was combined with Abraham solvation
parameters. Abraham solvation parameters are a set of empirical coefficients that include
multiple parameters that represent different molecular interactions such as polarizabil-
ity, dipolarity/polarity, hydrogen-bond acidity, basicity, and dispersion. Each parameter
contributes to a different aspect of solvation, creating a more accurate representation of
the overall behavior of the solvent. The use of multiple parameters in Abraham solvation
parameters, as well as their flexibility and applicability to a wider range of solvents, offers
advantages in predicting solvation behavior over other solubility parameters.

The trained form of Equation (3) for the paracetamol solubility in nine included
aqueous binary systems is

ln xm,T = wc · ln xc,T + ww · ln xw,T +
(wcww

T
)
(
−785.592(cc − cw)

2 + 711.412(ec − ew)
2 + 295.216(sc − sw)

2

+163.222(ac − aw)
2 − 55.665(bc − bw)

2 + 253.856(vc − vw)
2 − 12.758(acbc − awbw)

2

)

+
(

wcww(wc−ww)
T

)( 11591.238− 999.834(cc − cw)
2 − 22533.610ec − ew)2 − 650.844(sc − sw)

2

−280.764(ac − aw)
2 − 118.233(bc − bw)

2 + 842.913(vc − vw)
2

)

+

(
wcww(wc−ww)

2

T

)(
9977.706− 1677.087(cc − cw)

2 − 13326.989(ec − ew)
2 − 656.926(sc − sw)

2

−189.332(ac − aw)
2 − 64.860(bc − bw)

2 + 343.005(vc − vw)
2

)
(7)

The overall MRD% is 12.4% (Table 2). As can be seen, a relatively high difference was
observed for back-calculated MRD% of Equation (7) with 10.0% and Equation (5) with 37.6
for the similar data. A similar trained model was proposed for the solubility of paracetamol
in various cosolvent + water mixtures with an overall MRD% of 19.6%, employing the
Hansen solubility parameters [35]. However, these differences are normal and the possible
reason for this difference in accuracy is the number and nature of parameters used in each
model. The Abraham solubility parameter model incorporates multiple parameters that
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represent different types of molecular interactions, whereas Reichardt’s polarity parameter
represents only the solvents’ relative polarities, which can be less specific to the solute.
Another possible reason could be the variant data set used for model validation. The models’
performances heavily depend upon the data set used for validation, and any biases in the
data set can affect the predictive capability of a model. For example, this difference between
the MRD% values of the two models decreased when excluding the PG+ water system with
MRD% 10.2% for Equation (7) and 23.4% for Equation (5). Therefore, it is essential to use a
diverse data set for validation, including compounds with different chemical structures
and properties, to ensure accurate predictions.

Table 2. MRDs% for solubility of paracetamol in the aqueous binary systems at various temperatures
for Equations (5) and (7).

No. Solvent Mixtures T (K)
MRDs (±SD)%

Equation (5) Equation (7)

1 Ethanol + water 293.2 21.8 ± 24.2 7.2 ± 6.7
298.2 15.7 ± 14.1 4.0 ± 3.8
303.2 14.5 ± 12.7 3.9 ± 4.2
308.2 14.6 ± 13.4 4.5 ± 4.2
313.2 9.8 ± 12.1 3.9 ± 4.2

2 PG + water 293.2 139.0 ± 112.4 10.9 ± 10.1
298.2 125.9 ± 100.9 9.7 ± 6.8
303.2 125.5 ± 99.2 6.6 ± 5.7
308.2 122.4 ± 94.5 7.2 ± 7.2
313.2 126.3 ± 97.7 4.5 ± 8.8

3 Methanol + water 298.2 56.4 ± 51.2 17.9 ± 14.2
4 1,4-Dioxane + water 293.2 8.8 ± 6.4 20.2 ± 16.4

298.2 10.4 ± 7.8 13.5 ± 11.7
303.2 11.8 ± 9.7 11.3 ± 12.1
308.2 15.2 ± 13.7 11.4 ± 11.4
313.2 16.7 ± 14.5 12.6 ± 11.7

5 1-Propanol + water 293.2 14.3 ± 12.2 18.7 ± 17.1
298.2 16.6 ± 14.5 17.1 ± 14.4
303.2 19.9 ± 17.4 16.8 ± 12.8
308.2 28.2 ± 19.7 16.2 ± 11.3
313.2 28.3 ± 18.9 14.8 ± 10.4

6 Acetonitrile + water 293.2 43.8 ± 25.9 11.8 ± 19.7
298.2 41.7 ± 26.1 10.6 ± 14.1
303.2 39.8 ± 27.6 9.0 ± 8.9
308.2 39.3 ± 27.0 8.1 ± 6.9
313.2 41.9 ± 26.2 7.8 ± 7.0

7 DMSO + water 298.2 32.8 ± 29.2 9.4 ± 10.1
303.2 34.6 ± 31.3 8.2 ± 10.8
308.2 36.1 ± 33.1 11.6 ± 14.4
313.2 37.2 ± 35.1 16.3 ± 18.5

8 DMF + water 298.2 34.4 ± 31.7 7.5 ± 8.1
303.2 35.2 ± 32.5 5.4 ± 5.2
308.2 35.9 ± 33.5 5.4 ± 5.2
313.2 36.8 ± 34.4 7.9 ± 8.1

9 2-Propanol + water 293.2 11.6 ± 9.5 13.5 ± 10.9
298.2 7.8 ± 7.3 10.2 ± 7.7
303.2 4.3 ± 3.8 5.6 ± 4.1
308.2 4.9 ± 3.9 3.4 ± 4.8
313.2 8.0 ± 6.4 7.1 ± 5.5

Overall 37.6 ± 54.2 10.0 ± 10.8
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It should be noted that even though Reichardt-polarity-parameter combined model
gave a higher error percentage compared to the Abraham-solubility-parameter combined
model, the error range was still acceptable. As mentioned above, the RSD values for
repeated paracetamol solubility determination varied from 17.6 to 21.1% [34]. These obser-
vations suggest that Reichardt’s polarity parameter can potentially be used as an alternative
to Abraham solubility parameters if a less complex model is desired, although it may not
provide the same level of accuracy as Abraham solubility parameters.

Cross-validation was employed using the leave-one-solvent system-out method to
assess the prediction capabilities of the trained models. A comprehensive report of the
cross-validation process for the analyzed models is presented in Table 3. The tabulated
results show that the overall MRDs% increased from 15.3 to 20.2 for the ethanol + water
mixture, 127.8 to 177.8 for PG + water, 60.9 to 56.4 for methanol + water, 41.2 to 12.6
for 1,4-dioxane +water, 25.7 to 21.5 for 1-propanol + water, 41.3 to 47.6 for acetonitrile
+water, 35.2 to 36.3 for DMSO + water, 35.5 to 37.0 for DMF + water, and 7.3 to 7.8 for the
2-propanol + water system. It can be concluded that the combined form of the Jouyban–
Acree model with Reichardt’s polarity parameters has an acceptable reliability to predict
the paracetamol solubility data in the investigated mixtures. A cross-validation process
was also employed for the Jouyban–Acree model combined with Abraham solvation
parameters, and the overall MRD% value increased from 10.0% to 1.1 × 107. As can be
seen, the Reichardt-polarity-parameter combined model showed better results compared
to the Abraham-solvation-parameters combined model. A possible reason for it can be this
fact that the Reichardt-polarity-parameter combined model is relatively simple, requiring
only one parameter to predict solubility (the solvent polarity parameter) whereas, the
Abraham-solvation-parameters combined model requires multiple parameters, including
the hydrogen-bond acidity and basicity, polarizability, and volume parameters. In some
cases, having fewer model parameters can make a model less prone to overfitting and
better suited to predict solubility, especially if the data set is limited. The performance
of the models also depends on the quality and diversity of the training data used to
optimize the parameters. Therefore, a more detailed investigation is needed to determine
the performance differences between the models.

