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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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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);
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• 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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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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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
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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.

Liquids 2024, 4, FOR PEER REVIEW  15 
 

 

 

Figure 13. Experimental vs. computed values of the wavenumbers in maximum of the visible elec-

tronic absorption band of PDCM and iQDCM molecules. 

 

Figure 14. Experimental vs. computed values of the wavenumbers in maximum of the visible elec-

tronic absorption band of PABM and BQABM molecules. 

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 inter-

action was computed for the four cycloimmonium ylids under study. The term  𝑪𝟏𝒇ሺ𝜺ሻ 
describes the strength of the universal interactions, while the term  𝑪𝟐𝜶  describes the con-
tribution of the specific interactions. Table 7a,b show the results of calculation for the con-

tribution of these interactions to the total spectral shift recorded in the respective solvent, 

in  cmିଵ, as well as in percentages. 

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. 

Table 7. (a). Contribution of universal interactions  Cଵfሺεሻ  (cmିଵ) and of the specific interactions  Cଶα 
(cmିଵ) to the total spectral shift recorded in each solvent. The numbers correspond to the solvents 

from Table 1. (b). Contribution of universal interactions  Cଵfሺεሻ  (cmିଵ) and of the specific interac-

tions  Cଶα  (cmିଵ) to the total spectral shift recorded in each solvent. The numbers correspond to the 

solvents from Table 1. 

(a) 

No. 
PDCM  iQDCM 

𝐂𝟏𝐟ሺ𝛆ሻ;  (P%)  𝐂𝟐𝛂;  (P%)  𝐂𝟏𝐟ሺ𝛆ሻ;  (P%)  𝐂𝟐𝛂;  (P%) 
1  323; (100)  0  215; (100)  0 

2  338; (100)  0  224; (100)  0 

Figure 13. Experimental vs. computed values of the wavenumbers in maximum of the visible
electronic absorption band of PDCM and iQDCM molecules.

Liquids 2024, 4, FOR PEER REVIEW  15 
 

 

 

Figure 13. Experimental vs. computed values of the wavenumbers in maximum of the visible elec-

tronic absorption band of PDCM and iQDCM molecules. 

 

Figure 14. Experimental vs. computed values of the wavenumbers in maximum of the visible elec-

tronic absorption band of PABM and BQABM molecules. 

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 inter-

action was computed for the four cycloimmonium ylids under study. The term  𝑪𝟏𝒇ሺ𝜺ሻ 
describes the strength of the universal interactions, while the term  𝑪𝟐𝜶  describes the con-
tribution of the specific interactions. Table 7a,b show the results of calculation for the con-

tribution of these interactions to the total spectral shift recorded in the respective solvent, 

in  cmିଵ, as well as in percentages. 

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. 

Table 7. (a). Contribution of universal interactions  Cଵfሺεሻ  (cmିଵ) and of the specific interactions  Cଶα 
(cmିଵ) to the total spectral shift recorded in each solvent. The numbers correspond to the solvents 

from Table 1. (b). Contribution of universal interactions  Cଵfሺεሻ  (cmିଵ) and of the specific interac-

tions  Cଶα  (cmିଵ) to the total spectral shift recorded in each solvent. The numbers correspond to the 

solvents from Table 1. 

(a) 

No. 
PDCM  iQDCM 

𝐂𝟏𝐟ሺ𝛆ሻ;  (P%)  𝐂𝟐𝛂;  (P%)  𝐂𝟏𝐟ሺ𝛆ሻ;  (P%)  𝐂𝟐𝛂;  (P%) 
1  323; (100)  0  215; (100)  0 

2  338; (100)  0  224; (100)  0 

Figure 14. Experimental vs. computed values of the wavenumbers in maximum of the visible
electronic absorption band of PABM and BQABM molecules.



Liquids 2024, 4 186

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).
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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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