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Preface

Polymorphism, the property of a compound to crystallize in more than one distinct crystal

form, is indispensable in researching and developing pharmaceuticals, agrochemicals, materials,

and food. Polymorphs exhibit different properties, such as crystal habit, solubility, dissolution

rate, melting point, stability, mechanical properties, and even bioavailability, which may influence

product quality. Therefore, the study of polymorphs’ behavior can provide a theoretical basis for

selecting optimal solid forms and serve as a primary method for the polymorphic control and

optimization of products. Recently, significant progress has been made in the experimental discovery

and theoretical prediction of crystal polymorphs. Many molecules have been discovered to have

polymorphs mainly attributed to the molecule’s conformational flexibility and various functionalities

in the molecule that could act as hydrogen bond donors/acceptors. In addition to conventional

solution crystallization, more polymorphisms have been found in the melt, in confinement, and in the

presence of ultrasound/lasers. Moreover, computational predictions usually yield far more possible

polymorphs than are known. The ultimate limitations of experimental reachable polymorphs and

thermodynamic and structure–activity relationships of the polymorphs remain an open question. In

this book, some of the latest research on “Polymorphism in Crystals” is collected, and the goal of this

book is to enhance our understanding of polymorphism in crystals and their remarkable potential

applications in the pharmaceuticals industry, fine chemicals industry, photoelectric industry, etc.

Jingxiang Yang and Xin Huang

Editors
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Enhancement of Crystallization Process of the Organic
Pharmaceutical Molecules through High Pressure
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Abstract: The enhancement of the crystallization process through high pressures was studied by using
ribavirin (RVB) as a model compound. The effects of high pressure on crystallization thermodynamics,
nucleation kinetics, and process yield were evaluated and discussed. The solubility of ribavirin in
three pure solvents was measured at different pressures from 283.15 to 323.15 K. The results indicate
that the solubility data of ribavirin decreased slightly when pressure was increased. The induction
time of the cooling crystallization of ribavirin under different pressures was measured. The results
show that high pressure could significantly reduce the nucleation induction period. Furthermore, the
nucleation kinetic parameters under different pressures were calculated according to the classical
nucleation theory. The effect of high pressure on the anti-solvent crystallization of ribavirin was
also studied.

Keywords: high pressure; ribavirin; solubility; induction time; nucleation

1. Introduction

Crystallization is a very important unit operation in the pharmaceutical industry
because more than 90% of active pharmaceutical ingredients (API) are crystalline prod-
ucts [1]. Recently, researchers have studied the crystallization process of pharmaceutical
molecules under physical fields, including the electric field [2], magnetic field [3], laser [4],
ultrasonic [5], gravity [6], pressure [7], etc. As a basic thermodynamic variable, pressure is
a powerful tool for exploring new materials [8]. As early as 2003, Fabiani et al. obtained
one methanol solvate by compressing the methanol solution of paracetamol at 0.62 GPa [9].
In the following 20 years, researchers have conducted a lot of work in the high-pressure
crystallization of API [7]. Wierschem et al. found that high pressure can significantly reduce
the induction time and improve the crystal growth rate under 200–450 MPa [10]. Elena
Boldyreva have systematically studied the solid-phase transformation of a variety of amino
acids under several GPA, which provides an effective method for the understanding of the
mechanism of phase transitions between polymorphs of small organic molecules [11–13].
Andrzej Katrusiak obtained different polymorphisms and solvates of organic molecules
such as xylazine hydrochloride and triiodoimidazole under several GPA and provided
guidance for predicting the formation and structure of solvates under high pressure [14,15].
However, from the literature review, the high-pressure crystallization of API is mainly
carried out by diamond anvil cell (DAC) under the pressure of hundreds of MPa to several
GPa. There are few studies on the solution crystallization process of API under several
MPa, although several MPa is easier to achieve on an industrial scale.

In this paper, the enhancement crystallization process of API at several MPa was stud-
ied, and whether this enhancement will bring the risk of polymorphic transformation was
also considered, which can enrich the control methods of the crystallization process that are

Crystals 2022, 12, 432. https://doi.org/10.3390/cryst12030432 https://www.mdpi.com/journal/crystals
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easily realized in industry. Ribavirin (RBV, C8H12N4O5, CAS No. 36791-04-5) is an antiviral
drug widely used in hepatitis C virus infection treatment [16]. The chemical structure of
ribavirin is presented in Figure 1. Three crystal forms of RBV have been previously re-
ported, conventionally referred to as Form I, Form II, and DMSO solvate [17,18]. However,
its crystallization behaviors and its polymorphic forms under high pressure have not been
studied. In this work, the solubility of RBV in three solvents (water, dimethylformamide,
and dimethylacetamide) was firstly measured from 283.15 to 323.15 K at 12.0 MPa and
0.1 MPa since the solubility is basic data of crystallization thermodynamics. Then, the
induction time of cooling crystallization of RBV in water was measured under different
temperatures, pressures, and supersaturations. Furthermore, nucleation parameters un-
der different pressures were calculated based on the induction time data. The yield and
crystal form of anti-solvent crystallization under different pressures were characterized
and compared.

 
Figure 1. Chemical structure of ribavirin.

2. Experimental

2.1. Materials

Ribavirin (Form II, mass purity ≥ 99.0%) was purchased from Shanghai Xiand-
ing Biotechnology Co., Ltd. (Shanghai, China). Ultrapure water with a resistivity of
18.2 MΩ·cm was prepared in our laboratory. Other solvents were obtained from Lianlong
Bohua Chemical Co., Ltd. and were directly used without further purification.

Ribavirin (Form I) was prepared by anti-solvent crystallization. The raw material
(100 g) was dissolved in dimethylacetamide (300 mL) at 313.15 K and crystallized by
gradually adding n-butanol (2000 mL, 5 mL/min). The product was washed with ethanol
and dried in a vacuum-drying oven.

2.2. High-Pressure Device

The device used in the experiment was a high-pressure stainless-steel reactor (Xi’an
Taikang Biotechnology Co., Ltd., Xi’an, China) with a volume of 100 mL and a maximum
pressure of 12.5 MPa. As shown in Figure 2, the reactor was equipped with an inflation
valve, liquid-taking valve, magnetic–mechanical coupled stirring, and a sapphire window
for observing the crystallization process. The high pressure of the reactor was provided by a
nitrogen steel cylinder (Tianjin Liufang Industrial Gas Distribution Co., Ltd., Tianjin, China)
with the nitrogen purity ≥ 99.999% and the initial pressure ≥ 14.5 MPa. The pressure of
the reactor was controlled by the pressure-reducing valve, and the control accuracy was
0.1 MPa. All experiments at 0.1 MPa in this paper were carried out at atmospheric pressure.
A thermostat (CF41, Julabo Technology Co., Ltd., Seelbach, Germany) and jacket were used
to control the temperature of the reactor with a temperature accuracy of 0.1 K.

2
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Figure 2. High-pressure experimental device.

2.3. Solubility Measurement

The solubility of RBV in three solvents (water, dimethylformamide, and dimethylac-
etamide) at 12.0 MPa was determined by the gravimetric method in the above reactor [19].
Firstly, pure solvent (about 50 mL), excess RBV, and a magneton were added to the reactor.
After the device was assembled, the pressure-reducing valve was opened to pressurize
the reactor to 12.0 MPa. Then, the solid-liquid system in the reactor was continuously
stirred with a magnetic stirrer at 300 rpm for 8 h to ensure that the system reached equi-
librium, which had been proven by preliminary experiments. Then, the magnetic stirrer
was stopped, and the solid–liquid system was kept still at a constant temperature for 4 h
to obtain a clear, saturated solution. Finally, the liquid-taking valve was opened, and
the supernatant liquid (about 5 mL) was pressed into the pre-weighed beaker through a
polytetrafluoroethylene (PTFE) membrane filter (0.45 μm, Tianjin Jinteng Experimental
Equipment Co., Ltd., Tianjin, China).

For comparison, the solubility of RBV in four solvents at 0.1 MPa was also determined
by the gravimetric method. A jacketed crystallizer was used for measurements, and the
steps were similar to the above description. The difference was that the supernatant was
extracted through a syringe, and then was quickly filtered into a pre-weighed beaker
through the above PTFE membrane filter.

The beaker containing the supernatant was weighted quickly and dried in a vacuum
oven at 333.15 K for 72 h to ensure that the solvent was completely volatilized. The above
operations were performed three times, and the average value was taken to calculate the
solubility data. The solubility of ribavirin expressed in the molar fraction was calculated
according to the following equation [20]:

x1 =
m1/M1

m1/M1 + m2/M2
(1)

3
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where m1 and M1 are the mass and molar mass of RBV, respectively, and m2 and M2 are the
mass and molar mass of the pure solvent, respectively.

2.4. Induction Time Measurement

The induction time (tind) is defined as the time from the generation of constant su-
persaturation to the appearance of crystals [21,22]. In this paper, the induction time of
the cooling crystallization of RBV in water was measured by naked eye observation [23].
All measurements were carried out in the same high-pressure reactor, with pressures of
0.1 MPa, 5.0 MPa and 10.0 MPa and temperatures of 283.15 K, 293.15 K and 303.15 K,
respectively. Firstly, RBV (Form II) aqueous solution with different supersaturation (S) was
prepared. The preparation temperatures of supersaturated solutions at 283.15 K, 293.15 K
and 303.15 K were 308.15 K, 313.15 K and 318.15 K, respectively, to ensure that the solute
was completely dissolved. Then, 50 mL of supersaturated solution was quickly transferred
into the pre-cooled reactor. The high-pressure nitrogen was added to the reactor when the
solution was cooled down to the preset temperature. Then, the mechanical stirring was
started at speed of 200 rpm and the timing was started. After the crystals appeared, the
timing was stopped, and the crystals were separated immediately and characterized by
microscope and PXRD. The above operations were carried out three times, and the average
value was taken to calculate the induction time.

The supersaturation was calculated by Equation (2).

S =
c
c0

(2)

where c is the actual concentration of the solute, and c0 is the equilibrium concentration of
the solute.

2.5. Anti-Solvent Crystallization

The yield and crystal form of anti-solvent crystallization at 10.0 MPa and 0.1 MPa
were compared. Firstly, RBV (5 g, Form II) was dissolved in solvent (15 g, water, dimethyl
sulfoxide, and dimethylformamide). Then, anti-solvent (15 mL, alcohol solvents such as
methanol, ethyl acetate, and butyl acetate) was added to the solution. The solution was
stood for 24 h at 10.0 MPa and atmospheric pressure at 20 °C to allow crystal nucleation
and growth. Finally, the solution was filtered, and the crystals were washed with ethanol
and dried at room temperature. The crystals were weighed and characterized by PXRD.
The above operations were carried out three times and the average value was taken for
further calculation.

3. Results and Discussion

3.1. Effect of High Pressure on Solubility

The solubility data of RBV in four solvents at 12.0 MPa and 0.1 MPa are shown in
Tables S1 and S2 and Figures 3 and 4. The experimental solubility data were correlated
by the modified Apelblat model Equation (3), and the fitting curves are also given in
Figures 3 and 4.

ln x1 = A +
B
T
+ C ln T (3)

where x1 represents the mole fraction solubility of RBV. T is the temperature (K). A, B, and
C are model parameters [24].

The results indicate that all the solubilities of the two crystal forms of RBV at 12.0 MPa
decrease slightly when compared with those at 0.1 MPa. The solubility data of RBV increase
significantly with the increase in temperature whether at 12.0 MPa or 0.1 MPa. The effect
of pressure on solubility values is weaker than the effect of temperature. In addition, the
solubility of Form I in water is smaller than that of Form II, which is consistent with Form I
being a thermodynamically stable form.

4
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Figure 3. Mole fraction solubility of RBV (Form I) in dimethylacetamide (DMA) and dimethylfor-
mamide (DMF) at 0.1 MPa and 12.0 MPa: symbol—experimental values, curve—calculated values by
the modified Apelblat model.

 
Figure 4. Mole fraction solubility of RBV (Form I and Form II) in water at 0.1 MPa and 12.0 MPa:
symbol—experimental values, curve—calculated values by the modified Apelblat model.

The PXRD patterns and DSC plots of the RBV (Form I and Form II) used in the
solubility experiment are shown in Figures S1 and S2. The PXRD patterns of undissolved
wet solid taken out after the solubility experiments are shown in Figure S3. It can be seen
that the PXRD patterns of the samples before and after the experiments are consistent,
and they are all pure crystal forms. Therefore, no polymorphic transformation or solvate
formation happened in the solubility experiments at two pressures. Furthermore, the
decrease in solubility at high pressure is not caused by crystal transformation.

3.2. Effect of High Pressure on the Induction Time

The influence of high pressure on the induction time of the cooling crystallization of
RBV in water is shown in Figure 5. The specific induction time data are listed in Table S3.
For the convenience of calculation and comparison, all the calculations of supersaturation
under high pressure in this section were based on the solubility data of RBV (Form II) at

5
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atmospheric pressure. At the same time, it is also because Form II is the polymorph always
obtained in the induction time experiment. It can be seen that the induction time decreases
significantly with the increasing concentration of RBV, whether at atmospheric pressure
or high pressure. More importantly, the induction time of RBV cooling crystallization
decreases significantly at high pressure. The PXRD characterization shows that all the
crystals obtained in the induction time experiment are RBV (Form II). Therefore, the
reduction in the induction time is independent of the crystal form of RBV. The high pressure
may enhance the collision probability of solute molecules in the solution, thus promoting
the nucleation process.

Figure 5. The induction time of cooling crystallization of RBV (Form II) in water at different supersat-
uration and pressure: (a) 283.15 K, (b) 293.15 K, (c) 303.15 K.