Table 3. Leave-solvent-system-out cross-validation for the proposed models.

No. Solvent Mixtures T (K)
MRDs (±SD)%

Equation (5) Equation (7)

1 Ethanol + water 293.2 27.4 ± 30.0 8.3 ± 6.8
298.2 20.7 ± 18.9 5.1 ± 5.2
303.2 19.2 ± 17.3 4.8 ± 5.7
308.2 19.3 ± 18.0 5.3 ± 5.5
313.2 14.2 ± 16.4 4.4 ± 4.0

2 PG + water 293.2 193.7 ± 154.9 162.4 ± 199.6
298.2 176.2 ± 139.5 147.8 ± 179.4
303.2 175.0 ± 170.0 138.8 ± 164.5
308.2 170.0 ± 130.4 137.5 ± 164.9
313.2 174.1 ± 133.9 138.9 ± 166.1

3 Methanol + water 298.2 60.9 ± 55.1 82.5 ± 91.2
4 1,4-Dioxane + water 293.2 38.2 ± 34.3 160.8 ± 190.8

298.2 40.5 ± 34.3 141.5 ± 169.6
303.2 41.0 ± 34.8 132.3 ± 165.7
308.2 42.8 ± 35.1 117.0 ± 142.0
313.2 43.4 ± 35.0 111.2 ± 132.3
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Table 3. Cont.

No. Solvent Mixtures T (K)
MRDs (±SD)%

Equation (5) Equation (7)

5 1-Propanol + water 293.2 17.8 ± 16.2 26.2 ± 21.8
298.2 20.9 ± 19.9 25.6 ± 19.2
303.2 24.3 ± 21.1 25.6 ± 18.0
308.2 32.8 ± 23.6 25.6 ± 17.0
313.2 32.8 ± 22.6 24.2 ± 16.1

6 Acetonitrile + water 293.2 50.1 ± 29.4 1.4 × 108 ± 3.5 × 108

298.2 48.1 ± 29.9 1.1 × 108 ± 2.7 × 108

303.2 46.1 ± 31.6 8.4 × 107 ± 1.4 × 108

308.2 45.8 ± 31.1 6.0 × 107 ± 1.4 × 108

313.2 48.1 ± 30.0 4.2 × 107 ± 1.0 × 108

7 DMSO + water 298.2 34.7 ± 30.8 72.4 ± 92.7
303.2 36.4 ± 32.6 70.6 ± 90.1
308.2 36.4 ± 32.6 68.4 ± 87.3
313.2 37.7 ± 34.2 65.0 ± 82.4

8 DMF + water 298.2 36.0 ± 32.9 118.5 ± 215.7
303.2 36.7 ± 33.7 116.8 ± 210.8
308.2 37.3 ± 34.5 114.1 ± 202.8
313.2 38.1 ± 35.4 112.5 ± 197.8

9 2-Propanol + water 293.2 12.1 ± 10.2 36.5 ± 32.1
298.2 8.5 ± 7.9 32.5 ± 26.7
303.2 4.9 ± 4.3 26.7 ± 20.6
308.2 5.2 ± 4.1 22.6 ± 17.2
313.2 8.1 ± 4.1 18.2 ± 15.0

Overall 50.1 1.1 × 107

4. Conclusions

This research involved the development of a trained model based on Reichardt’s
polarity parameter to predict paracetamol solubility in cosolvency systems. The use of
the Jouyban–Acree model was examined, as well as its combined version with Reichardt’s
polarity parameter. The effectiveness of Reichardt’s polarity parameter in improving the
solubility prediction accuracy of the Jouyban–Acree model was examined by comparing
the results with those obtained from the Jouyban–Acree model combined with Abraham
solvation parameters. Upon analysis, the model was deemed to have a satisfactory level of
accuracy in predicting solubilities, as evidenced by the overall MRDs% of 37.6.
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Abstract: The concept of “solvent polarity” is widely used to explain the effects of using different
solvents in various scientific applications. However, a consensus regarding its definition and quan-
titative measure is still lacking, hindering progress in solvent-based research. This study hopes to
add to the conversation by presenting the development of two linear regression models for solvent
polarity, based on Reichardt’s ET(30) solvent polarity scale, using Abraham solvent parameters and
a transformer-based model for predicting solvent polarity directly from molecular structure. The
first linear model incorporates the standard Abraham solvent descriptors s, a, b, and the extended
model ionic descriptors j+ and j−, achieving impressive test-set statistics of R2 = 0.940 (coefficient of
determination), MAE = 0.037 (mean absolute error), and RMSE = 0.050 (Root-Mean-Square Error).
The second model, covering a more extensive chemical space but only using the descriptors s, a, and
b, achieves test-set statistics of R2 = 0.842, MAE = 0.085, and RMSE = 0.104. The transformer-based
model, applicable to any solvent with an associated SMILES string, achieves test-set statistics of
R2 = 0.824, MAE = 0.066, and RMSE = 0.095. Our findings highlight the significance of Abraham
solvent parameters, especially the dipolarity/polarizability, hydrogen-bond acidity/basicity, and
ionic descriptors, in predicting solvent polarity. These models offer valuable insights for researchers
interested in Reichardt’s ET(30) solvent polarity parameter and solvent polarity in general.

Keywords: Reichardt’s dye; ET(30) solvent polarity parameter; hydrogen bonding; solvatochromism;
Abraham model; predictive modeling

1. Introduction

For over 50 years, researchers have employed the term “solvent polarity” to explain
variations in chemical reaction rates, spectroscopic properties, and thermophysical charac-
teristics of solute molecules dissolved in different solvents. However, despite its widespread
usage, “solvent polarity” lacks a universally accepted definition and quantitative measure
that the scientific community has agreed upon. In its broadest interpretation, the term
encompasses the entire range of intermolecular interactions, including Coulombic forces,
dispersion forces, charge transfer, hydrogen bonding, directional dipole–dipole interactions,
and solvophobic effects experienced by molecules and ionic species. It should be noted that
interactions leading to changes in the solute’s chemical identity through complex formation,
oxidation–reduction reactions, protonation, or other structural-altering processes do not
fall within the scope of this broad definition of “solvent polarity” [1].

More refined studies have attempted to distinguish and quantify the distinct sol-
vent effects originating from hydrogen-bonding interactions compared to dipole–dipole
interactions through spectroscopic and calorimetric measurements. Various empirical
scales for solvent polarity and acidity/basicity have been established using spectroscopic
probe molecules such as betaine-30 dye, 4-nitroanisole [2], N,N-diethyl-4-nitroaniline [2],
pyrene [3], and other large polycyclic aromatic hydrocarbons [4], 2-(N,N-dimethylamino)-
7-nitrofluorene [5], Brooker’s merocyanine dye [6], and N-ethyl-4-carbethoxypyridinium
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iodide [7]. Among these scales, the most notable one is based on the betaine-30 dye, com-
monly known as Reichardt’s Dye, which is used to define the ET(30) and normalized ÊT(30)
solvent polarity scales [8–10]:

ET(30) (kcal mol−1 ) = 2.8591 · 10−3 · ∼υmax (1)

ÊT(30)= (2.8591 · 10−3 · ∼υmax − 30.7 )/32.4 (2)

where
∼
υmax is the wavenumber of the maximum in the π to π* absorption band. The above

list of spectroscopic probe molecules is not exhaustive but serves to illustrate that numerous
organic molecules and ionic species exhibit solvatochromic behavior. A comprehensive
compilation of probe molecules can be found elsewhere [2,9].