6
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3.3. Effect of High Pressure on the Nucleation Kinetics

To quantitatively explain the effect of pressure on nucleation rate, the nucleation
kinetic parameters under different pressures were calculated according to the classical
nucleation theory (CNT) [25–27]. The crystal nucleation rate equation in the classical
nucleation theory is given by the following formula [28,29]:

J = A exp
(
− 16πγ3V2

m

3 k3T3 ln2 S

)
(4)

where J represents the nucleation rate (m−3 s−1), A is the pre-exponential factor, T is the
nucleation temperature (K), κ refers to the Boltzmann constant (J K−1), S is the supersatu-
ration ratio, γ is the crystal-solution interfacial tension (J K−1), and Vm is the molecular
volume of the solute molecule (m3) [30]. In this paper, the molecular volume of RBV is
1.943 × 10−28 m3, which was calculated according to the Avogadro constant and the molar
volume obtained from CAS SciFindern Database.

There is an inverse relationship between nucleation rate and induction time, which
can be expressed follows:

J ∝
1

tind
(5)

Therefore, the relationship between supersaturation and induction time can be written
as follows:

ln(tind) ∝
16πγ3V2

m
3 k3T3 ln−2 S = α ln−2 S (6)

A linear relationship exists between lntind and ln−2S. By linear fitting, the interfacial
tension (γ) can be obtained from the slope (α):

γ = kT
(

3α/16πV2
m

)1/3
(7)

Generally, the lower the interfacial energy, the easier the nucleation will be [31].
Based on the interfacial tension and supersaturation, the other four nucleation parameters,
including the change of Gibbs free energy per unit volume (ΔGV), the critical nucleation
radius (r*), the change of critical Gibbs free energy (ΔG*), and the number of molecules
constituting the critical nucleus (i*) can be calculated by the following equations [32,33]:

ΔGV =
−kT ln S

Vm
(8)

r∗ = −2γ

ΔGV
(9)

ΔG∗ = 4
3

π(r∗)2γ (10)

i∗ = 4π(r∗)3

3Vm
(11)

Among them, ΔGV can represent the driving force of nucleation, where ΔG* represents
the critical energy barrier that must be overcome in the nucleation process [32].

The linear fitting between ln(tind) and ln−2S is shown in Figure 6. It can be found that
there is more than one linear relationship between ln(tind) and ln−2S at 283.15 K, 293.15 K,
and the experimental supersaturation. According to the classical nucleation theory, homo-
geneous nucleation is dominant in the nucleation process at high supersaturation, whereas
heterogeneous nucleation will be dominant at low supersaturation [34,35]. Therefore, there
may be two different linear relationships. It can be found from Figure 6 that there are two
linear lines between ln(tind) and ln−2S at 283.15 K, 293.15 K. The high supersaturation range
with a large slope indicates the homogeneous nucleation, and the low supersaturation

7
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range with a small slope indicates the heterogeneous nucleation. At 303.15 K, there is only
one linear relationship between ln(tind) and ln−2S and the slope is small, indicating the
heterogeneous nucleation. In the homogeneous nucleation region, the slope (α) can be used
to calculate the interfacial tension (γ) according to Equation (6) above [30].

Figure 6. The plot of ln(tind) versus ln−2S for RBV (Form II) in water at different supersaturations
and pressures: (a) 283.15 K, (b) 293.15 K, (c) 303.15 K.

The results of linear fitting slope and interfacial tension calculated according to the
slope are shown in Table 1. The results show that the value of γ decreases with the increase
in pressure, which further proves that high pressure can promote the nucleation of RBV.

8
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Table 1. The fitting parameters of ln(tind) and ln−2S and calculated interfacial tension.

Pressure/MPa α R2 Nucleation γ/mJ m−2

283.15 K

0.1
4.053 0.9956 Homogeneous 7.007
0.7348 0.9816 Heterogeneous /

5.0
3.829 0.9970 Homogeneous 6.876
0.7207 0.9903 Heterogeneous /

10.0
3.776 0.9996 Homogeneous 6.844
0.7137 0.9997 Heterogeneous /

293.15 K

0.1
2.345 0.9996 Homogeneous 6.053
0.9966 0.9865 Heterogeneous /

5.0
2.235 0.9888 Homogeneous 5.957
0.9665 0.9995 Heterogeneous /

10.0
2.133 0.9999 Homogeneous 5.865
0.9569 0.9981 Heterogeneous /

303.15 K
0.1 0.9307 0.9870 Heterogeneous /
5.0 0.9281 0.9961 Heterogeneous /
10.0 0.9272 0.9871 Heterogeneous /

Based on the interfacial tension and supersaturation, the calculation results of the other
four nucleation parameters are listed in Table 2. Firstly, these four nucleation parameters
decrease with the increase in supersaturation under both atmospheric pressure and high
pressure, which proves that high supersaturation is conducive to nucleation. In addition,
at the same supersaturation, the nucleation parameters of r*, ΔG*, and i* decrease slightly
under high pressure compared with atmospheric pressure, which is consistent with the
decrease in induction time under high pressure.

Table 2. The calculation results of nucleation parameters.

S ΔGV × 10−7/J m−3 r*/nm ΔG* × 10−16/J i*

T = 283.15 K, p = 0.1 MPa
2.215 −1.544 0.9080 4.926 16.13
2.316 −1.631 0.8594 4.412 13.67
2.418 −1.715 0.8174 3.992 11.77
T = 283.15 K, p = 5.0 MPa
2.215 −1.544 0.8910 4.833 15.24
2.316 −1.631 0.8432 4.329 12.92
2.418 −1.715 0.8021 3.917 11.12
T = 283.15 K, p = 10.0 MPa
2.215 −1.544 0.8868 4.811 15.03
2.316 −1.631 0.8393 4.309 12.74
2.418 −1.715 0.7983 3.899 10.96
T = 293.15 K, p = 0.1 MPa
2.221 −1.606 0.7537 3.929 9.226
2.324 −1.697 0.7133 3.519 7.819
2.427 −1.785 0.6784 3.183 6.727
T = 293.15 K, p = 5.0 MPa
2.221 −1.606 0.7417 3.867 8.793
2.324 −1.697 0.7019 3.463 7.452
2.427 −1.785 0.6676 3.132 6.411
T = 293.15 K, p = 10.0 MPa
2.221 −1.606 0.7303 3.807 8.392
2.324 −1.697 0.6911 3.409 7.112
2.427 −1.785 0.6573 3.084 6.119

9
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3.4. Effect of High Pressure on Anti-Solvent Crystallization

The yield and crystal form of anti-solvent crystallization at 10.0 MPa and 0.1 MPa are
shown in Tables 3–5. It can be found that the yield of anti-solvent crystallization under
high pressure is higher than that under atmospheric pressure, and it is independent of the
choice of solvent. Furthermore, the increase in the pressure of several MPa does not affect
the final crystal polymorph.

Table 3. The results of anti-solvent crystallization at 10.0 MPa and 0.1 MPa (DMSO as solvent).

Anti-Solvent
p = 0.1 MPa p = 10.0 MPa

Yield/% Crystal Form Yield/% Crystal Form

Methanol 18.8 DMSO solvate 20.1 DMSO solvate
Ethanol 48.9 DMSO solvate 50.1 DMSO solvate
N-propanol 49.2 DMSO solvate 50.6 DMSO solvate
Isopropanol 51.4 DMSO solvate 52.2 DMSO solvate
N-butanol 48.4 DMSO solvate 49.3 DMSO solvate
Isobutanol 76.1 DMSO solvate 85.8 DMSO solvate
Ethyl acetate 51.4 DMSO solvate 61.9 DMSO solvate
Butyl acetate 35.7 DMSO solvate 38.8 DMSO solvate

Table 4. The results of anti-solvent crystallization at 10.0 MPa and 0.1 MPa (DMF as solvent).

Anti-Solvent
p = 0.1 MPa p = 10.0 MPa

Yield/% Crystal Form Yield/% Crystal Form

Methanol 8.83 Form I 12.1 Form I
Ethanol 9.28 Form I 14.0 Form I
N-propanol 26.1 Form I 43.5 Form I
Isopropanol 10.3 Form I 13.5 Form I
N-butanol 33.3 Form I 42.7 Form I
Isobutanol 28.1 Form I 38.1 Form I
Ethyl acetate 14.8 Form I 27.1 Form I
Butyl acetate 15.6 Form I 31.2 Form I

Table 5. The results of anti-solvent crystallization at 10.0 MPa and 0.1 MPa (water as solvent).

Anti-Solvent
p = 0.1 MPa p = 10.0 MPa

Yield/% Crystal Form Yield/% Crystal Form

Methanol 25.9 Form II 33.0 Form II
Ethanol 23.9 Form II 39.2 Form II
N-propanol 11.8 Form II 19.4 Form II
Isopropanol 26.5 Form II 30.9 Form II

4. Conclusions

The crystallization process of RBV at high pressure was systematically studied. It
was found that the solubility data of ribavirin in three pure solvents decrease under high
pressure. In terms of crystallization kinetics, high pressure can reduce the nucleation induc-
tion period, interfacial tension, and nucleation energy barrier. Therefore, high pressure is
conducive to nucleation. In addition, the results of anti-solvent crystallization under high
pressure show that high pressure can improve the crystallization yield without changing
the crystal form. In short, whether it is the cooling crystallization of a single solvent sys-
tem or the anti-solvent crystallization of a variety of solvents system, the yield and the
nucleation of the crystallization process of RBV could be enhanced.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst12030432/s1, Table S1: Mole fraction solubility of RBV
(Form I) at 0.1 MPa and 12.0 MPa; Table S2: Mole fraction solubility of RBV (Form I and Form II) in
water; Figure S1: The DSC plots of the RBV raw material (Form I and Form II); Figure S2: The PXRD
patterns of the RBV raw material (Form I and Form II); Figure S3: The PXRD patterns of residual
solid in solubility experiment; Table S3: The induction time of cooling crystallization of RBV in water
at different pressures.
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Abstract: Baloxavir marboxil (BXM) is a new blockbuster FDA-approved anti-influenza virus agent.
However, its poor solubility has limited its oral bioavailability. In this study, BXM was crystallized
from several organic solvents, obtaining three polymorphs, and their dissolution behaviors were
studied. Detailed crystallographic examination revealed that Form I is monoclinic, space group
P21, with unit cell parameters a = 7.1159 (3) Å, b = 20.1967 (8) Å, c = 9.4878 (4) Å, β = 109.033
(1)◦, V = 1289.02 (9) Å3, and Z = 2, and Form II is monoclinic, space group P21, with unit cell
parameters a = 7.1002 (14) Å, b = 39.310 (7) Å, c = 9.7808 (18) Å, β = 110.966 (5)◦, V = 2549.2 (8) Å3,
and Z = 4. Form I has a rectangular three-dimensional energy frameworks net, while Form II has a
two-dimensional net. On the other hand, Form II has a much larger percentage of its surface area
of exposed hydrogen bond acceptors than Form I. These crystallographic features offered increased
solubility and dissolution rate to Form II. The results of stability and solubility experiments suggest
that Form II may be preferred in the solid form used for the industrial preparation of BXM medicinal
products.

Keywords: baloxavir marboxil; crystallization; polymorphism; crystal structure; energy framework;
solubility

1. Introduction

Epidemic and pandemic influenza is a contagious respiratory illness caused by in-
fluenza viruses and has become a major public health concern [1,2]. Treatment of influenza
has relied heavily on neuraminidase (NA) inhibitors, which target the viral neuraminidase
activity of the NA protein [3].

Fortunately, in 2018, baloxavir marboxil (abbreviated as BXM, Scheme 1) was devel-
oped as a first in class, orally active, cap-dependent endonuclease inhibitor, which has a
unique mechanism of action when compared with the currently existing neuraminidase
inhibitor drug class used to treat influenza infections [4,5]. BXM is a prodrug that is metabo-
lized into the active baloxavir acid (BXA, Scheme 1) and directly inhibits the cap-dependent
endonuclease activity of the polymerase acidic protein of influenza A and B viruses [6].
The drug was approved in Japan and other countries, including the U.S., and marked
under the brand name Xofluza [7–9]. This is the first new antiviral flu treatment with a
novel mechanism of action approved by the FDA in nearly 20 years [7]. Recent studies
by experimental and computational techniques indicate that BXM is a valuable candidate
treatment for human patients suffering from the highly pathogenic H7N9 virus, H3N2
virus, and COVID-19 virus infection [10–13]. However, BXM is insoluble in an aqueous
medium in its crystalline form, and its poor solubility has limited its oral bioavailability [14].
The average oral bioavailability of BXM was only approximately 14.7% [14–16].

Crystals 2022, 12, 550. https://doi.org/10.3390/cryst12040550 https://www.mdpi.com/journal/crystals
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Scheme 1. Chemical structure of baloxavir acid (BXA,1) and baloxavir marboxil (BXM, 2).

Polymorphism means the potential for a drug to form one or more crystalline solids
that differ by the molecular arrangement of drug molecules in the crystal lattice [17,18].
Polymorphic forms of drugs that give a difference in thermodynamic and physicochemical
properties, such as melting point, density, stability, and in particular, solubility, can offer
an improvement/reduction on the original form [19–26]. The most notorious example
of the impact of polymorphs on solubility and dissolution rate is the protease inhibitor
Ritonavir [27]. Thus, the evaluation and application of polymorphs that are able to improve
the solubility and dissolution rate of BXM are of paramount importance [26,28]. How-
ever, to the best of our knowledge, studies about its crystalline structures, morphology,
thermodynamic stability, and dissolution properties have not yet been reported. Structure–
property relationship is helpful in understanding the critical aspects during formulation
development. Herein the study considers in depth the polymorphic forms of BXM with
particular emphasis on their molecule packing, solubility, and the relationship between
crystal packing and dissolution behavior.

2. Materials and Methods

2.1. Materials

Baloxavir marboxil (purity > 99.5%, Form I) was supplied by Zhejiang Jingxin Phar-
maceutical Co., Ltd. (Shaoxing, China) and was used without further purification. All
other solvents and chemicals were of analytical grade or chromatographic grade and were
purchased from Shanghai Aladdin bio-chem technology company Ltd. (Shanghai, China),
Sinopharm chemical reagent Co., Ltd. (Shanghai, China), Shanghai lingfeng chemical
reagent Co., Ltd. (Shanghai, China) and used as received.

2.2. Methods
2.2.1. BXM Polymorphs Preparation and Single Crystal Growth

Form I was prepared by recrystallization of BXM in methanol. In particular, 500 mg of
BXM was dissolved in 35 mL of methanol, the solution was filtered, and slow cooling of
the solution yielded Form I. For crystal structure determination, good quality crystals of
Form I were produced by dissolving 20 mg of BXM in 10 mL methanol. Slow evaporation
at 25 ◦C produced block crystals after approximately 1 week.

Form II was prepared from acetonitrile solution of BXM by adding n-heptane as an
antisolvent. In particular, 500 mg of BXM was dissolved in 10 mL of acetonitrile, and the
resultant clear solution cooled to 0 ◦C; 15 mL of n-heptane was dropped over 10 min. The
prepared mixture became cloudy and then filtered. Crystals of Form II for crystal structure
determination were produced by dissolving 20 mg of BXM in a mixture of 3 mL acetonitrile
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and 7 mL n-heptane. Slow evaporation at 25 ◦C produced rod-like crystals after about
10 days.

Form III was prepared by recrystallization of BXM in ethyl acetate. In particular,
500 mg of BXM was dissolved in 50 mL of ethyl acetate. The prepared solution was then
stirred and quickly cooled to 0 ◦C. The obtained cloudy solution was filtered. Unfortunately,
slow crystallization in ethyl acetate does not result in Form III but in Form I.

2.2.2. Crystal Habit Observation

Microscopic examination and photomicroscopy were performed using a Bresser mi-
croscope equipped with a CMOS camera. The sample was put on the objective glass and
was examined directly, without cover glass.

2.2.3. Powder X-ray Diffraction (PXRD)

The PXRD patterns were obtained on a Rigaku D/Max-2550PC diffractometer (Rigaku
Co., Tokyo, Japan), using a CuKα X-ray radiation source (λ = 1.5418 Å) and generator
operated at 40 kV and 250 mA. The scans were run from 3.0 to 40.0◦ (2θ), with an increasing
step size of 0.02◦ and a count time of 1 s.

2.2.4. Differential Scanning Calorimetry (DSC)

The DSC analysis was performed on a TA DSC Q100 differential scanning calorimeter.
Approximately 4–7 mg powder samples were placed in an aluminum pan, and the heating
was carried out at a rate of 10 ◦C/min under a nitrogen flow of 50 mL/min. A temperature
range of 25–250 ◦C was scanned. The data were managed using TAQ Series Advantage
software 4.7 (Universal analysis 2000).

2.2.5. Thermogravimetric Analysis (TGA)

TGA was performed on an SDT Q600 instrument from 25 ◦C to 450 ◦C, at a heating
rate of 10 ◦C/min, and under nitrogen purge at a flow rate of 50 mL/min. The data were
managed using TAQ Series Advantage software 4.7 (Universal analysis 2000).

2.2.6. Single-Crystal X-ray Diffraction (SCXRD)

Single crystal X-ray diffraction data collection was performed on a Bruker Apex II CCD
diffractometer (Karlsruhe, Germany) with Mo-Kα radiation (λ = 0.71073 Å). Integration
and scaling of intensity data were accomplished using the SAINT V8.38A program [29].
The crystal structure was solved by direct methods using SHELXT [30] and refined by a
full-matrix least-squares method with anisotropic thermal parameters for all non-hydrogen
atoms on F2 using SHELX-L [31] in Olex 2 [32]. Hydrogen atoms were placed in the
position of metrically calculation or difference Fourier map and were refined isotropically
using a riding model. Diamond and Olex 2 [32] were used to draw figures. The simulated
PXRD pattern was calculated using Mercury [33]. The crystallographic data are listed in
Table 1. Crystal structures are deposited as part of the supporting information and may
be accessed at www.ccdc.cam.ac.uk/data_request/cif (accessed on 22 March 2022, CCDC
2088906–2088907).
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Table 1. Crystallographic data of Form I and II.

Form I Form II

Empirical formula C27H23F2N3O7S C27H23F2N3O7S
Formula weight 571.54 571.54
Temperature (K) 296 170

Crystal size (mm) 0.50 × 0.46 × 0.16 0.35 × 0.08 × 0.06
Crystal system Monoclinic Monoclinic

Space group P21 P21
a (Å) 7.1159 (3) 7.1002 (14)
b (Å) 20.1967 (8) 39.310 (7)
c (Å) 9.4878 (4) 9.7808 (18)
β (◦) 109.033 (1) 110.966 (5)

Volume (Å3) 1289.02 (9) 2549.2 (8)
Z 2 4

ρcalc g/cm3 1.473 1.489
μ (mm–1) 0.193 0.20

F (000) 592.0 1184
Reflections collected 19,783 26,198

Independent reflections (Rint) 5239 (0.023) 10,025 (0.052)
Data/restraints/parameters 5239/121/400 10,025/1/723

R1, wR2 [I > 2_(I)] 0.0285, 0.0732 0.06650.1608
R1, wR2 [all data] 0.0293,0.0739 0.0717, 0.1637

Goodness-of-fit on F2 1.05 1.19
Largest diff. peak/hole/e Å−3 0.17, −0.18 0.40, −0.34

Flack parameter 0.039 (18) 0.04 (3)
CCDC No. 2088906 2088907

2.2.7. Powder Dissolution Studies and Stability Tests

The powder dissolution experiments were carried out in pH 1.2 simulated gastric
fluids (water was added to 2.0 g of sodium chloride in 7.0 mL of hydrochloride acid to reach
1000 mL). A series of known BMX concentrations in pH 1.2 simulated gastric fluids were
prepared to generate a calibration curve. The powder dissolution experiments were carried
out in a Tianda Tianfa Technology RC806D dissolution tester with a paddle rotation speed of
100 rpm at 37 ◦C. Precisely weighted samples (1.0 g) were added into the dissolution vessels
with 900 mL pH 1.2 simulated gastric fluids. Prior to powder dissolution experiments,
all solid-phase samples were sieved through a 300-mesh screen to eliminate the effect of
size on the results. Five milliliters of the aliquot were collected at specific time intervals
and filtered via an organic membrane (0.22 μm), and the concentration of the aliquots was
determined with appropriate dilutions from the predetermined standard curves of the
respective compounds. Moreover, the undissolved samples were collected after solubility
experiments for measurement via PXRD. Three crystal forms were stored at 25 ± 2 ◦C and
60% RH ± 5% RH and then analyzed after 12 months of storage.

3. Results

3.1. Crystallization

According to the Q3C guideline for residual solvents [34], a systematic polymorph
screening of BXM was performed by recrystallization from several organic solvents at
variable conditions. The identity and purity of the prepared solid forms were verified by
PXRD (Table S1 in the Supplementary Materials). Through the screening process, BXM was
found to crystallize in three crystal forms, named ‘Form I’, ‘Form II’, and ‘Form III’. Forms
I and II, prepared by the solvent evaporation method, were crystallized and suitable for
single-crystal X-ray diffraction analysis (Figure 1a,b). Despite all our efforts, the structure
solution of Form III was not successful thus far because of the small size and poor quality of
the crystals. Crystal size and quality were unable to be improved upon, as it was obtained
only by stir precipitation (Figure 1c).
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Figure 1. Photographs of (a) Form I, (b) Form II, and (c) Form III.

3.1.1. Crystal Structure of Form I and II

X-ray crystal structures were determined for Forms I and II, and their crystallographic
parameters and structure refinement details are listed in Table 1. Forms I and II crystallized
in a monoclinic crystal system and P21 space group. Additionally, the asymmetric unit
of I consisted of one BMX molecule (Figure 2a), while Form II contained two molecules
(Figure 2b,c). Homochirality of the BMX molecules in both polymorphic forms had been
determined from polarimetric data, all molecules having the S-configuration at C10 and
the R-configuration at C15. The methymethyl carbonate chain displays positional disorder
in the single crystal structure of Form I; these atoms were split into two positions, with
site-occupation factors of 0.606(5):0.394(5). Overlaying the molecular conformations found
in Form II with that of I shows that the only difference is the rotation of the methymethyl
carbonate chain, while the other bonds overlay nicely (Figure 2d). This result indicates that
the formation of different solid forms is not due to changes in molecular conformation.

 
Figure 2. The ORTEP figures of (a) Form I, (b) molecule A of Form II, and (c) molecule B of Form
II drawn at the 50% probability level. H atoms are shown as small spheres at a 0.15 Å radius.
(d) Superposition of the BXM in I (green), molecule A (red), and molecule B (blue) in II. Hydrogen
atoms were omitted for clarity.
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Since the absence of a typical O-H or N-H donor but with 10 hydrogen bond ac-
ceptors in the BXM molecule, the formation of crystal packing arrangement for BXM is
governed by a network of nonclassic hydrogen bonds. In the crystal structure of Form
I, BXM molecules are linked via C(sp3)-H . . . O and C(sp2)-H . . . F interactions, which
develop into a one-dimensional chain and run parallel to the c-axis, as shown in Figure 3a
and Table S2. Neighboring chains are then packed head-to-tail via short contacts in the bc
plane (Figure 3c). The major intermolecular interaction between molecules in Form II is a
C(sp2)-H . . . F hydrogen bond, as shown in Figure 3b and Table S3. The major difference
from Form I is the relative orientation of adjacent chains stacking. In Form II, the neigh-
boring chains are packed head-to-head via C(sp)-H . . . π interactions between aromatic
rings, forming a hydrogen-bonded bilayered structure (Figure 3d). Additionally, auxiliary
C(sp3)-H . . . O interactions are also contributing to the stability of the crystal structure
in both polymorphs. In order to visualize and quantify the similarities/dissimilarities
of intermolecular contacts in two polymorphs, Hirshfeld surface analysis [35,36] was
calculated with the aid of CrystalExplorer 17.5 [37]. The results were visualized in the
two-dimensional fingerprint plots, and there is no significant difference between the %
distributions in different interactions (Figure S1 in the Supplementary Materials).

Figure 3. (a) 1D chain constructed by C11-H11 . . . F1 and C7-H7B . . . O4 interactions run parallel to
the c-axis in Form I; (b) 1D chain constructed by C11-H11 . . . F1 interactions run parallel to the c-axis
in Form II; (c) view of the three-dimensional packing of Form I (viewed along the a-axis direction);
(d) view of the three-dimensional packing of Form II (viewed along the a-axis direction).

3.1.2. PXRD

The excellent accordance between the experimental and crystal structure simulated
PXRD patterns of Form I and II corroborated the identity of the precipitated powder
(Figure 4). The major characteristic PXRD peaks of Form I appear at 2θ values of 8.7◦, 10.8◦,
14.3◦, 17.5◦, 21.6◦, 24.1◦, 26.4◦, and 29.7◦. Form II showed the peaks at 2θ values of 4.4◦,
8.9◦, 11.7◦, 14.0◦, 17.8◦, 22.3◦, 24.3◦, and the characteristic peaks of Form III are at 2θ values

18



Crystals 2022, 12, 550

of 4.3◦, 8.7◦, 10.6◦, 13.4◦, 17.1◦, and 22.0◦. Specifically, Form II has distinctive peaks at 11.7◦,
14.0◦, 22.3◦, and 24.3◦ that are absent in Form III (Figure S2).

 

Figure 4. PXRD patterns of all here described solid forms of BXM.

3.1.3. TGA-DSC

To evaluate the thermal properties of the prepared solids, we performed DSC and
TGA measurements. As shown in Figure 5, the DSC curve of Form I exhibited two thermal
events: a small endothermic event at 230.4 ◦C followed by a sharply defined melting event
at 238.7 ◦C. The first endothermic peak was associated with a phase change since there
was no mass loss in this temperature range. The second one resulted from the melting
of the obtained solid in the phase transition process. DSC curve of Form II and III shows
stability up to approximately 235.5 ◦C and 238.7 ◦C, respectively. The DSC thermal analysis
shows that three polymorphs exhibit an explosive type of degradation at melting, which
is accompanied by a large release of heat. The melting was irreversible and resulted in a
dark-brown tar. The TGA curve exhibits no weight loss until decomposition, which proves
all three polymorphs are in anhydrate form (Figure S3).
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Figure 5. DSC curves of BXM in Form I, Form II, and Form III at a 10 ◦C/min heating rate.

3.2. Dissolution Profile of Polymorph and Stability

The powder dissolution behaviors of the BXM polymorphs determined in pH 1.2
simulated gastric fluids at 37 ◦C are demonstrated in Figure 6. Form III was dissolved
faster than Form I and II at the first stage. After 10 min, the solubility of Form III displays a
“spring and parachute” effect [38]. With increasing time, BXM concentration in solution
decreases, and after 40 min, the concentration is close to that of Form I, indicating that the
precipitation process (Form I) is happening, and Form III converts into less soluble Form I
under suspension condition. In addition, Form II presents an extreme increase in solubility
when compared with Form I. The Smax values of II and III are 1.4 and 1.3 times as high as
that of Form I. After the dissolution study, the remaining solid phase was characterized
by PXRD analysis (Figure S10). It was confirmed that Form III almost converted to Form
I as expected, while Form I and II retained their respective crystal forms, and there is no
change even if suspended in water for seven days. The equilibrium solubility of Form I
and II was 21.2 ± 0.2 and 29.4 ± 0.4 μg/mL, respectively. All three polymorphs have been
shown to be as stable on the shelf for 12 months under the conditions of 25 ± 2 ◦C and 60%
RH ± 5% RH (relative humidity) (Figure S11). The particle size is an important factor in
the dissolution behavior of the API [39]. Therefore, to exclude the impact of particle size
on the dissolution, crystals of a similar size range were used in the experiment. Thus, the
difference in dissolution behavior between BXM polymorphs, especially for Form I and II,
is due to the differences in the molecule packing rather than the particle size of the material
studied.
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Figure 6. Powder dissolution profiles of BXM Form I, II, and III in pH 1.2 simulated gastric fluids at
37 ◦C. Data were shown as mean ± SD (n = 3).