Calorimetric probe studies [11–14] have been employed with some degree of success in
quantifying the strength of hydrogen bonding between a solute and solvent. By measuring
the enthalpies of solution for a reference compound that is incapable of forming hydrogen
bonds in the given solvent or by measuring the enthalpies of solution for the solute in
an “inert” solvent, it is possible to estimate the contributions from non-hydrogen bond-
ing interactions. Alternatively, mathematical expressions derived from semi-theoretical
solution models can be used to estimate the non-hydrogen bonding effects. Each estima-
tion method yields a different value for the hydrogen bond enthalpy. There is also no
universally accepted method for addressing non-hydrogen bonding contributions, nor is
there a single hydrogen-bonding interaction whose strength can be considered a universal
reference value.

Quantitative structure–property relationships and linear free energy relationships are
occasionally employed to mathematically elucidate the variations in a solute’s thermophys-
ical properties across different solvent media. Among the various proposed relationships,
the Abraham general solvation parameter model is one of the most widely utilized meth-
ods. This model’s popularity stems from both its ability to encompass a wide range of
solute properties and its foundation in the diverse molecular interactions that govern the
specific solute property under investigation. The Abraham model is constructed upon
two linear free energy relationships [15–18]. The first equation models the transfer of
neutral molecules and ionic species between two condensed phases:

SP = cp + ep · E + sp · S + ap · A + bp · B + vp · V + jp+ · J+ + jp− · J− (3)

and the second modeling of the transfer of neutral molecules from the gas phase to a
condensed phase:

SP = ck + ek · E + sk · S + ak · A + bk · B + lk · L (4)

where SP represents a “specific property” of solutes within a given solvent, partitioning
system, or biological/pharmaceutical process, and where the subscripts p and k distinguish
the solvent parameters between the two different transfer systems. In this study, SP
corresponds to the logarithm of the solute’s water-to-organic solvent partition coefficient
(log P) or gas-to-organic solvent partition coefficient (log K). Specifically, it refers to the
logarithm of the ratio between the solute’s molar solubility in two different solvents or
phases: log (CS,organic/CS,water) (Equation (3)) and log (CS,organic/CS,gas) (Equation (4)).
In these equations, CS,organic and CS,water represent the molar solubility of the solute in
the organic solvent and water, respectively, while CS,gas denotes the molar gas phase
concentration that can be calculated from the solute’s vapor pressure. It is important to note
that the numerical values of the lowercase equation coefficients in Equations (3) and (4)
will vary for each specific process.

The right-hand side of Equations (3) and (4) represent the different types of solute–solvent
interactions that are believed to govern the specific solute transfer process being described.
Each term quantifies a particular solute–solvent interaction as the product of the solute
property (uppercase alphabetic letters) and the complementary solvent properties (lower-
case alphabetic letters). It is the lowercase letters that contain valuable chemical information
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regarding the polarity/polarizability and hydrogen-bonding characteristics of the solvent.
The five solvent properties are defined as follows:

• e represents the ability of the solvent to interact with surrounding solvent molecules
through electron lone pair interactions;

• s is a measure of the dipolarity/polarizability of the organic solvent;
• a and b refer to the hydrogen-bond acidity and hydrogen-bond basicity of the solvent;
• v and l describe the solvent’s dispersion forces and cavity formation, providing the

space in which the dissolved solute resides.

The last two terms on the right-hand side of Equation (3) correspond to the interactions
between ions and the solubilizing medium. The term jp+ · J+ represents cations, while
the term jp− · J− represents anions. These terms are utilized to describe zwitterionic
compounds, such as amino acids and the betaine-30 dye. When the ionic coefficients jp+

and jp− are set to zero, Equation (1) reduces to the standard equation for neutral species.
That is, when jp+ and jp− are unavailable, the same set of numerical values (cp, ep, sp, ap,
bp, and vp) for a given solvent is employed to describe solute transfer for both neutral and
ionic solutes.

The complimentary solute descriptors on the right-hand side of Equations (3) and (4)
are defined as follows: E denotes the molar refraction of the given solute in excess of that of
a linear alkane having a comparable molecular size; S is a combination of the electrostatic
polarity and polarizability of the solute; A and B refer to the respective hydrogen-bond
donating and accepting capacities of the dissolved solute; V corresponds to the McGowan
molecular volume of the solute calculated from atomic sizes and chemical bond numbers;
and L is the logarithm of the solute’s gas-to-hexadecane partition coefficient measured at
298.15 ◦K. The solute descriptors and their calculation from measured experimental data
are described in greater detail elsewhere [16,19,20].

In the present study, our primary focus is on the lowercase solvent coefficients of
Equation (3) (c, e, s, a, b, v, j+, and j−). Note that since we are exclusively dealing with
the coefficients from Equation (3), we will drop the subscript p going forward. These
coefficients are determined by experimental partition coefficient data and molar solubility
ratios. Our investigation aims to explore potential correlations between these coefficients
and normalized ÊT(30) values.

Past studies have established that the ET(30) parameter is significantly correlated with:

• The H-bond donating and dipolarity/polarizability parameters of the Kamlet–Taft
scale [21,22];

• The solvent acidity and solvent dipolarity parameters of the Catalán scale [22,23].

The aforementioned scales are all based on the solvatochromism of select spectro-
scopic probe molecules. As such, the numerical values are based on the transition energy
corresponding to the promotion of an electron from the ground electronic state to an ex-
cited electronic state. Solute transfer between two phases does not involve an electronic
transition within the probe molecule.

The primary objective of this study is to explore whether the observed correlations
between the ET(30) parameter and solvent properties established through solute transfer
measurements hold true in general. By investigating the relationship between ET(30)
and solvent properties, our objective is to gain insights into the underlying chemistry
that influences the determination of ET(30) values. Additionally, we provide models that
enable the prediction of the ET(30) parameter using Abraham solvent coefficients. These
coefficients can be determined through experimental methods or, in the case of organic
solvents, predicted using open methods [24].

In addition to the primary objective, this study aims to develop a transformer-based
model capable of accurately predicting ÊT(30) values for a wide range of solvents directly
from structure information encoded in the “language” of SMILES. We aim to provide a prac-
tical and efficient tool for estimating ÊT(30) values without requiring extensive experimental
measurements or descriptor calculations. Specifically, we will create a predictive model

290



Liquids 2023, 3

by fine-tuning an explicit ChemBERTa-2 model [25] using ÊT(30) values as the endpoint.
This approach was previously employed to directly predict other physical–chemical end-
points from structure, exhibiting comparable accuracy to conventional machine-learning
techniques [26].

2. Materials and Methods

We compiled a comprehensive collection of unique ET(30) values and their corre-
sponding normalized ÊT(30) values by conducting an extensive literature search [9,27–30].
In cases where multiple measurements were found for the same solvent, we recorded
only the most recent value. This process resulted in a dataset of ET(30) measurements for
491 solvents, which we have made available as Open Data on Figshare [31]. The dataset
contains several types of solvents, including organic mono-solvents with various functional
groups, binary and ternary solvent mixtures with multiple volume ratios, complexes, salts,
and ionic liquids.