4. Discussion

There has been an increasing interest in the correlations between the crystal structure,
crystal morphology, and physicochemical properties of an investigational pharmaceuti-
cal compound [22,40]. Crystal morphology plays an important role in the dissolution
behavior of drugs, depending on the functional groups exposed on the surface [41–43].
The theoretical crystal morphology of Form I and II was simulated by the Bravais-Friedel-
Donnay-Harker (BFDH) model and growth morphology (GM) models with the aid of
Materials Studio [38] (Figure 7, Table S4). By comparing Figures 7 and 1a,b, it can be
seen that the simulated morphologies are similar to the crystal habit of the experimentally
obtained crystals, but there are still some differences because the simulated morphologies
only predict the crystal habit from the perspective of the internal structure of the crystal
itself and do not consider the influence of the external environment on the crystal growth.
The crystal habit obtained in the actual crystallization process is simultaneously affected by
the combined effects of thermodynamics and kinetics. Therefore, the actual crystal habit
obtained under different crystallization conditions may be different from the theoretical
crystal habit calculated by the model. Vacuum morphology of Form I and II was generated
by the BFDH model. The benefit of this method was to identify important faces in the
growth process [44]. Results show that (0–20), (001), (0–11), and (100) are among the major
surfaces, with (0–20) being the most dominant face. The calculated aspect ratio by BFDH
morphology for Form I and II was 1.778 and 3.254, respectively. Surface structures of
all important facets of Form I and II given by the MG model were studied. For Form I,
(0–20) occupies 35% of the surface area and exhibits an attachment energy (Eatt) value of
−47.906 kcal/mol, while for Form II, (0–20) occupies 62% of the surface area and exhibits an
Eatt value of −31.244 kcal/mol. Because of the structural dissimilarity as described earlier,
the orientation of molecules on the exterior of each facet of a crystal was diverse. For Form
I, the (0–20) facet has a bed of phenyl moieties, making it relatively more hydrophobic
(Figures 8 and S4), while, in Form II, the exposure of methymethyl carbonate chain makes
it more hydrophilic (Figures 8 and S5). Thus Form II has a much greater percentage of
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its surface area with exposed hydrogen bond acceptors than Form I. Since the solubility
and dissolution rates are proportional to the polarity of the crystal surface [45,46], the bulk
solubility in aqueous media is much greater for Form II than for Form I.

Figure 7. The BFDH and growth morphology of Form I and II. The morphologically important faces
are evidenced together with their Miller indices.

 

Figure 8. Crystal slices of different facets of BXM Form I and Form II expressing the presence of
functional groups. The most dominant facet (0–20) is covered by 1 phenyl, and the second dominant
facet (001) is covered by 1 carbonyl in Form I. In Form II, the most dominant facet (0–20) is covered
by 1 methoxyl, and the second dominant facet (001) is covered by 2 fluorines, 2 carbonyl, and
1 methymethyl carbonate chain.
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To further understand the relationship between crystal packing and dissolution behav-
ior, energy frameworks were generated to visualize the differences in the supramolecular
architecture of Form I and II in terms of energetics [47,48]. CrystalExplorer 3.1 [37] was
used to construct energy frameworks at the B97D/6-31G** level of theory [47,49]. For Form
I, energy bonds are evenly distributed over the whole structure such that they make a
rectangular three-dimensional net (Figure S6, Table S5), while, in Form II, the energy bonds
are ordered between aromatic rings such that they make rectangular two-dimensional
layers (Figure S7, Table S6). The energy frameworks suggest relatively weaker interactions
between the layers in Form II. The methymethyl carbonate segment of BXM oriented right
and left the energy layers, rendering the surface of the layers hydrophilic. The progress
of the dissolution requires easily accessible hydrophilic groups after the initially exposed
groups have dissolved. For Form II, after one layer of BXM molecules is dissolved, the
subsequent layers are more easily split along the b-axis due to no energy bonds between
layers. In addition, the stripped bilayer surface covered hydrophilic groups. This result
may also account for the higher solubility of Form II.

5. Conclusions

In this contribution, we prepared and characterized the solid-state behavior of the
polymorphs of BXM. Three polymorphs have chemically the same building blocks, but their
dissolution behaviors differ significantly. The only difference which can be related to the
observed change in the dissolution behaviors is their significantly different packing features.
The crystal structure of Form I and II were identified by SXRD. Using the crystal structure
data, we confirmed that Form I contains strong energy bonds between the molecular layers,
while in Form II, there are no energy bonds observed between the layers. Moreover, the
theoretical crystal habits of Form I and II show that Form II has a much greater percentage
of its surface area with exposed hydrogen bond acceptors than Form I. The results of
stability and solubility experiments suggest that Form II may be a preferred solid form.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cryst12040550/s1, Table S1: screening of BXM crystal form (Part of the experimental process),
Table S2: Hydrogen bonds geometry (Å, ◦) for Form I, Table S3: Hydrogen-bond geometry (Å, ◦)
for Form II, Figure S1: 2D fingerprint plots of the Hirshfeld surfaces for components of BXM Form
I and II, Figure S2: showing the comparison of observed PXRD patterns of Form II and III. The
variations in peak positions across the polymorphs are pointed by the arrows, Figure S3: TG curves
of BXM in I, II, and III at a 10°C/min heating rate, Table S4: morphology predictions for Form I
and II by means of BFDH and GM calculations, Figure S4: crystal slices of different facets of BXM
Form I expressing the presence of functional groups. The most dominant facet (020) is covered by
1 phenyl, and the second dominant facet (001) is covered by 1 carbonyl, Figure S5: crystal slices of
different facets of BXM Form II expressing the presence of functional groups. The most dominant
facet (020) is covered by 1 methoxyl, and the second dominant facet (001) is covered by 2 fluorines,
2 carbonyl, and 1 methymethyl carbonate chain, Figure S6: energy frameworks corresponding to
the different energy components and the total interaction energy in BXM Form I, Figure S7: energy
frameworks corresponding to the different energy components and the total interaction energy in
BXM Form II, Figure S8: color coding for the neighboring molecules around a molecule of BXM Form
I. The molecule is shown with atom type color, Figure S9: color coding for the neighboring molecules
around molecule A (top) and molecule B (bottom) of BXM Form II. The molecules are shown with
atom type color, Table S5: molecular pairs and the interaction energies (kJ/mole) obtained from
energy framework calculation for BXM Form I, Table S6: molecular pairs and the interaction energies
(kJ/mole) obtained from energy framework calculation for BXM Form II, Figure S10: the PXRD
pattern of the source BXM, Figure S11: Stability of Form I, Form II and Form III after storage of
12 months at 25 ± 2 ◦C and 60% RH ± 5% R shown in the PXRD pattern.
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Abstract: A new polymorph of the mycotoxin alternariol is reported and characterized by single
crystal X-ray diffraction. Structural data, Hirshfeld surface analysis, and 2D fingerprint plots are used
to compare differences in the intermolecular interactions of the orthorhombic Pca21 Form I (previously
reported) and the monoclinic P21/c Form II (herein reported). The polymorphs have small differences
in planarity—7.55◦ and 2.19◦ between the terminal rings for Form I and Form II, respectively—that
brings about significant differences in the crystal packing and O-H . . . H interactions.

Keywords: polymorph; Hirshfeld analysis; alternariol

1. Introduction

Alternariol (AOH; systematic name: 3,7,9-trihydroxy-1-methyl-6H-benzo[c]chromen-
6-one; Scheme 1), a mycotoxin produced by various species of Alternaria molds, is an
important contaminant in fruit, vegetable, and cereal products [1–3]. It possesses cytotoxic,
genotoxic, and mutagenic properties in vitro [3–6]; however, these properties are still being
studied in vivo. The underlying mechanism of toxicity is not yet fully established. AOH
has been reported to induce the growth of the Alternaria species, Alternaria alternata, on
various fruits [2,3].

 
Scheme 1. Line drawing of alternariol structure.

Crystal polymorphs can exhibit different physical, chemical, and mechanical proper-
ties [7]. These are especially important for biologically active compounds, such as pharma-
ceuticals or mycotoxins [8–10]. The difference between polymorphic forms is in either the
conformation or the packing arrangement of the molecules determining the intermolecular
interactions [11–14]. An alternariol analogue, alternariol monomethyl ether (AME), with
three reported structures in the Cambridge Crystallographic Data Centre (CCDC), exem-
plifies both polymorphism and solvomorphism (i.e., it is a compound which crystallizes
in multiple space groups due to the presence of interstitial solvent molecules): two true
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polymorphs have crystallized in the P-1 and Fdd2 space groups, while the solvomorph has
co-crystallized with dimethylsulfoxide in the C2/m space group [15–17].

In 2010, the crystal structure of AOH was published by Siegel et al. (CCDC refcode:
TUPJOE), void of interstitial solvents; no polymorphs have been reported since [18]. Herein,
we report the first polymorph of alternariol and discuss the differences in crystal structures
and packing interactions. The previously reported structure will be identified as Form I
and the one reported herein will be identified as Form II.

2. Materials and Methods

2.1. Materials

AOH was produced by the fungus Purpureocillium lilacinum, which was cultured on
cereal. Secondary metabolites were extracted by ethyl acetate, and AOH was isolated by
chromatography using the pulixin isolation procedure, as described previously [19]. All
solvents were purchased from commercial sources and used without further purification.

2.2. Crystal Synthesis

Approximately 20 mg HPLC-pure AOH was dissolved in 2 mL methanol, and the
solvent was allowed to evaporate at room temperature through two needle holes on the
cover of the glass bottle. The colorless crystal used in the X-ray diffraction experiment was
obtained on day three.

2.3. X-ray Crystallography and Data Collection

The slow evaporation of methanol under ambient conditions afforded colorless crystals
of Form II. A suitable crystal was selected and mounted on a Bruker D8 Quest diffractometer
equipped with a PHOTON 100 detector operating at T = 298 K (Bruker AXS, Madison, WI,
USA). Data were collected with the shutterless ω-scan technique using graphite monochro-
mated Mo-Kα radiation (λ = 0.71073 Å). The APEX3 [20] suite was used for collection,
multiscan absorption corrections were applied, and structure solution was obtained using
intrinsic phasing with SHELXT [21] (Bruker AXS, Madison, WI, USA). Data were then re-
fined, using the Olex2 interface, by the least-squares method in SHELXL [22]. All hydrogen
atoms were located in the difference map. Crystal data and structure refinement parameters
are listed in Table 1. CCDC 2163068 contains the supplementary crystallographic data for
this paper and can be obtained free of charge from The Cambridge Crystallographic Data
Center via www.ccdc.cam.ac.uk/structures/. Hirshfeld surfaces were examined using
CrystalExplorer17 [23]. Interplanar geometric parameters were calculated using Mercury
2020.3.0 [24].

2.4. Hirshfeld Surface Analysis

To illustrate differences in the intermolecular contacts of Form I and Form II, Hirshfeld
surfaces were examined. Each surface has unique and well-defined points (di, de) where di
represents a distance from a point on the Hirshfeld surface to the nearest nucleus internal
to the surface and de represents a distance from a point on the surface to the nearest nucleus
external to the surface. These points, along with the van der Waals radii, are normalized
(dnorm) and mapped onto the three-dimensional (3D) Hirshfeld surface where red regions
represent close contacts (shorter than the sum of van der Waals radii) and negative dnorm
values, blue regions represent long contact (longer than the sum of van der Waals radii)
and positive dnorm values, and white regions represent a dnorm value of 0 (i.e., the contact
distance is equal to the sum of van der Waals radii) [25–28]. These points can also be
incorporated into two-dimensional (2D) fingerprint plots in which data are binned into
pairs (di, de). Each bin is colored from blue (few points) to green (moderate points) to red
(many points), and each point on the plot represents a bin with a width of 0.1 Å.
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Table 1. Crystal data and structure refinement parameters for alternariol—Form II.

Formula C14H10O5

Dcalc./g cm−3 1.590
μ/mm−1 0.122

Formula Weight 258.22
Color Colorless
Shape Plate
T/K 298

Crystal System Monoclinic
Space group P21/c

a/Å 7.2836(3)
b/Å 14.3875(5)
c/Å 10.5110(3)
β/◦ 101.621(1)

V/Å3 1078.90(7)
Z 4

Wavelength/Å 0.71073
Radiation Type Mo-Kα

2θmin/◦ 4.8
2θmax/◦ 52.8

Measured Refl. 23,218
Independent Refl. 2213

Reflections Used, Io > 2s(Io) 1435
Rint 0.083

Parameters 213
a GooF 1.021
b wR2 0.1177

c R1 0.0505

a GooF =
[
∑
[
w
(

F2
o − F2

c
)2
]
/(No − Nv)

]1/2
; b wR2 = ∑||Fo | − |Fc||/ ∑|Fo |; c R1 =

[(
∑ w

(
F2

o − F2
c
)2/ ∑|Fo |2

)]1/2
.

3. Results and Discussion

3.1. Structure Description of Form II

The new AOH polymorph (Form II) crystallized in the P21/c space group. The
molecule consists of three fused, six-membered rings (Ring 1: C2, C3, C4, C5, C6, C7; Ring 2:
O1, C1, C2, C7, C8, C9; and Ring 3: C8, C9, C10, C11, C12, C13); the best-fit planes defined
by these rings will be referred to as Plane 1, Plane 2, and Plane 3, respectively (Figure 1). The
molecule is nearly planar with a plane twist angle of 2.19(8)◦ between Plane 1 and Plane 3
and surrounded by six approximately coplanar molecules. A strong intramolecular H-bond
(O3-H . . . O2) is present in the molecular structure. A packing diagram (Figure 2) shows
there are four additional intermolecular hydrogen H-bonds (O-H . . . O) per molecule
(Table 2) and one non-classical hydrogen bonding interaction with a distance of 2.986(3) Å
(O3-H . . . O4). Thus, each molecule has classical H-bonding interactions with four of
the surrounding alternariol molecules and non-classical hydrogen bonding interactions
with the remaining two molecules (Figure 2). All H-bonding interactions are between
approximately coplanar molecules. There are two pairs of closely π-stacked layers with
interlayer distances of 3.391 Å and 3.322 Å between each pair, while alternating pairs form
a dihedral angle of 7.10◦ (Figure 3).
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Figure 1. Crystal structure and labeling scheme of alternariol Form II with thermal ellipsoids at 50%
probability. Plane 1 (red), Plane 2 (green) and Plane 3 (blue) are also shown.

Figure 2. Hydrogen bonding network of alternariol—Form II. The middle molecule is surrounded by
six other molecules and has classical H-bonding interactions with four of them.

Table 2. Hydrogen-bond geometry (Å, ◦) of alternariol—Form II.

D-H . . . A D-H H . . . A D . . . A D-H . . . A

O3-H3 . . . O2 0.94(4) 1.76(4) 2.590(2) 144(3)
O4-H4 . . . O5i 0.89(3) 1.99(3) 2.735(2) 140(3)
O5-H5 . . . O2ii 0.93(3) 1.74(3) 2.640(2) 163(3)
O3-H3 . . . O4iii 0.94(4) 2.34(3) 2.986(3) 125(3)

i x − 1, y, z − 1; ii −x + 1, y + 1/2, −z + 3/2; iii −x, y − 1/2, −z + 1/2.
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3.391 Å 3.322 Å 

7.10° 

Figure 3. Perspective view depicting the interlayer distance and dihedral angle between best fit
planes for two pairs of π-stacked molecules.

3.2. Comparison of Form I and Form II

Crystals of Form I were obtained by Siegel et al. via sublimation in an argon atmo-
sphere and crystallized in the orthorhombic Pca21 space group, while crystals of Form II
were obtained via slow evaporation of a methanolic solution, crystallizing in the monoclinic
P21/c space group. There are three rotatable hydroxyl groups in alternariol, giving rise to
eight possible conformations (as optimized by Scharkoi et al.) [29]; however, Forms I and
II crystallize in the same conformation, which is different than the calculated gas phase
energy minimum [29,30].

The rings of Form I are not strictly coplanar—there is a plane twist angle of 7.6(1)◦
between Plane 1 and Plane 3. Initially, the lack of planarity was hypothesized to be due to
the steric effects of the methyl group (C14) in relation to the hydrogen atom on C6 (H6A).
A benzo[c]chromen-6-one analogue, 2-chloro-7-hydroxy-8-methyl-6H-benzo[c]chromen-6-
one [31], which lacks a sterically incumbered methyl group, yet its rings are considered to
be coplanar with a plane twist angle of 2.78(8)◦, was used for justification. However, this
analogue also lacks intermolecular hydrogen bonding that may exert forces onto the hy-
droxyl groups, causing their respective rings to twist slightly out of plane. Form II exhibits
an even smaller plane twist angle of 2.19(8)◦ than the above reference analogue. Moreover,
the distance between the methyl group and H6A are statistically the same—2.36(3) Å and
2.39(2) Å for Form I and II, respectively. Therefore, the lack of planarity in Form I must
be due to factors other than the steric interaction between the methyl group and H6A. A
previously mentioned alternariol analogue, AME [15], solidifies this notion: like alternariol,
it has a methyl group in close proximity to a hydrogen atom and a plane twist angle of only
0.59(5)◦, suggesting that rings 1 and 3 are coplanar. The difference is that AME has a more
extended hydrogen bonding network (including C-H . . . O and O-H . . . O interactions)
and stronger π-π stacking.

Superimposed images of Form I and Form II, matching atoms C11, C12, and C13 of
each structure (Figure 4), allow for visualization of the maximal deviations between the
polymorphs occurring at C4, C5, O4, and C6 with differences of 0.256(3) Å, 0.352(4) Å,
0.503(3) Å, and 0.306(4) Å, respectively. Clearly, forms I and II of alternariol do not show
significant variance in conformation and can therefore be described as packing polymorphs.
The different packing arrangements are attributed to a slight difference in planarity between
the two forms (Figure 5). In Form I, parallel molecules from different layers are eclipsed
(Figure 5a) while in Form II adjacent molecules are rotated 180◦ and offset by approximately
1.46 Å. (Figure 5d). Form I exhibits a zig-zag packing motif where interlayer H-bonding
interactions are formed between adjacent layers (Figure 5b), while Form II forms parallel
layers (Figure 5e) with no interlayer H-bonding interactions.

31



Crystals 2022, 12, 579

Figure 4. Overlayed wireframe images of alternariol Form I (blue) and Form II (red) matching C11,
C12, and C13 of each structure.

 

(a) (b) (c) 

(d) (e) (f) 

Figure 5. Crystal packing diagrams of Form I (upper) and Form II (lower) at different orientations.
Left column (a,d): views perpendicular to molecular planes; Middle column (b,e): side views of the
molecule; Right column (c,f): the same layers of 5b and 5e rotated by 90◦.

Hirshfeld Surface Analysis

Intermolecular interactions were investigated for Form I and Form II of alternariol via
analysis of Hirshfeld surfaces. Figure 6 shows the Hirshfeld surface for Form I, mapped over
dnorm (from −0.6764 to 1.0428) along with the neighboring molecules associated with the
closest contacts. Figure 7 shows the Hirshfeld surface for Form II, mapped over dnorm (from
−0.7193 to 1.2040) along with the neighboring molecules associated with the closest contacts.
Figures 6a and 7a illustrate the contact points. In both figures, the red regions on the surface
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represent the closest interactions between molecules. Four intermolecular H-bonded
interactions, O5-H . . . O4i (2.809(3) Å; green), the reciprocal O4 . . . H-O5ii (2.809(3) Å;
red), O4-H . . . O2iii (2.685(3) Å; orange), and O2 . . . H-O4iv (2.685(3) Å; purple) dominate
Form I (Figure 6). Similarly, four intermolecular H-bonded contacts are encountered in
Form II: O5-H . . . O2i (2.640(2) Å; green); O5 . . . H-O4iv (2.735(2) Å; purple); O4-H . . . O5ii

(2.735(2) Å; red); and O2 . . . H-O5iii (2.640(2) Å; orange) (Figure 7). In both Forms I and
II, there is a pattern of two shorter, 2.685 Å (I) and 2.640 Å (II), and two longer, 2.809 Å (I)
and 2.735 Å (II), intermolecular H-bonds, the ones of Form II being approximately 0.050 Å
shorter than the corresponding ones in Form I. Counterintuitively, the tighter H-bonded
pattern of Form II does not render it denser than I, with calculated densities of 1.594 g cm−3

vs. 1.590 g cm−3 for I and II, respectively. In Form I, three smaller, less intense red spots
can be observed, denoting long-range interactions: the first one between the methyl group
(C14) of external molecule i and O5 of the central molecule with a distance of 3.768(3) Å.
The second long range interaction can be seen between the methyl group of the central
molecule and the methyl group of an external one directly above it (not shown in Figure 5)
with a distance of 3.7244 (6) Å. The third long range interaction at 3.547(3) Å can be seen
between C4 of external molecule iv and O1 of the central one. This last interaction can
also be seen between C4 . . . O1iii. A number of long-range interactions can also be seen
in Form II. The first is a non-classical hydrogen bond between O4 of the central molecule
with O3-H of an external one (shown in Figure 2) with a distance of 2.986(3) Å. The second
interaction is between O1 of external molecule i and C12 of the central one with a distance
of 3.821(3) Å. Two additional reciprocal interactions between C4 and the methyl group are
shown at 4.126(3) Å.

From the dnorm surface, 2D fingerprint plots are assembled in Figure 8. Here, dark blue
squares represent the fewest concentration of points, green—moderate, and red—dense
concentration of points. The shapes of the full fingerprint plots for Forms I and II share
some similarities. They each have two sharp spikes in the bottom left quadrant of the
plot that correspond to the shortest interactions (O . . . H); however, the spikes of Form
II are much sharper. Both plots also show a cluster of green and red squares roughly
around di = de ≈ 1.8–2.0 which indicates C . . . C interactions and π-π stacking interactions;
however, Form II has a larger concentration of these interactions.

i 

ii 

iii 

iv 

i 

ii 

iii iv 

a) b) 

Figure 6. Hirshfeld surface of Form I mapped over dnorm along with external molecules i–iv: a
perpendicular view of the molecule and its surface (a) and an angled view (b). Red regions on the
surface represent close contacts, blue regions represent long contacts, and white regions represent
contacts in which the distance is equal to the sum of van der Waals radii.

The decomposition of the full fingerprint plot into the specific types of molecular inter-
actions are shown in the Supplementary Materials. From the greatest to least contribution,
the interactions are as follows (percent contributions are written in parentheses in the order
of Form I, Form II): O . . . H (38.6, 37.4); H . . . H (28.9, 29.6); C . . . C (16.0, 16.2); C . . . H (9.1,
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10.1); O . . . C (5.7, 4.7); O . . . O (1.7, 2.0). The order of contributions is the same for both
Forms I and II; even the precent contributions of each interaction are similar for each Form.

i 

ii 

iii 

iv 

i 

ii 

iii 

iv 

a) b) 

Figure 7. Hirshfeld surface of Form II mapped over dnorm along with external molecules i–iv: a
perpendicular view of the molecule and its surface (a) and an angled view (b). Red regions on the
surface represent close contacts, blue regions represent long contacts, and white regions represent
contacts in which the distance is equal to the van der Waals radii.

Form I Form II 

Figure 8. Full 2D fingerprint plot of Form I (left) and Form II (right) of alternariol.

4. Conclusions

Single crystals of two polymorphs of alternariol have been grown using two dif-
ferent methods—sublimation and recrystallization from a methanolic solution. As the
bioavailability of polymorphs, and consequently their biological properties, vary among
them, the possibility exists that recrystallization from solvents of a different polarity than
methanol may result in additional polymorphic structures, which may exhibit differences
in cytotoxicity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst12050579/s1, Figures S1 & S2: 2D fingerprint plots filtered
by type of molecular interaction for Form I and Form II, respectively; Table S1: Selected bond lengths
(Å) for alternariol—Form II.
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Abstract: High-pressure polymorphism is a developing interdisciplinary field. Pressure up to
20 GPa is a powerful thermodynamic parameter for the study and fabrication of hydrogen-bonded
polymorphic systems. This review describes how pressure can be used to explore polymorphism and
surveys the reports on examples of compounds that our group has studied at high pressures. Such
studies have provided insight into the nature of structure–property relationships, which will enable
crystal engineering to design crystals with desired architectures through hydrogen-bonded networks.
Experimental methods are also briefly surveyed, along with two methods that have proven to be very
helpful in the analysis of high-pressure polymorphs, namely, the ab initio pseudopotential plane–
wave density functional method and using Hirshfeld surfaces to construct a graphical overview of
intermolecular interactions.

Keywords: high pressure; diamond anvil cell; polymorphism; hydrogen bonds

1. Introduction

Polymorphism (Greek: poly = many, morph = form) is a term applied in several areas
to describe the diversity of nature.

Mitscherlich (1822, 1823) is generally regarded as the first person to apply poly-
morphism to crystallography when he recognized various crystal structures of the same
compound in several arsenates and phosphate salts. Polymorphism, like many other words
in chemistry, lacks a comprehensive definition. McCrone (1965) addresses this issue, and
his working definition of polymorphism and the attached stipulations are still as influential
as they were when he initially enunciated them.

A polymorph, according to McCrone, is “a solid crystalline phase of a particular
compound that results from the possibility of at least two distinct configurations of that
compound’s molecules in the solid form”.

Solid forms of the same compound exhibit different physicochemical properties, such
as melting point, boiling point, hardness, and conductivity [1–3]. These features are crucial
in a wide range of industrial and commercial applications [4–7]. Given the multiple
ways in which a new polymorph is innovative, it is vital to characterize and regulate its
polymorphic behavior during its development and marketing. Drug goods, particularly
in the pharmaceutical business, undergo various manufacturing processes before they
reach the market [8–10]. A pharmaceutically active molecule’s chemical structure affects its
activity and toxicity [11–14]. Thus, understanding the structural stability of polymorphs is
crucial to physics, chemistry, and pharmaceutics.

High pressure has been shown to be a powerful approach for investigating polymor-
phism [15–21]. Multitudinous new high-pressure polymorphs related to simple molecules
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(e.g., alcohols and carboxylic acids), more complex systems (e.g., amino acids), and substan-
tially larger systems (e.g., energetic materials, pharmaceuticals, metal organic frameworks,
and transition metal complexes) have been produced [22–32].

Under identical high-pressure circumstances, the orthorhombic and monoclinic poly-
morphs of L-cysteine are affected differentially. Although the two L-cysteine polymorphs
coexisting under environmental conditions have different density values, increasing the
pressure does not change the orthorhombic polymorph with lower density into the mono-
clinic polymorph with higher density. On the contrary, each of the two polymorphs has
undergone its own series of structural changes and has become a unique set of high-pressure
phases. The irreversibility of the phase transition in the orthorhombic polymorphs of L-
cysteine and the formation of new phases during decompression or the second compression
cycle illustrate the kinetic control of pressure-induced phase transitions in crystalline amino
acids [33]. Glycine is a classic case study in high-pressure polymorphism research. The
α–form of glycine is stable to 23 GPa, the β–form undergoes phase transition to a new form
at 0.76 GPa, and the γ–phase transforms into the ε–phase at 2 GPa [34–37]. Two parac-
etamol polymorphs are studied to determine the importance of hydrogen bonding and
crystal structure. At 443 K, piracetam changes from form–III to form–I with a compression
of 0.2 GPa [38,39]. Therefore, it is concluded that pressure has an unmatched function
to modify crystal structures, especially during phase transitions or the formation of new
polymorphs.