Similarly, we gathered Abraham solvent parameters, including the ionic parameters j+

and j− where applicable, from the relevant literature sources [20,24,32–35]. Once again, we
retained only the most recent values. This dataset has also been available as Open Data on
Figshare [36].

To create a combined measurement-parameter modeling dataset, we initially excluded
ten rows with ET(30) measurements obtained at temperatures greater than 40 ◦C. The
betaine-30 dye exhibits strong thermochromism, and ET(30) values determined at lower
temperatures are always larger than values measured at elevated temperatures [10]. We
then merged the two datasets by matching standard INCHIKEYs across tables. The result-
ing modeling dataset contains 481 ET(30)/ÊT(30) measurements, out of which 113 have
associated standard Abraham solvent parameters (c, e, s, a, b, v), of which 44 additionally
possess the ionic parameters j+ and j−. The modeling dataset is included as part of this
study’s Supplementary Materials.

To address the different amounts of available descriptor information in the subsets of
data, we developed three distinct models:

• Model 1: A linear model regressed on data from solvents that had all Abraham solvent
parameters (c, e, s, a, b, v, j+, j−) available;

• Model 2: A linear model regressed on data from solvents that had the standard set of
Abraham solvent parameters (c, e, s, a, b, v) available;

• Model 3: A fine-tuned transformer-based large language model (LLM) trained using
the “language” of SMILES.

Models 1 and 2 were optimized using a best subset selection technique with
five-fold cross-validation. For Model 3, we fine-tuned a transformer-based large-language
model (LLM) ChemBERTa-2 [25], specifically ChemBERTa-77M-MTR, which is openly
accessible on Hugging Face [37]. This enabled us to predict ÊT(30) values directly from
the solvent’s structural representation written using the SMILES format, bypassing the
need for descriptor derivation or calculation. Prior to fine-tuning, we eliminated duplicate
rows of mixtures, keeping only the 50:50 (by volume) mixtures, ensuring that each ÊT(30)
value was associated with a unique SMILES string, resulting in an AI modeling subset of
461 solvents. Mixtures in the dataset—alcohol–water mixtures in various volume ratios
and ionic liquids—are represented using the standard technique of separating the SMILES
strings with a period. For example, an ethanol-water mixture is represented by the SMILES
string CO.O.

We began by randomly splitting the dataset into training, validation, and test sets
(80:10:10) and trained the model using the Trainer class from the transformer’s library with
the adamw_torch optimizer. We optimized the performance of the fine-tuned model by
closely monitoring the model’s performance on the validation set every ten steps during
the training process. This approach allowed us to employ the early stopping technique,
effectively preventing overfitting without compromising model accuracy. We then used
five-fold cross-validation with the determined optimal training parameters to calculate
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comparable inter-model test-set statistics. Supplementary Materials accompanying this
article include the Python code used for fine-tuning the LLM.

We refined Model 3 to enhance its predictive power using an enumerated SMILES
technique [38]. This approach effectively increased the number of solvent SMILES/ÊT(30)-
value pairs from 461 to 5221. For each of the 461 solvents, we generated 30 random SMILES
using open-source Python code provided by Bjerrum [38], which preserved the original
chemical structure but introduced random spelling variations of the SMILES strings. Due
to the random generation process, duplicate SMILES were common, especially for smaller
molecules. To address this, we eliminated duplicate entries, resulting in 5221 unique
SMILES representations. These SMILES strings were then matched with their correspond-
ing ÊT(30) values and placed in the same fold as the solvent from which their alternative
SMILES spelling originated. This step was taken to prevent the same chemical structure
from appearing in multiple folds, which could potentially distort the results. That is, this
approach ensured that the same solvent was not utilized in both the training and testing
phases. Finally, we fine-tuned the transformer-based AI language model ChemBERTa-2
on this expanded dataset, using the same procedure and parameters as before, including
five-fold cross-validation.

For those interested in learning more about using LLMs and other AI techniques
for cheminformatics, we refer the reader to the excellently written tutorials available on
DeepChem [39].

3. Results

The base modeling dataset contains the SMILES strings and ET(30)/ÊT(30) values of
481 solvents. Within this dataset, we identified three distinct subsets:

• N = 461 solvents with unique SMILES strings. In cases where mixtures had multiple
ratios with the same SMILES, only the 50:50 volume ratio was retained;

• N = 113 solvents that possess all the standard Abraham solvent parameters (c, e, s, a,
b, v);

• N = 44 solvents with the complete set of Abraham solvent parameters, including j+

and j−.

In this section, we provide the results of developing three distinct models specific
to the three subsets. These models are presented from the most accurate yet less broadly
applicable, to the slightly less accurate but still highly effective, and finally, to the most
generally applicable model.

3.1. Predicting ET-Values Using Complete Abraham Solvent Parameters

Using a best subset linear regression technique on the subset of 44 solvents with
known extended Abraham solvent parameters (c, e, s, a, b, v, j+, j−), we found that the
optimal model is one with five significant descriptors (p < 0.05; s, a, b, v, j+, j−), with corre-
sponding 5-fold cross-validated test-set statistics of R2 = 0.940 (coefficient of determination),
MAE = 0.037 (mean absolute error), and RMSE = 0.050 (Root-Mean-Square Error). The
model coefficients are as presented in Equation (5):

ÊT(30) = 0.945 + 0.047 · s + 0.016 · a + 0.103 · b + 0.034 · j+ + 0.066 · j− (5)

Betaine-30 is a zwitterionic molecule used to measure ET(30) values. Despite being
overall neutral, it contains both a cation and an anion moiety. Therefore, it is reasonable that
the derived model incorporates the two additional ionic descriptors, j+ and j−, in addition
to the standard solvent polarity associated with the s-parameter and the hydrogen bond
donating/accepting-related parameters a and b. Unfortunately, there are relatively few
solvents for which these two additional ionic terms have been calculated.
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3.2. Predicting ET-Values Using Standard Abraham Solvent Parameters

Employing a best subset linear regression approach again but now on the more signifi-
cant subset of 113 solvents that possess the six standard Abraham solvent parameters (c, e,
s, a, b, v), we identified an optimal model with three significant descriptors (p < 0.05; s, a, b).
The corresponding five-fold cross-validated test-set statistics for this more generally appli-
cable model are equal to: R2 = 0.842, MAE = 0.085, and RMSE = 0.104. The corresponding
model coefficients are presented in Equation (6):

ÊT(30) = 1.090 + 0.051 · s + 0.081· a + 0.140 · b (6)

As with model one, we see the expected polarity-related descriptors and the hydrogen
bond donating/accepting-related descriptors a and b. This observation is in accord with
previous studies that found a link between the ET(30) parameter and the solubilizing
media’s acidity/basicity and dipolarity [21–23]. Unlike previous studies, solvent property
equation coefficients in the Abraham model are not deduced from spectroscopic properties
but rather from the experimental partition coefficient and solubility ratio data. The spectral
properties insofar as the betaine-30 dye molecule is concerned, particularly in the cases
where hydrogen-bond formation is possible, are influenced by more than a single dye-
solvent type of molecular interaction.