Due to its directionality, reversibility, and saturability, hydrogen bonding, as an im-
portant intermolecular interaction, plays a vital role in polymorphism [40–43]. Pressure
has a long history of decreasing the intermolecular gap between materials and bringing
atoms closer together. This feature illustrates that pressure can alter the strength of hydro-
gen bonding [44]. Increased pressure has been shown to strengthen weak and moderate
D−H···A connections (where D and A denote a donor and acceptor, respectively), resulting
in a lengthened D−H distance. By contrast, pressure has little effect on strong hydrogen
bonding [45,46]. Pressure-induced changes in hydrogen bonding can also result in changes
in crystal symmetry, most frequently in conjunction with the effects of π-stacking, van der
Waals, and electrostatic interactions. Thus, the cooperativity of various noncovalent inter-
actions and changes in hydrogen bonds as a function of pressure are crucial for material
structural stability [4–50].

Extensive research has been conducted on hydrogen-bonded polymorphs under high
pressures, particularly for diamond anvil cell (DAC) methods. Compressive strength,
hardness, and transparency to visible light are not the only properties of diamond that
make it such a good choice for anvils. Diamond is also extraordinarily transparent to parts
of the electromagnetic spectrum that are invisible. Many kinds of in situ characterizations
based on the DAC, including Raman scattering, infrared, angle-dispersive X-ray diffrac-
tion (ADXRD), UV absorption, and fluorescence spectroscopy, have gathered significant
information about pressure-induced changes in intermolecular interactions. In researching
polymorphic systems, these high-pressure techniques provide considerable precision, accu-
racy, and sensitivity. These polymorphic materials have demonstrated a variety of critical
functions and properties [51–56].

High-pressure science was dominated by hydraulically powered anvil and piston–
cylinder devices from the early 1900s to the 1960s. These machines are monstrous in size
and require the operation of specialized laboratories. As the gasketed DAC developed
in the mid-1960s, high-pressure research technology became less demanding [57,58]. As
shown in Figure 1, the DAC’s basic concept is as uncomplicated as previously described [59].
Samples are placed in the metal gasket hole between the flat and parallel culets of two
diamond anvils. The sample sustains high pressure when an external force pushes the
two opposed anvils together. By filling the pressure chamber with a liquid pressure-
transmitting substance, hydrostatic pressure conditions can be achieved [60,61]. A well-
calibrated ruby fluorescence pressure scale is used to determine the pressure within the
DAC sample chamber.
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Figure 1. Schematic of DAC for high-pressure studies.

This review outlines recent advances in polymorphism in hydrogen-bonded crystals
produced by the application of in situ high-pressure techniques and briefly discusses
new development challenges. Additionally, potential obstacles and future directions are
evaluated.

2. High-Pressure Polymorphism in Amides

Amides are particularly important because they are abundant in nature and are
commonly employed in industry and technology as structural materials. In addition, the
hydrogen bonds within the functional group of amides exhibit a similar directionality to
those found in carboxylic acid synthons.

As a first-line antituberculosis medicine, pyrazinamide (C5H5N3O, pyrazine-2-carbo-
xamide, PZA) has been included on the World Health Organization’s Model List of Essential
Medicines. This medication is an infrequent instance of a conformationally stiff molecule
with four polymorphs, namely, the α, β, γ, and δ forms [62–64]. Figure 2 illustrates the
molecular packings in several polymorphs.

Figure 2. Crystal structures of PZA polymorphic forms: α, β, δ, and γ forms. Reprinted with
permission from Ref. [65]. Copyright 2012 American Chemical Society.
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The phase interactions between the four polymorphs have been widely researched
at ambient pressure. Once the pure δ and γ forms undergo hand-grinding, they will be
converted to the α–form in 45 min. The α, β, and δ forms will be converted to the γ-form
upon being heated to 165 ◦C. After being cooled to room temperature, the γ-form can
remain stable for up to 6 months before gradually converting to the α-form. In other words,
a stable form at a high temperature can be retained at ambient temperature as a metastable
form. Within the temperature range of −263 to −13 ◦C, the α-form changes into the δ-form.

We have adopted the in situ Raman spectroscopy and ADXRD techniques to examine
the high-pressure responses of three forms (α, δ, and γ) of PZA [65]. At 4 GPa, the γ-phase
transforms to the β-phase, while the other two forms preserve their original structures up
to 14 GPa. The volume of the γ-phase is reduced by ∼3% at a pressure greater than 4 GPa.
The bulk modulus and pressure derivatives for the γ-form are B0 = 6.3 ± 0.4 GPa and
B0

′ = 10.0 ± 0.3. These parameters for the β-form are B0 = 7.9 ± 0.3 GPa and B0
′ = 5.8 ± 0.2.

These equations imply that the β-form is more difficult to compress, which is consistent
with the conclusion of lattice vibration analysis in the Raman spectra.

The β-form cannot be obtained entirely under ambient conditions. It always crystal-
lizes alongside the γ-form. The α- and δ-forms’ stability under compression is attributable
to their unique dimer link. Previous studies have shown that the dimers are connected by
relatively strong N–H . . . O hydrogen bonds in the α, β, and δ forms, whereas head-to-tail
connection is only present in the γ-form through the N–H . . . N hydrogen bonds [66].

The pressure-induced γ-to-β phase change is exceptional in that it happens between
two well-characterized polymorphs and is reversible. Additionally, the phase transition is
detected at a wide range of pressures. Hysteresis behavior is very common in high-pressure
investigations and is a characteristic of first-order phase transitions. The γ-form is not recov-
ered until the pressure is close to the ambient level, which indicates an energy barrier to the
transition [67]. An imbalance between hydrogen bonding and van der Waals interactions
within γ-PZA could be responsible for the phase transition. The distances between PZA
molecules inside the 3D structure decrease as pressure increases, strengthening hydrogen
bonding and increasing overall Gibbs free energy. The free energy of the phase transition is
reduced by rotating the PZA molecules and reassembling hydrogen bonds, resulting in a
~4 GPa phase transition.

Malonamide (C3H6N2O2) is a model compound for investigating the hydrogen bond-
ing interactions that occur when amides are compressed. This technique is used to manu-
facture pharmaceuticals and insecticides. This substance is analogous to a glycine residue
with the peptide group inverted. Malonamide derivatives are of particular relevance be-
cause they are used in the manufacture of peptidomimetic compounds. Malonamide is a
polymorphous compound that crystallizes into monoclinic, tetragonal, and orthorhombic
crystal forms [68–70]. The unit cell parameters of the monoclinic forms are a = 15.78(0)
Å, b = 4.63(7) Å, c = 9.33(1) Å, β = 133.84(0)◦, V = 492.46(4) Å3, and Z = 4. Tetragonal
forms crystallize into a = 5.3140(3) Å, c = 15.5360(12) Å, V = 438.71(5) Å3, and Z = 4. Crys-
tallographic parameters of the orthorhombic forms are a = 5.3602(9) Å, b = 7.5178(8) Å,
c = 11.791(2) Å, V = 475.14(12) Å3, and Z = 4.

The monoclinic form Is chosen as the sample and compressed to a pressure of 10.4 GPa
in a DAC at room temperature [71]. In situ Raman spectroscopy is utilized to detect
structural changes caused by pressure. At 2.1 GPa, the Raman spectra show considerable
changes, indicating the occurrence of a phase transition. At various pressures, the Raman
spectrum is analyzed in terms of its fluctuations, which include the elimination of original
modes, the development of new modes, and discontinuous changes in the Raman modes’
pressure dependence.

Ab initio calculations are adopted to calculate the changes in molecular configurations
and hydrogen-bonded networks. The computed results indicate that the molecules distort
slightly in reaction to pressure. As a result, the original hydrogen bonds between N–H···O
are twisted. Additionally, the hydrogen-bonded patterns shift significantly. All amine
groups participate in hydrogen bonding in the ambient structure. Eight hydrogen bonds
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are created between each molecule, including four donors and four acceptors. At a pressure
of 10 GPa, however, one sort of asymmetric unit molecule establishes six hydrogen bonds
with three donors and three acceptors. These findings corroborate the Raman spectra
observed in the NH2 stretching modes. The appearance of NH2 asymmetric stretching
modes indicates that the hydrogen bond networks have been reconstructed. Meanwhile,
the modes that are related to N–H . . . O hydrogen bonds, including the NH2 twisting, NH2
rocking, NH2 scissoring, NH2 bending, CO bending, and CO stretching modes, all vary
remarkably during phase transition. These variations indicate that the hydrogen bond
donors and acceptors adopt new orientations.

We use Hirshfeld surfaces and fingerprint plots to compare changes in packing pat-
terns and intermolecular interactions (Figure 3). This method simplifies the process of
determining hydrogen bonding and van der Waals radius. On Hirshfeld surfaces, blue
patches denote long interactions, and red regions denote short contacts. When the pres-
sure is increased, the blue parts shrink, and the red regions expand. This development
corresponds to the typical shortening of connections under conditions of high pressure.
The two “spikes” reflect N–H···O hydrogen bonding in both plots. The upper spike is
the hydrogen bond donor (where de > di), whereas the lower spike is the hydrogen bond
acceptor (where di > de). This conclusion is evident from the fingerprint plot: the N–H···O
spikes grow less prominent as the plot moves closer to the origin. The reduced maximum
values of de between ambient pressure (2.399 Å) and 10 GPa (1.921 Å) are attributable
to the overall shortening of the long contacts. The contribution of the H···O connections
remains stable at 23.9% at ambient pressure and 21.1% at 10 GPa, respectively. The H···H
contacts are compressed from 2.6 Å at ambient pressure to 2.2 Å at 10 GPa. Moreover,
the contribution of the H···H interaction changes from 32.3% to 30.2%. According to the
computed results, fluctuations in the NH2 stretching Raman vibrations, and the degree of
freedom of the molecules, the phase transition of crystalline malonamide is likely induced
by rearrangements of the hydrogen-bonded networks.

Figure 3. Hirshfeld surfaces mapped with dnorm and fingerprint plots for malonamide at ambient
pressure(a,c) and at 10 GPa (b,d). Reprinted with permission from Ref. [71]. Copyright 2015 Royal
Society of Chemistry.
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Acetamide (H3CCONH2) is a hydrogen-bonded system with a basic structure that
can be used as a model system for researching hydrogen-bonded systems under high
pressures. Additionally, since acetamide contains just one peptide link, it can shed light
on the structures of complicated peptides and proteins. Acetamide crystallizes into two
crystal forms under ambient conditions, namely, the stable rhombohedral space group R3c
and the metastable orthorhombic space group Pccn [72,73].

At pressures up to 16 GPa, in situ ADXRD and Raman scattering are utilized to exam-
ine the vibrational and structural properties of rhombohedral acetamide [74]. The ambient
unit cell is seen in Figure 4a. Each acetamide molecule includes two acceptors and two
donors, resulting in the formation of four N–H···O hydrogen bonds with other molecules.
As a result, the equilibrium between hydrogen bonding and van der Waals interactions has
an effect on the acetamide structure’s stability under high pressure. At 0.9 GPa and 3.2 GPa,
two structural phase transitions are observed, as indicated by significant changes in the
Raman spectrum and discontinuities in peak positions vs. pressure. Significant alterations
in the ADXRD patterns, as seen in Figure 4b, further verify the phase transition. Pawley
refinement is used to determine the lattice parameters of the high-pressure phase–II using
ab initio calculations. The crystal structure of phase–II can be indexed and refined as a
monoclinic system with a potential C2/c space group; the lattice constants are as follows:
a = 7.34(2) Å, b = 17.26(1) Å, and unit cell volume V = 690.7(1) Å3. Phase–III has similar
diffraction patterns to phase–II, implying that the two high-pressure phases may have
similar structures.

Figure 4. Ambient unit cell (a) and representative ADXRD patterns of acetamide crystal at different
pressures (b). The peaks marked by asterisks and hollow triangles indicate the emergences of new
phases. Reprinted with permission from Ref. [74] Copyright 2013 Royal Society of Chemistry.

The mechanism for pressure-induced phase changes has been postulated based on
experimental and computational studies. Hydrogen bonding and van der Waals forces
are the two key interactions that maintain acetamide’s structural integrity at ambient
temperature. The van der Waals forces between neighboring acetamide molecules increase
as pressure increases because the distances between nearby molecules shrink. At the same
time, the shorter hydrogen bonds make hydrogen bonding contact easier. The total Gibbs
free energy available to the cosmos is enhanced by this method. With further compression,
the acetamide crystal structures can no longer support the increasing Gibbs free energy.
Thus, acetamide molecules slide and/or rotate, reorganizing hydrogen-bonded networks
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(through reconstruction and torsion) to lower the free energy. Thus, acetamide crystals
undergo phase changes at various critical pressures (0.9, 3.2 GPa).

3. High-Pressure Polymorphism in Hydrazides

Maleic hydrazide (C4H4N2O2, MH), a well-known plant growth inhibitor in agri-
culture, comes in three polymorphic forms: triclinic MH1 and monoclinic MH2 and
MH3 [75–77]. In their crystal structures, the three polymorphs exhibit identical pat-
terns of hydrogen bonding, namely, an O−H···O motif that connects infinite chains
of molecules. These polymorphs are connected into ribbons of double chains through
N−H···O interactions.

The pressure-induced polymorphism of MH3 is investigated by in situ ADXRD and
high-pressure Raman spectroscopy [78]. At 2 GPa, variations in the Raman spectrum
suggest the presence of a pressure-induced phase transition. High-pressure ADXRD
tests are carried out to further characterize this transition, as seen in Figure 5a. The
monoclinic polymorphic form of MH2 with space group P21/c is connected to the pressure-
induced phase. The new MH2 phase remains when the pressure is increased even more.
Further analysis indicates that this pressure-induced polymorphic transformation could
be attributed to changes in the hydrogen-bonded ribbons. The ADXRD pattern indicates
that this MH3 to MH2 polymorphism is partially reversible when the sample is returned
to atmospheric pressure, with the majority of the sample reverting to the original MH3
structure. The quenched sample contains 68.3 wt% MH3 and 31.7 wt% MH2, according to
the Rietveld quantitative phase analysis results in Figure 5b. The coexistence of these two
polymorphic forms upon complete pressure release could be explained by their identical
hydrogen-bonded aggregates and similar energies.