As an information note, Abraham model equation coefficients have been reported
for peanut oil and several mono-organic solvents lacking an experimental ÊT(30) value.
This provides the opportunity to illustrate the predictive nature of Model 2. The results
of our predictive computations are summarized in the second column of Table 1. While
the lack of experimental data prevents a comparison of observed versus predicted values,
we note that the calculated ÊT(30) values based on Model 2 differ only slightly from
experimental values of solvents having similar functional groups and molecular structures.
For example, the estimated values for isopropyl acetate (ÊT(30) = 0.319), pentyl acetate
(ÊT(30) = 0.290), tert-butyl acetate (ÊT(30) = 0.315), and isopropyl myristate (ÊT(30) = 0.322)
are comparable to experimental values for other monoester solvents such as methyl acetate
(ÊT(30) = 0.247), ethyl acetate (ÊT(30) = 0.225), propyl acetate (ÊT(30) = 0.210), and butyl
acetate (ÊT(30) = 0.241). The slightly larger estimated value of ÊT(30) = 0.361 for dimethyl
adipate likely arises because of the additional ester functional group [40].

Table 1. Calculated ÊT(30) values for select organic solvents based on models 2 and 3.

Solvent Model 2 Model 3

Undecane 0.011 0.052
Hexadecane 0.035 0.090

Methylcyclohexane 0.103 0.073
2,2,4-Trimethylpentane 0.032 0.122

Hexadec-1-ene 0.078 0.056
Deca-1,9-diene 0.202 0.013

1,2-Dimethylbenzene 0.140 0.153
1,3-Dimethylbenzene 0.123 0.153

Ethylbenzene 0.132 0.142
PGDP a 0.315 0.201

Isopropyl myristate 0.322 0.140
4-Methylpentan-2-ol 0.466 0.403

2-Ethylhexan-1-ol 0.474 0.563
2,2,2-Trifluoroethanol 0.778 0.941

2-Propoxyethanol 0.455 0.657
2-Isopropoxyethanol 0.448 0.634
3-Methoxybutan-1-ol 0.473 0.591

1-tert-Butoxypropan-2-ol 0.444 0.484
Isopropyl acetate 0.319 0.222

Pentyl acetate 0.290 0.170
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Table 1. Cont.

Solvent Model 2 Model 3

tert-Butyl acetate 0.315 0.210
N-Ethylformamide 0.515 0.748

N,N-Dibutylformamide 0.410 0.359
1-OctadecaZnol 0.446 0.459

N-Methyl-2-piperidone 0.524 0.341
N-Formylmorpholine 0.515 0.314

Peanut oil 0.301 0.257
2-(2-Ethoxyethoxy)ethanol 0.504 0.647
N,N-Dimethylacetamide 0.474 0.592
o-Nitrophenyl octyl ether 0.342 0.217

Dimethyl adipate 0.361 0.250
a PGDP is the abbreviation for propylene glycol dipelarginate.

3.3. Predicting ET-Values Directly from Structure by Fine-Tuning a Chemical Foundation Model

By fine-tuning a ChemBERTa-2 model on the largest subset of 461 solvents with unique
SMILES and employing five-fold cross-validation, we created a transformer-based model
that predicted ÊT(30) values directly from the structure. The resulting model exhibited
satisfactory performance, with the following test-set statistics: R2 = 0.808, MAE = 0.071,
RMSE = 0.099.

By employing SMILES enumeration [38], we achieved significant improvements in
model performance, as evidenced by the test-set statistics calculated on the same dataset as
before. Specifically, we calculated the test-set statistics from the measured and predicted
ÊT(30) values for the 461 original solvents using their original SMILES strings. The resulting
test-set statistics were as follows: R2 = 0.824, MAE = 0.066, RMSE = 0.095. The comparison
between the measured and enhanced transformer-based model predicted ÊT(30) values is
illustrated in Figure 1.
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To demonstrate its capabilities, we present the ÊT(30) values predicted by Model 3 for
several significant sustainable solvents sourced from Bradley et al. [24]. These solvents exhibit
a range of ÊT(30) values, including D-limonene (ÊT(30) = 0.035), 2-methyltetrahydrofuran
(ÊT(30) = 0.163), cyclademol (ÊT(30) = 0.244), oleic acid (ÊT(30) = 0.342), geraniol (ÊT(30) = 0.477),
propionic acid (ÊT(30) = 0.578), acetic acid (ÊT(30) = 0.623), propylene glycol (ÊT(30) = 0.761),
and glycerol (ÊT(30) = 0.815). It is evident that Model 3 is useful in predicting ÊT(30) values
and may be particularly valuable where direct measurement of ÊT(30) values is difficult. See
Table 1 for Model 3-predicted ÊT(30) values for solvents with Abraham solvent coefficients
but no experimentally determined ÊT(30) values. This allows a comparison between the
predictions of Model 2 and Model 3, highlighting the similarity in the obtained results and
reinforcing the utility of Model 3.

However, interpreting this model can be challenging because it does not rely on
correlations with parameters that encode known chemical information. Some information
can be gleaned by examining the attention mechanism of the model [41]. By analyzing the
attention patterns, it is possible to gain insights into the model’s attentional priorities and
understand which words (atoms) or phrases (functional groups) are deemed important
for generating specific outputs, possibly discovering new chemistry, see Figure 2 for an
example, selected at random.
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The general analysis of the attention mechanism of Model 3 is beyond the scope of
this paper, though we list it as an area of future research.

During the analysis of model outliers, it was observed that for Model 2, the three ionic
liquids present in the modeling dataset ([BMIm]+ BF4

−, [BMIm]+ Tf2N−, [BMIm]+ PF6
−)

exhibited the highest absolute errors. These compounds demonstrated underpredicted
ÊT(30) values for Model 2, resulting in a mean absolute error of 0.152. It is worth mentioning
that none of these ionic liquids possessed available ionic descriptors, which are likely crucial
for achieving more accurate results.

In contrast, Model 3 exhibited a high level of accuracy in predicting the ÊT(30) values
for all three ionic liquids, as evidenced by a low mean absolute error of 0.051. However,
an apparent failure of Model 3, illustrated in Figure 1, was observed in the case of carbon
disulfide. In this instance, Model 3 significantly overpredicted the ÊT(30) value, yielding
a predicted value of 0.695 compared to the value of 0.065 collected from the literature,
resulting in a substantial AE (absolute error) of 0.630. Conversely, Model 2 provided a more
reasonable prediction for carbon disulfide, with an AE of 0.129. Model 2 had no significant
outliers, likely due to its relatively small chemical space.

4. Discussion

The Abraham solvent parameter-based models, models 1 (s, a, b, j+, j−) and 2 (s, a, b),
demonstrate strong predictive capabilities for compounds with measured Abraham solvent
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parameters. These models also exhibit good explanatory behavior regarding “solvent
polarity,” as indicated by significant Abraham solvent descriptors such as s (encodes
dipolarity/polarizability information) and descriptors a and b (which encode hydrogen-
bond acidity/basicity related information). Test-set statistics support this observation, with
Model 1 achieving an R2 of 0.940, MAE of 0.037, and RMSE of 0.050 (N = 44), while Model 2
achieves an R2 of 0.842, MAE of 0.085, and RMSE of 0.104 (N = 113).

These findings align with previous studies that have identified correlations between
ET(30) values and hydrogen-bond acidity/basicity and dipolarity/polarizability parame-
ters on different scales, such as the Kamlet–Taft scale [21,22] and the Catalán scale [22,23].
Additionally, we note that other factors like electron lone pair interactions and volume-
related dispersion forces, represented by the e and v parameters, respectively, do not
significantly contribute to ET(30) values.

Including ionic descriptors, j+ and j−, significantly improves the model’s performance,
although it is essential to note that the chemical space of the sample is limited. Nonetheless,
the poor performance of Model 2 in predicting ET(30) values for ionic liquids (which lack
available j+ and j− descriptor values) underscores the importance of these descriptors in
determining ET(30) values in general.

Abraham solvent parameters also have the advantage over some other descriptor-
based models in that they can be determined experimentally for most solvents (including
mixtures, ionic liquids) and even predicted themselves for mono-solvents using standard
machine learning techniques [24].

The optimized version of Model 3 exhibits strong predictive ability (R2 = 0.824,
MAE = 0.066, RMSE = 0.095). It stands out as the most versatile among all our mod-
els in that it can be applied to any solvent with an associated SMILES string, enhancing its
practical utility.

The predictive applicability of Model 3 will prove useful, particularly in those organic
solvents in which the betaine-30 dye has very limited solubility. The betaine-30 dye is
insoluble in perfluorohydrocarbons, alkanes, aliphatic ethers, thioethers, amines, and esters
having long alkyl chains. For these solvents, “experimental” ET(30) values are often based
on the absorption measurements of a lipophilic penta-tert-butyl substituted betaine dye,
whose solvatochromic behavior is highly correlated with that of the betaine-30 zwitterionic
molecule [30]. However, the interpretability of Model 3 poses challenges. In certain
scenarios, it may produce significant errors, as observed with carbon disulfide, or give
different predictions for molecules that exist in more than one tautomeric form. Further
investigation should focus on analyzing the attention heads of Model 3, as this exploration
may unveil new insights into chemistry and offer potential avenues for future research.

Finally, our use of an LLM is non-traditional and stands out in comparison to the
standard linear techniques also used in the paper. Our LLM model is designed to seamlessly
integrate into various workflows, adding a layer of abstraction that reduces the complexity
for end-users. By leveraging ontology, our model benefits from a structured approach,
enhancing its ability to understand, interpret, and generate predictions accurately. Agent
assistance, on the other hand, enables the model to provide actionable insights and maintain
interactive and dynamic communication with users. Knowledge engineering plays a
crucial role in our model by facilitating the extraction, structuring, and analysis of domain-
specific knowledge, enabling our model to make reliable predictions and offer a deeper
understanding of the underlying chemical phenomena.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/liquids3030020/s1, Dataset S1: ET(30) Modeling Dataset.csv; Code
S2: Fine-tuning ChemBERTa-2 to predict ET.py.
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Abstract: This short review describes the expansion of the solvatochromic approach utilizing water-
soluble solvatochromic dyes to the analysis of solvent features of aqueous media in solutions of
various compounds. These solvent features (polarity/dipolarity, hydrogen bond donor ability (HBD
acidity), and hydrogen bond acceptor ability (HBA basicity)) vary depending on the nature and con-
centration of a solute. Furthermore, the solvent features of water (the solvent dipolarity/polarizability
and hydrogen bond donor ability) in solutions of various compounds describe multiple physicochem-
ical properties of these solutions (such as the solubility of various compounds in aqueous solutions,
salting-out and salting-in constants for polar organic compounds in the presence of different inor-
ganic salts, as well as water activity, osmotic coefficients, surface tension, viscosity, and the relative
permittivity of aqueous solutions of different individual compounds) and are likely related to changes
in the arrangement of hydrogen bonds of water in these solutions.

Keywords: water; solvent properties; hydrogen-bonds; solubility; physicochemical properties of
aqueous solutions

1. Introduction

Unusual and important physical and chemical properties of liquid water, such as
surface tension and high permittivity, are based on its ability to form hydrogen bonds.
The strength of these bonds depends, in part, on the mutual positions of the interacting
molecules. For that and possibly other reasons, the conventional use of thermodynamics in
many studies of liquid water properties may be viewed as debatable or at least requiring
more complex models. The conventional use of thermodynamics is based on the ideal gas
laws, but this simple approximation seems rather questionable in the case of liquid water.

Conclusions based on various thermodynamic properties of aqueous electrolyte solu-
tions could not be used to explain the effects of salts on the structure of water. The attempts
to use Flory–Huggins theory (see in [1]) to explain liquid–liquid phase separation have
been inadequate, especially for aqueous two-phase systems [2]. For liquid–liquid phase
separation to occur in water, the necessary and sufficient condition is the emergence of an
interfacial tension. The interfacial tension between organic solvent and water two-phase
systems is well-known [3] to increase with increasing dissimilarity of the two solvents.
However, in any of these organic solvent–water systems, the value of interfacial tension
is not affected by the increase in the organic solvent concentration. On the other hand, in
aqueous two-phase systems formed by two polymers or a single polymer and salt, it is
well-established experimentally [4–7] that the interfacial tension increases with increas-
ing concentrations of the polymers, i.e., with increasing differences between the polymer
concentrations in the two phases.

According to the recently reported [8] model of phase separation in aqueous mixtures
of two polymers, the phase diagram may be described in terms of the polymers’ effects on
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the solvent features of water. The different properties of the coexisting phases in aqueous
two-phase systems are successfully described by different solvent properties of water in the
phases [9–11]. It should be emphasized that the Flory–Huggins theory of the incompatibility
of polymers in solution considers the solvent solely as a diluent of unfavorable contacts
between polymers and cannot be used to explain the liquid–liquid phase separation in
aqueous media. This is unsurprising, as the theory was stated [12] as inapplicable to polar
systems. Therefore, attempts to use this theory for the explanation of liquid–liquid phase
separation (LLPS) in biological systems seem to be counterproductive.

It is well-established that the high overall concentration of biological macromolecules,
occupying up to 40% of the cellular volume and typical for different biological sys-
tems [13,14], may influence different properties of proteins and nucleic acids in vivo, such
as conformational stability, folding mechanisms, aggregation propensity, interactions with
partners, etc. This effect was initially ascribed to the restriction of the volume accessible to
a query protein or nucleic acid by the excluded volume effects induced by macromolecular
components. Additional weak or “soft” nonspecific interactions between the target protein
or nucleic acid and surrounding macromolecules have been suggested to explain numerous
experimental observations [15–19]. We showed [20] that most of the crowding effects can be
attributed to the effects of proteins or nonionic crowding polymers on the solvent properties
of water. The same effects are also displayed by various polyols and other osmolytes [21].

The solvent properties of the aqueous solutions of individual phase-forming polymers
describe the binodal line for such systems much better [8]. The two-phase distribution of
solutes, from small organic compounds to large proteins, depends on the solvent properties
of the two aqueous phases and not on the type and concentrations of the phase-forming
polymers [22,23].

The debate between those accepting the salt classification as water structure-making
and structure-breaking [24] and its opponents [25,26] remains unsettled. The issue is
important because water structure is commonly ignored in molecular biology even though
it affects protein folding and LLPS leading to the formation of membrane-less organelles
and impacting multiple other biological processes. Computer simulations and predictions
of protein structures usually ignore the presence of water in protein solutions, while
the results of such simulations are often considered [27] as experimental evidence. Our
attempts to produce a suitable theoretical model for phase separation in aqueous two-phase
systems were only partially successful [28]. It has been shown [28] that interfacial tension
in aqueous two-phase systems may be described by the linear combination of differences
between the solvent properties of the coexisting phases.

We found that such proteins as heat-shock protein HspB6 [29], plant stress dehy-
drins [30], and crystallins affect the solvent properties of water in their solutions as strongly
as other solutes. For such studies to succeed it must be proven, first, that there are no
direct protein interactions with the solvatochromic dyes [29,30]. Most of the proteins are
inclined to bind aromatic compounds; therefore, only a few proteins have been studied
so far. Serum albumin has been shown by NMR [31,32] to alter the hydrogen bond donor
acidity of water. These studies need to be extended to explore various chaperones and
other proteins.