Figure 5. (a) Representative ADXRD patterns at elevated pressures. Arrows indicate new peaks.
(b) Quantitative phase analysis based on the Rietveld fit of the diffraction patterns collected from the
quenched sample: red line, experimental pattern; blue dotted line, simulated pattern; the black line is
the fit residual. Reprinted with permission from Ref. [78]. Copyright 2014 American Chemical Society.

The conformational polymorphism oxalyl dihydrazide [H2N−NH−CO−CO−NH−
NH2, ODH] has five known polymorphs. The ODH molecule is composed of six possi-
ble hydrogen-bond donors (N−H bonds of the NH and NH2 group) and four possible
hydrogen-bond acceptors (oxygen atoms in the C=O groups and nitrogen atoms in the
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NH2 groups). Numerous polymorphisms have been found, including α, β, γ, δ, and ε [79].
The crystal structures of the ODH polymorphic forms are depicted in Figure 6.

The molecule’s N−N−C−C−N−N backbone is planar in all polymorphs and con-
forms to the trans-trans-trans conformation. The oxygen atoms of the O=C groups and
the hydrogen atoms of the NH groups lie within this plane. The pyramidal structure of
the NH2 group indicates that the nitrogen atom has undergone sp3 hybridization, which
enhances the nitrogen atom’s capacity to act as a hydrogen-bond acceptor. Computational
approaches are utilized to determine the energy sequence of the known polymorphs: α > ε

> γ > δ > β [80,81].
At a pressure of 20 GPa, high-pressure Raman spectroscopy and ADXRD studies of the

five types of ODH are carried out [82]. By applying pressure to the original counterparts,
five novel forms are identified. Under high pressure, each polymorph yields a new form,
resulting in a total of ten polymorphs, with the new forms being α′, β′, γ′, δ′, and ε′. The
transition pressure points of the five ODH polymorphs are 12.0, 14.0, 11.3, 10.6, and 6.0 GPa
for the α, β, γ, δ, and ε forms, respectively, as determined by Raman and ADXRD patterns.
Under the influence of shear force, the β-form is changed into the α-form. As a result,
high-pressure ADXRD experiments on the β-form cannot be carried out. The new forms
might be indexed as P21/c for α′, Pmnb for γ′, P21/n for δ′, and P-1 for ε′ via ab initio
calculations. Several hydrogen-bond donors and acceptors, and low-energy conformational
changes in NH and NH2 groups, all play a role in the molecular conformation of ODH,
resulting in a variety of crystal polymorphs. The transition pressures of the α, β, γ, and δ

forms are all above 10 GPa, while the ε-form is changed into the ε′-form at about 6 GPa.
This is attributable to the fact that the ε-form’s structure is significantly different from that
of the other polymorphs. The ε-form has ribbons that generally run perpendicularly to
create a grid-like pattern when viewed in projection along the c-axis. The grid-like structure
of the form is not as stable under pressure as the other polymorphs’ sheet-like parallel
ribbon structures. Therefore, the ε-form’s phase transition takes place at 6 GPa, at least
4 GPa lower than those of the other four forms.

Figure 6. Crystal structures of ODH polymorphic forms: α, β, δ, γ, and ε forms. Reprinted with
permission from Ref. [82]. Copyright 2015 American Chemical Society.

4. High-Pressure Polymorphism in Carboxylic Acid Derivatives

Because the molecule has distinct functional groups, as do many pharmacological
compounds, p-aminobenzoic acid (C7H7NO2, PABA) is a practicable substance for the
model material. The chemical is largely utilized in the production of medicines. Perfumes,
colors, and feedstock additives are some of the other applications. PABA polymorphs
have sparked much curiosity among scientists. Two polymorphs are known to exist: the
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α- and β-forms. The majority of the reported research on this drug has been focused on
crystallography. Jarchow and Banerjee use NMR to confirm the phase transition of α-form
crystals at 32 ◦C [83,84]. When crystallized from a solvent, the transition temperature
between the two forms is approximately 25 ◦C; β-PABA is thermodynamically stable below
this temperature [85]. Yang et al. discover that when heated to 96 ◦C, the β-form can be
transformed into the α-form [86].

According to published sources, the two polymorphs are synthesized: the α-polymorph,
which is commercially accessible and resembles long, fibrous needles; and the β-polymorph,
which resembles prisms. The function of high pressure on the two forms in a DAC is inves-
tigated via in situ Raman spectroscopy [87]. Experiments demonstrate that both forms keep
their original structures up to a pressure of 13 GPa. For determining the variations in inter-
molecular interactions, the Hirshfeld surface and fingerprint plot have been applied. Upon
a thorough comparison of the small structural alterations and anisotropic properties, we
find that the particular dimer link is a factor in maintaining the stability of α-form crystals,
while the presence of hydrogen-bonded networks with a four-membered ring structure
is a factor in maintaining the stability of the β-form. For α-PABA, the molecular pairs are
connected via two O–H . . . O bonds; a hydrogen-bonded bridge is formed between the two
molecules. This bridge resists the effect of pressure along the direction of hydrogen bonds.
This visualization is analogous to the behaviors of the α- and δ-forms in pyrazinamide
polymorphs. In the tetramer structure of β-PABA, the special four-membered hydrogen-
bonded networks can easily twist to release the increased intermolecular interactions, as
well as maintain the balance of hydrogen bonding and van der Waals interactions; the
structural stability is maintained. The crystal structures of α-PABA and β-PABA under
ambient conditions are shown in Figure 7.

Figure 7. Crystal structures of (a) α-PABA and (b) β-PABA under ambient conditions: the hydrogen
bonds are marked as dashed lines. Reprinted with permission from Ref. [87]. Copyright 2014 Royal
Society of Chemistry.

Chemists and biologists have always been interested in cinchomeronic acid (CA; pyridine-
3,4-dicarboxylic acid; C7H5NO4) due to its unique structure and characteristics [88–92]. CA
is commonly employed in the building of coordination networks due to the flexibility of
its metal coordination modes [93,94]. Since 1971, the PDF-2 has been reported to include
two CA polymorphs. Form-I and form-II can be prepared concomitantly from the recrystal-
lization of form-II in ethanol/water solution at ambient conditions. A slurry conversion
experiment converts form-II to form-I, which will disintegrate before melting, with the
form-I melting at 263 ◦C and form-II melting at 259 ◦C.

The compression behavior of the two forms is investigated using DACs in conjunction
with Raman spectroscopy and ADXRD [95,96]. Once a phase change is produced as the
form-I is compressed to about 6.5 GPa, the new polymorph form-III is produced. The
ADXRD pattern indicates that this polymorphic transition is partially reversible when the
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sample is brought back to ambient pressure, with a portion of the sample reverting to
its original form-I structure (Figure 8a). The Raman spectra’s lattices and internal modes
are evaluated to determine the alterations to the CA form-I molecules’ local environment.
A low-symmetry triclinic structure with space group P1 is shaped by the indexing and
refinement of form-III. In CA form-I, the phase transition may be triggered due to the
reconstruction of the hydrogen-bonded networks.

Figure 8. (a) Representative high-pressure ADXRD patterns of CA form-I. Red asterisks indicate new
peaks. Down arrow indicates the disappearing diffraction peak. Reprinted with permission from
Ref. [95]. Copyright 2019 Institute of Physics (b) Representative high-pressure ADXRD patterns of
CA form-II. Red asterisks represent the peaks of form IV. Black dots show the peaks of form II. Down
arrows show the disappearing diffraction peaks of form II. Reprinted with permission from Ref. [96].
Copyright 2021 American Chemical Society.

At ~11–13 GPa, a polymorphic transition is visible in the Raman spectra and ADXRD
patterns of form-II. From form-II, a new CA polymorph named form-IV is formed. Form-
IV could be a monoclinic structure with the space group P21/c, according to ab initio
calculations. In the released ADXRD pattern, as shown in Figure 8b, form-IV peaks coexist
with form-II peaks. The reconstruction of hydrogen-bonded networks is the most likely
cause of the polymorphic transformation in both experimental and theoretical data.

Phenyl carbamate (C7H7NO2, PC) is a widely used pharmaceutical intermediate with
a wide range of pharmacological characteristics and uses. Three pure PC polymorphs
have been discovered via traditional crystallization methods: form-I, form-II, and form-III.
Methanol and acetonitrile are used to crystallize form-I, while ethyl acetate is used to
crystallize form-II. At 25 ◦C, solution-mediated phase transition and solid-state phase
transition produce form-I. The computed phenotype-II is 4.6% denser than phenotype-I,
according to the Burgers density rule. Changes in HSM, PXRD, and DSC spectra are used
to track the development of form-III.

PC form-I has been used to investigate the pressure-induced polymorphic transition
and disorder in the amorphous state in polymorphic molecular systems [97]. Under high
pressure, no polymorphic transition from crystalline PC-I to type-II crystals can be observed.
At a pressure of 12.7 GPa, the evolution of the ADXRD and Raman spectra suggest that a
reversible pressure-induced amorphization (PIA) occurs in PC type-I. The ADXRD patterns
and diffraction patterns of PC form-I under different pressures are presented in Figure 9.
The modifications of PC-I hydrogen bond networks and molecular configuration under
pressure are computed by ab initio approach. Hirshfeld surfaces and fingerprint plots are
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utilized to rapidly compare changes in packing patterns and intermolecular interactions.
Based on experimental and theoretical data, we predict that the PIA of crystalline PC form-I
is driven by competition between close packing and long-range ordering. This competition
results in the collapse of the hydrogen bonds.

Figure 9. Synchrotron XRD patterns of PC form-I under different pressures (a). Diffraction images of
PC form-I compressed under 12.7 GPa (b) and decompressed under ambient pressure (c). Reprinted
with permission from Ref. [97]. Copyright 2017 American Chemical Society.

5. Summary

In this review, we have aimed to summarize some of the studies of our group on
high-pressure polymorphism in hydrogen-bonded crystals. These crystals are divided into
three categories, namely, amides, hydrazides, and carboxylic acid derivatives. These studies
have shown that pressure can induce amorphization, the formation of new polymorphs,
and phase transitions between different polymorphs. Experimental and computational
results have revealed that pressure-induced structural distortions and structural stability
can be correlated with the hydrogen bonding.

High-pressure polymorphism is a growing and rapidly expanding scientific topic with
a promising future. Hydrogen-bonded crystal research will continue to evolve and improve
as new discoveries in powder diffraction, high-pressure crystal formation from solution,
and theoretical techniques are established (e.g., density functional theory and crystal
structure prediction). Although several fundamental issues remain unsolved, significant
progress is being made in several laboratories. However, more research still needs to be
done by professionals using high pressures.
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Abstract: The sp2-bonded layered compound boron nitride (BN) exists in more than a handful
of different polytypes (i.e., different layer stacking sequences) with similar formation energies, which
makes obtaining a pure monotype of single crystals extremely tricky. The co-existence of polytypes
in a similar crystal leads to the formation of many interfaces and structural defects having a deleterious
influence on the internal quantum efficiency of the light emission and on charge carrier mobility.
However, despite this, lasing operation was reported at 215 nm, which has shifted interest in sp2-
bonded BN from basic science laboratories to optoelectronic and electrical device applications.
Here, we describe some of the known physical properties of a variety of BN polytypes and their
performances for deep ultraviolet emission in the specific case of second harmonic generation of light.

Keywords: boron nitride; polytypism; deep ultraviolet emission

1. Introduction

Developing electronics capable of operating at high frequency and high power, at high
temperature, and in harsh environments and optoelectronics with absorption/emission
with wavelengths shorter than 400 nm requires the global control of the different branches
of the technology. To date, research has focused on some group IV semiconductors such
as diamond or silicon carbide and the group III element nitrides. The now fairly mature
technology of nitride semiconductors extensively uses heterostructures of (Al,Ga,In)N solid
solutions with atoms stacked according to the C6V hexagonal (wurtzite) symmetry [1].
After some attempts, the prospect for producing commercial devices based on the cubic
(zincblende) polymorphs of these alloys has been almost abandoned, because it is difficult
to synthesize these materials with qualities as good as those with the wurtzite structure [2,3].
For deep UV range of emission/absorption, i.e., light with wavelengths near 200 nm, alu-
minum nitride and boron nitride (BN) are, among the III–V compounds, both candidates
of choice [4]. Concerning the family of II–VI compounds, magnesium-rich solid solutions
of (Zn,Mg)O will be probably used. Each of these three candidate semiconductor systems
share similar severe difficulties, such as the control of their electronic properties by impurity
doping. There are also more specific ones: a wurtzite to rock-salt phase transition versus
Mg composition for the II–VI compounds alluded to earlier [4,5], or polytypism for boron
nitride. All these variations in the crystal structure impact charge carrier mobilities and
diffusion lengths and the interaction of electromagnetic fields with the electronic states (op-
tical internal quantum efficiency). In this article, we focus on the polytypism in sp2-bonded
boron nitride, a layered two-dimensional compound similar to graphite, mica, MoS2, or
InSe. The different polytypes are associated with different space groups and different
physical properties such as the occurrence or not of piezoelectricity, ferroelectricity, sponta-
neous polarization and second harmonic generation. The choice of this material is linked
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to its technologically demonstrated interest and to its optical properties: stimulated light
emission at 215 nm was demonstrated in single crystals by cathodoluminescence as early
as 2004 [6], and an electrically-driven field emission device was later demonstrated [7].
Boron nitride is also a developing material for quantum technologies, specifically single
photon sources operating in the UV from topological defects of the crystal. Such quantum
emitters have not been reported in classical nitrides, although it has been already demon-
strated in hBN with operation at 4 eV [8]. It was recently reported by a bottom–up growth
technique at the UCB (University of California, Berkeley, CA, USA) that slightly twisted
two-layered BN crystals with reduced symmetry could dramatically enhance the intensity
of this emission [9]. A various series of applications have also been proposed regarding
nanophotonics with hBN, which are partly reviewed in [10].