The discovery [33] of disordered proteins with enlarged water-exposed surfaces indi-
cated, at least indirectly, the role of water in the regulation of protein functions but did not
hinder computer modeling of the protein characteristics.

The role of different water properties in various tissues [34] as a factor in the distribu-
tion of drugs and viruses is generally neglected because the distribution is often viewed
solely as a function of binding to specific receptors or other tissue-specific structures. The
possibility of water properties in the vicinity of the receptor altering local drug concentra-
tion and thus affecting the equilibrium of the drug–receptor binding is commonly ignored.

All of the above considerations allow us to hypothesize that the emergence of interfa-
cial tension and resulting liquid–liquid phase separation in biological systems may be the
consequence of different effects of phase-forming proteins and RNAs on the properties of
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water in the cytoplasm, nucleoplasm, mitochondrial matrix, or stroma of chloroplasts. The
further studies of interfacial tension might be more productive for gaining deeper insights
into the molecular mechanism of liquid–liquid phase separation in biology than those of
unarguably important structural details of the macromolecules participating in and/or
driving such phase separation.

Physicochemical properties of aqueous solutions, such as water activity, osmotic
coefficient, surface tension, relative permittivity, and viscosity, are well-known to differ in
solutions of various compounds depending on the compound nature and concentration.
Water in all these solutions is generally viewed as a media maintaining essentially the
same bulk properties. It established, however, that solubility of various compounds change
quite significantly in aqueous solutions of different salts [35], polyols [36], and other
osmolytes [37], amino acids [38,39], and polymers [40] due to possible rearrangement of
the hydrogen bonds.

Different solvents are often classified according to their polarity [41] generally con-
sidered an overall measure of all specific and non-specific solute–solvent interactions
(electrostatic, dipole–dipole, H-bonding). There is a large number of different polarity
scales based on different probes and spectroscopic techniques (NMR, IR, UV/visible ab-
sorption and emission spectroscopy) [41]. According to Ab Rani et al. [42], there is no
absolute correct measure of polarity; different polarity values provide different estimates
for the same solvent. There is no useful concept of “right” or “wrong”. The usefulness of an
empirical polarity scale is its ability to describe and predict solvent dependent phenomena.

The set of multi-parameter polarity scales pioneered by Kamlet and Taft [43–45]
includes three separate scales. One is based on the ability of the solvent to serve as a
hydrogen bond donor (HBD) acidity (α) [45], the other based on the ability to serve as a
hydrogen bond acceptor (HBA) basicity (β) [44], and the scale based on the ability of the
solvent to participate in dipole–dipole interactions (dipolarity/polarizability, π*) [43]. The
combination of these three parameters describes the ability of a given solvent to participate
in solute–solvent interactions much better than any single parameter.

In our studies we used a set of three solvatochromic dyes; 4-nitroanisole for estimation
of dipolarity/polarizability of aqueous media, π*-value; 4-nitrophenol for the solvent HBA
basicity, β-value; and Reichardt’s carboxylated betaine dye sodium {2,6-diphenyl-4-[4-
(4-carboxylato-phenyl)-2,6-diphenylpyridinium-1-yl])phenolate} for solvent HBD acidity,
α-value.

Solvent features of aqueous media in solutions of over 60 various solutes includ-
ing inorganic salts [46,47], free amino acids [47,48], small organic compounds [49–51],
polymers [38,52–54], and a few proteins [52,54] were estimated.

It has been established that the solvent features estimated for aqueous solutions of
over 60 different compounds are linearly related to each other as reported in [39]. This
relationship may be described as follows:

π*ij = kπ*j + kαjαij + kβjβij, (1)

where i denotes the solute concentration; j denotes the particular solute; and kπ*j, kαj, and
kβj are constant coefficients.

It was found [39] that the above coefficients are linearly interrelated, as illustrated
graphically in Figure 1 for all examined compounds:

kπ*j = 1.096±0.002 − 1.235±0.002kαj − 0.5956±0.0003kβj,
N = 61; r2 = 0.99991; SD = 0.014; F = 3,369,994,

(2)

where N—number of solutes; r2—correlation coefficient; SD—standard deviation;
F—variation ratio.
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The above relationship seems to be generally applicable, and it confirms that the
aqueous solutions of various compounds can be viewed as different solvents of the same
aqueous nature. It also indicates that dipole–dipole interactions in water depend on
hydrogen bonding. The permanent dipole moment of water is known to be 1.85 D in
the gas phase, while it increases to 2.9 ± 0.6 D [55] in the liquid phase. This difference is
generally attributed to polarization of water molecules due to the hydrogen bonding in
liquid water. Theoretical consideration and discussion of this effect may be found in [53].
Hence, it seems reasonable to suggest that all three solvent features—π*, α, and β—in water
depend on properties of hydrogen bonds, and that they already embody dispersion forces.

2. Solvent Features Characterize the Physicochemical Properties of Aqueous Solutions

The solubility of various compounds in aqueous solutions often depends on the nature
and concentration of co-solutes exemplified by salting-out and salting-in effects induced by
inorganic salts [46].

The solubility of different amino acids and their derivatives vary with the concentra-
tion of co-solutes glucose, sucrose, and other polyols [56] in the co-solute-specific man-
ner [57]. Similar effects were observed in the presence of urea [58]. All the solubility data in
the presence of different co-solutes have been found to correlate strongly with the solvent
features, dipolarity/polarizability, π*, and hydrogen bond donor ability, α, of water in the
corresponding co-solute solution [39].

Carbohydrates have been shown to exert a long-range influence on water solvation
dynamics [59] and alter the dielectric properties of solutions [60].

Certain free amino acids, such as arginine and lysine, enhance solubility of various
compounds [59,61,62]. The solubility of gluten and coumarin in arginine solutions [61],
for instance, is strongly associated with the solvent dipolarity/polarizability, π*, and HBD
acidity, α, of water in arginine solutions [63]. This contradicts the assumption [63] that
the increased solubility of these two solutes is solely due to their direct interactions with
arginine. Similarly, the solubility of a series of alkyl gallates in aqueous solutions of
arginine and lysine has been shown [64] to be influenced by the differential effects of the
two amino acids on the water’s dipolarity/polarizability, π*. This finding contradicts
the notion [39] that solubility enhancement occurs through direct interactions with or
hydrophobic interactions with lysine.

The aqueous solubility of alanine, valine, leucine, and isoleucine decrease while those
of phenylalanine and tryptophan increase in the presence of 3 to 7 wt.% PEG-20,000 in
water [56]. Additionally, the solubility of sucrose in aqueous solutions of PEG-200 and
PEG-400 decreases with increasing PEG concentration [65]. Conversely, highly lipophilic
compounds generally exhibit increased solubility in water with a higher concentration of
PEG-400 [58]. The addition of PEG commonly precipitates proteins from aqueous solutions,
with PEG’s precipitating efficiency escalating with the polymer’s molecular weight [66].
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The solubility of alkyl bromides in aqueous solutions of nonionic polymers increases
linearly with increasing polymer concentration in solutions of PVP-24,000 and PEG-
6000 [67]. Solubility of trimethoprim increases tenfold in 70% wt. solution of PVP-
40,000 [40], while that of naproxen increases six-fold in the presence of 10% wt. PVP-
25,000 [63].

It is well-established that certain physicochemical properties of aqueous solutions of
various compounds in the presence of different salts are linearly related. As an example,
the optical rotation of different enantiomeric amino acids and glucose in the presence of
various sodium salts [68,69] are linearly related. The solubility of amino acids in aqueous
solutions of urea [39] and sorbitol [40] are linearly related as well. The so-called Collander
solvent regression relationship between logarithms of partition coefficients of compounds
of the same chemical nature in different organic solvent–water biphasic systems [70] is
well-known and is widely used [71].

It has been recently shown that specific physicochemical properties, such as the salting-
out and salting-in constants for polar organic compounds in the presence of different
inorganic salts [72] he same interrelationships may be observed between logarithms of
distribution coefficients of drugs in octanol–buffer systems with buffers of various ionic
compositions [73]. Logarithms of partition coefficients of different solutes in aqueous two-
phase systems of various ionic compositions may be described by similar three-dimensional
linear relationships [43].

These linear relationships may be described as follows:

Y1 = ko + k1Y2 + k2Y3, (3)

where Y1, Y2, and Y3 are solute properties in aqueous solutions in the presence of solutes 1,
2, and 3; and ko, k1, and k2 are constants.

Analysis of water activity, osmotic coefficients, surface tension, viscosity, and relative
permittivity of aqueous solutions of different individual compounds at the same concentra-
tions has shown [43] that the above relationship is generally applicable. The observed [43]
relationships typically hold for significant ranges of concentrations—up to 70 mass% in
polymer solutions or up to 7 M in solutions of small compounds. Similar relationships
are observed for all physicochemical properties. It is also valid for describing different
physicochemical properties of the same compound.

Various types of water–water interactions probably define all the physicochemical
properties of aqueous solutions; hence, these properties are interrelated.

All physicochemical properties of aqueous solutions of different compounds may be
described via a linear combination of the solvent dipolarity/polarizability and hydrogen
bond donor ability.

3. Solvent Properties of Aqueous Solutions Are Due to Rearrangement of
Hydrogen Bonds

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) is one
of the most readily available experimental methods for the analysis of the rearrangement
of H-bonds in aqueous solutions of various compounds [74–76].

Analysis of arrangement of H-bonds in aqueous solutions is based on inspecting
the OH stretching band. This band may be viewed as composed of several components,
represented by a set of Gaussian curves. Each Gaussian curve is assigned to water molecules
existing in different H-bonded environments [74,75,77–79]. These assignments are based
on the rather uncertain models of water structure. The Gaussian curves positioned at
lower optical frequencies are generally assigned to water molecules forming strong, ice-like,
hydrogen bonds, while those at higher frequencies are assigned to water molecules in an
environment with weaker and/or distorted hydrogen bonds. Fitting the OH stretching
band in water and all the aqueous solutions of various compounds with one to five Gaussian
components showed [80] that the satisfactory fit was always obtained with exactly four
components positioned at 3080 cm−1, 3230 cm−1, 3400 cm−1, and 3550 cm−1 in agreement
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with the data reported by Kitadai, et al. [76]. The optimal fit to experimentally observed
OH stretching band in pure water and all solutions examined so far was obtained [80]
with four Gaussian curves assigned as follows: (I) 3080 cm−1—water molecules with
four tetrahedrally arranged hydrogen bonds; (II) 3230 cm−1—water molecules with four
distorted hydrogen bonds; (III) 3400 cm−1—water molecules with loosely arranged four
and three hydrogen bonds; and (IV) 3500 cm−1—water molecules with three, two, and
single hydrogen bonds. This assignment is only a rough approximation of the complex
hydrogen bond network existing in water [81] based on the internally consistent empirical
measurements. The corresponding subpopulations or clusters of water with different
properties may be distributed throughout, and the ratio of these subpopulations/clusters,
existing in pure water, may vary in solutions of different solutes.

Analysis of the OH stretching band in aqueous solutions is performed by decom-
position of the band into four Gaussian components and the estimation of the relative
percentage area for each component as the function of the solute concentration. The area
sum of all four Gaussian distributions is normalized to unity to better indicate their relative
contributions, i.e., fractions of different water subpopulations.

The relative contributions of the four components estimated from analysis of ATR-FTIR
spectra and the solvent features of aqueous solutions of inorganic salts, urea, trimethy-
lamine N-oxide, and several nonionic polymers show that these features are strongly
correlated with the relative fractions of certain solute specific water subpopulations. Each
correlation for solutions of every examined compound j at the ith concentration may be
described in the general form as follows:

SFji(π*ji; αji; βji) = k0j + kmjAji
m + knjAji

n, (4)

where SFji is a solvent feature (dipolarity/polarizability, π*, solvent HBD acidity, α, solvent
HBA basicity, β); Aji is the fraction of water subpopulation (I, II, III, or IV), denoted as I and
n (I, II, III, or IV correspondingly); subscript I denotes the solute concentration; subscript j
denotes the solute; and k0j, kmj, and knj are constants.

While the relative contributions of Gaussian components corresponding to the frac-
tions of the water subpopulations I, II, III, and IV may not be totally independent, an
analysis of the cross-terms in the covariance matrix suggests that this set of four appears
to be both necessary and sufficient, and was demonstrated [80] to be superior to a fit
with either three or five Gaussian components. The observed correlations described by
Equation (4) imply that the particular water subpopulations or clusters cannot be localized
within the hydration layer of a solute because solvatochromic probes are too big to fit in
such a layer.

The only other rational explanation seems to be that the relative amounts of the
water subpopulations/clusters in bulk water change in the presence of a solute. This
explanation agrees with the fact that, typically, all three solvent features for solutions of a
given solute may be described by Equation (3) with both fractions of two solute-specific
water subpopulation Aji

m and Aji
n, or with either Aji

m and Aji
n. As an example, the solvent

dipolarity/polarizability, π*, in aqueous solutions of NaSCN may be described as follows:

π*I = 2.34±0.03 − 2.62±0.06ªi
II,

N = 7; r2 = 0.9976; SD = 0.004; F = 1973,
(5a)

the solvent acidity as follows:

αI = 25.1±5.7 − 19.8±5.2Ai
II − 130.2±29.1Ai

IV,
N = 7; r2 = 0.9901; SD = 0.006; F = 199,

(5b)

and the solvent basicity as follows:

βI = 0.4±0.01 − 1.08±0.08Ai
IV,

N = 7; r2 = 0.9709; SD = 0.001; F = 167,
(5c)
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where Ai
II is the fraction water subpopulation II (3230 cm−1); and Ai

VI is the fraction water
subpopulation IV (3550 cm−1) in aqueous solutions of NaSCN at concentration I; all the
other parameters are as defined above.

Qualitatively similar relationships were valid for aqueous solutions of all nine solutes
examined [80].

By comparing the relationship of different components of the OH stretching band with
previously reported solvent features of water, we have confirmed that such relationships
may describe the origin of the solute effects on the solvent properties of water.

4. Conclusions and Future Directions

Analysis of solvent properties of aqueous solutions of small organic compounds, such
as protective osmolytes, provides information leading to explanation of important biologi-
cal phenomena. One example is the so-called volume exclusion effect, where it was recently
established that the initial theoretical considerations cannot describe the increased protein
stability or function change. There is no experimental evidence that has been suggested to
explain the observed disagreements between the theory and experimental observations;
multiple soft nonspecific interactions have not been shown to exist. The results of the solva-
tochromic analysis of the osmolyte solutions, however, provided experimental evidence
that the explanation is in the changes in the solvent properties of water.

Future applications of the described approach may lead to improvement in our un-
derstanding of multiple biological processes, from the function of chaperones and protein
folding to the mechanism of liquid–liquid phase separation involved in the formation of
biological condensates and the development of new aqueous two-phase systems for better
clinical testing of various diseases.
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