There exists no theory about the origin of polytypism in stackings of arrays of six-ring
made alternating boron and nitrogen atoms. A case by case analysis is required for the in-
terpretation of the origin of this phenomenon in a given compound [11]. In SiC, ZnS, CdI2,
or micas, this has been already understood, based on a sophisticated application of advanced
thermodynamic models and dislocations-assisted growth mechanisms [12–14]. These studies
demonstrate that there does not exist a universal model to describing the origins of polytypism
and to quantitatively anticipate its consequences on the physical properties of BN crystals out
of campaigns of experimental and theoretical investigations.

2. The Many Shapes of BN: Polymorphism and Polytypism

Boron nitride was synthesized as early as 1842 [15], and it appeared as a white powder
made of small flakes revealed by optical microscopy. Advantage was taken of its high melt-
ing temperature (above 2900 ◦C) for hot-pressing this powder in order to design specific
forms (crucibles for the growth of crystals for instance) for industrial operations in high-
temperature conditions. Its powders could be used as a dry solid lubricant, analogous
to black graphite or MoS2. The efficient interaction of neutrons with the nucleus of the 10B
isotope, which is present with 11B with respective proportions of 20/80 in natural boron,
was also evidenced [16–18]. Adding it to concrete can provide some protection to neutron
irradiation. These physical properties paved the way for interesting industrial applica-
tions, including cosmetics, a couple of decades before the birth of solid-state electronics.
The crystalline structure of such BN powders leads to controversial suggestions [19–22]
until R.S. Pease [23] clearly proposed (for the hBN powders, he was studying the X-ray
diffraction features), an sp2-type of chemical bonding. The easy gliding of the (001) crys-
tallographic planes under shear stress is prototypical of layer compounds including hBN,
graphite and MoS2. These and many other layered compounds typically have strong
chemical bonds in the plane of the layers and weak van der Waals bonds orthogonal
to the planes. Thus, van der Waals interactions rule the stability of the stacking in the 〈001〉
direction. Recently, Vuong et al. [24,25] extracted the electronic distribution around nitro-
gen and boron atoms by studying the X-ray diffraction features over the full reciprocal
space of high-quality hBN single crystals. The electron density is significantly higher
around nitrogen atoms than boron atoms as theoretically predicted [26], with in addition,
some slight differences around 10B or 11B isotopes in case of isotopically purified hBN [25].
The six-ring stacking that is derived from these studies is a perfectly (at the scale of the sen-
sitivity of the x-ray experiments) ordered stacking of a honeycomb two-dimensional lattice
of six-ring layers, with perfectly aligned lines of alternating boron and nitrogen atoms
from one plane to another, along the 〈001〉 direction [23]. Such three-dimensional arrange-
ment of the boron and nitrogen atoms follows the D4

6h (also noted P63/mmc or N°194)
space group symmetry, and it is sketched in along the 〈001〉 direction of the hexagonal
lattice in Figure 1a. Hexagonal boron nitride is the most common BN polytype, but it is not
the only one: far from it [27–32].
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Figure 1. BN polymorphs. The stacking of boron (magenta spheres) and nitrogen (blue spheres)
atoms for (a) the sp2 bonded hBN, and sp3 bonded (b) zinc blend, and (c) wurtzite polymorphs and
(d) the turbostratic disordered stacking. The vertical axis is the 〈001〉 crystallographic direction for all
the structures.

2.1. Polymorphisms

Allotropy (in case of a single element) and polymorphism (for a pure compound), which
are frequent phenomena, are two very much documented experimental and theoretical branches
of materials science. In 1788, Martin Heinrich Klaproth has revealed that rhombohedral calcite
and orthorhombic aragonite were astonishingly two polymorphs of calcium carbonate CaCO3.
Two centuries before fullerenes and carbon nanotubes were identified, Smithson Tennant and
William Hyde Wollaston demonstrated in 1796 that diamond was an allotrope of carbon with
cubic symmetry. These demonstrations were very exciting for contemporary scientists, and
they are the origins of the science of polymorphism and polytypism in BN crystals discussed
here. It took about one century after Balmain grew sp2-BN for achieving the growth of boron
nitride crystals with four-fold coordinated atoms (sp3 hybridizations of the atomic states) with
cubic (zinc blende) symmetry. It required a pressure-induced (at about 4.5 GPa) polymorphic
phase transition at 1500 ◦C of sp2-bonded boron nitride powders [29,33,34]. The atomic
stacking of boron and nitrogen atoms follows the T2

d (also noted F4̄3m or N° 216) space group
symmetry [35], which is sketched in along the 〈001〉 direction of the cubic lattice in Figure 1b.
Studies were launched to establish the complete phase diagram of boron nitride [36–39],
in the exciting high-temperature (and eventually pressures) ranges required to induce the phase
transitions between the different polymorphs. The cubic polymorph cBN exhibits a super high
hardness (second only to diamond), thus motivating its main use in abrasive applications [40].
With its large bandgap and high thermal conductivity, cBN is a potential challenger of other
wide bandgap semiconductors such as SiC and GaN, for electronic operations under extreme
conditions [41]. Under high-pressure and high-temperature conditions, a further polymorphic
phase transition toward wurtzite BN can be also achieved [42–46]. The number of atoms per
shells of successive neighboring (first, second, . . . ) can be very different for the polymorphic
structures of a given compound: for instance, four in the case of the zincblende polytype,
to six for the rock-salt, and eight for CsCl. The atomic stacking of boron and nitrogen atoms
which follows the C4

6v (also noted P63mc or N° 186) space group symmetry is sketched in along
the 〈001〉 direction of the hexagonal lattice in Figure 1c. More recently, BN nanotubes were also
grown [47,48].

2.2. Polytypisms

In addition to the structure variation with sp3-bonded cBN and wBN, sp2-bonded BN
polytypes are also possible. Polytypism is a crystallographic property found with many
mineral and organic crystals with compact or layered structures. Crystallographers were
the first to investigate the occurrence of a large number of structural varieties in specific
compounds. The best example of a material with many polytypes is silicon carbide. Its
polytypism was discovered early [49,50], and this triggered pioneering theoretical studies
to elucidate its origin, some based on thermodynamics [51] and others invoking specific
growth mechanisms such as the defect-assisted spiral growth [52]. Chemists, physicists and
engineers became interested in this, as it offers many fundamental issues to disentangle.
Some physical properties such as: hardness and density remain almost unchanged be-
tween SiC polytypes. Other properties are significantly different. Piezo-electricity vanishes
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with the occurrence of inversion symmetry, pyroelectricity can exist or not, charge carrier
mobilities and optical properties are all sensitive to the polytype. The ability to control
the polytype at will would enable the tuning of these properties. If the elementary cells
of these atomic stackings share two lattice parameters, whilst the third value changes
from one polytype to another one, the polytypism is called monodimensional polymor-
phism. There exists some cases where the value of this third parameter is not changed;
in that case, polytypes are distinguished by different structures of the crystalline pattern.
The structures of the different polytypes of a given compound can be described using
different Bravais lattices and can belong to different space groups. The structural patterns
of the polytypes, whether they are compact three-dimensional compounds (such as SiC,
ZnS) or layered compounds (such as mica, BN, graphite, Transition Metal Dichalcogenides,
etc.) can always be described in terms of different stackings under the vertical direction
of an invariant generic stacking. In the case of some compounds, there also exists a fully
disordered stacking structure for which the periodicity vanishes along the normal to the lay-
ers [53]. There are many possible intermediates between aperiodic and periodic stackings.
The most interesting are these based on periodic stackings flanked by a variable amount
of disordered stacking faults. This is known as the turbostratic stacking, tBN, which is
sketched in Figure 1d [54]. Among the polytypes, the macroscopic shapes of the crystals do
not change in contrast to the case of polymorphs.

Figure 2 contains plots of the different ordered atomic stackings described in this
review. In the AA stacking of Figure 2a, the six rings of alternating B and N atoms
are perfectly stacked along the c direction of the crystal, a given atom of a plane fac-
ing similar ones in the planes above and below. In the AA’ stacking (also called hBN)
in Figure 2b, the alternating planes experience a 60◦ twist from one to another, giving
along the c axis, atomic lines made of alternating B and N atoms. Assuming a model
of rigid atomic planes, we can conclude that AA stacking is unstable, due to the nitrogen–
nitrogen and boron–boron repulsive electrostatic interactions. AA’ stacking is much more
stable due to the attraction between boron and nitrogens in adjacent layers [11]. The
staggered AB stacking displayed in Figure 2c, also called Bernal stacking, bBN, is ob-
tained from the AA stacking by gliding the atomic plane of the upper layer to the center
of the six rings of the lower layer in such a way that half of the boron and nitrogen atoms
of adjacent planes face each other; the remaining others sit at the center of the intersti-
tial voids of the honeycomb lattice. This structure is similar to the structure of graphite,
and it is energetically more stable than AA [11]. There are two other staggered stack-
ings. In one of them, called AB1 here, the gliding of one plane to the other one is sim-
ilar to that in the AB case, but it occurs in such a way that the boron atoms of succes-
sive planes are facing each other whilst nitrogen atoms sit at the center of the inter-
stitial vacancy of the hexagonal lattice (Figure 2d). Finally, we indicate the AB2 stack-
ing where the nitrogen atoms of successive planes are facing each other whilst boron
atoms sit at the center of the interstitial vacancy of the hexagonal lattice (Figure 2e).
After this description of possible bilayer stacking sequences, we discuss the possibilities
of longer periodic stacking with more than two layers. This is the case of the rhombohedral
stacking plotted in Figure 2f. Here, the gliding vector is smaller than it is for the AB
structure, and two slidings are required to recover the crystalline periodicity, which we
call ABC or rBN. We restrict to these polytypes our journey into the many possibilities,
since the highest probability of occurrence of polytypes generally occurs for the smaller
periodicities.
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Figure 2. Top views of the sp2 polytypes of BN with boron and nitrogen atoms indicated by magenta
and blue spheres, respectively. The atomic stacking of the individual layers are: (a) AA, (b) AA’ or hBN,
(c) AB or bBN, (d) AB1, (e) AB2, and (f) ABC or rBN. The six stackings are represented as an artist view
in the (001) plane slightly tilted.

2.3. Crystal Cohesive Energies and Values of the Lattice Parameters

In the previous section, we discussed the stability of the different BN stackings,
founded on the rigid atom basic approach. With the aim at quantifying this stability,
we have calculated the energy as a function of the volume data for nine cristallographic
structures of boron nitride. The total energies of the different polymorphs have been
computed with the quantum ESPRESSO code within the density functional theory, based
on Perdew–Zunger local density approximation exchange–correlation potentials [55,56].
The crystallographic cells have been first relaxed before calculating the total energy as a func-
tion of the cell volume by varying the cell parameters. A k-point sampling of 10 × 10 × 10
and a plane-wave cutoff of 100 Ry were used. The calculated total energies per atom
are displayed as a function of the volume per atom in Figure 3. Our results are in over-
all agreement with the calculations of Refs. [26,57–65]. In addition, we present the re-
sult predicted for the rock-salt stacking, which matches very well to those published
by Furthmüller et al. [58]. Last, many more different layered stackings are computed
in ref. [61].

Figure 3. The energy per atom vs. volume per atom computed for nine different structures of boron
nitride: rocksalt (RS), wurtzite (W), zincblende (ZB), and the six indicated polytypes.
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The values of the relaxed lattice parameters are given in Table 1. In the last column, we
reproduce the experimental parameters of ref. [66] that are of interest for comparing with
the computed ones. Generally, the energies for AA’, AB and AB1 stackings are very close.
The energies for AA and AB2 stackings are higher. While the in-plane boron–nitrogen bond
lengths do not vary drastically, that is not the case concerning the values of the c-axis param-
eter. The interlayer spacings are globally similar for the AA’, AB, AB1 and ABC stackings
(evidently, the c parameter is 1.5 times larger for the rhombohedral stacking than for the two-
layer periodic stackings), while the values of the AA and AB2 stackings are significantly larger.
Although the rigid atom model is far from exact and does not distinguish the different “sizes”
of the B and N atoms as derived from quantum mechanics, it contains the spirit of the physics.
The major difference between the AB1 and AB2 stackings relies on the larger electronic clouds
of the nitrogen atoms in relation to the boron atoms. The N-N superposition in the AA and
AB2 stackings lead to strong repulsive interactions between adjacent layers and make these
structures energetically unstable in relaxed conditions. The experimental values of the lattice
parameters of the AA’ and ABC stackings are the only ones to have been accurately determined
experimentally [23–25,67–70], and their values agree with the theoretical predictions.

Table 1. Theoretical and experimental values of the lattice parameters for nine Bravais lattices of
boron nitride.

Structure Atoms facing along c Theory Experiment [66]
(When Any) a (nm) c (nm) a (nm) c (nm)

Rocksalt - 0.3451 - - -
Zincblende - 0.3566 - 0.3615 -

Wurtzite - 0.2513 0.4159 0.2551 0.4210
AA’ N-B 0.2478 0.6354 0.2504 0.6656
AB N-B 0.2477 0.6319 - -
AB1 B-B 0.2476 0.6384 - -
ABC - 0.2476 0.9679 0.2504 0.999
AA N-N and B-B 0.2476 0.3468 - -
AB2 N-N 0.2476 0.686 - -

2.4. X-ray Diffraction Spectra for the Different Polytypes

In Figure 4, we plot the theoretical intensities of the X-ray diffraction (XRD) peaks
of powders of the different ordered sp2 stackings under discussion. In each case, given
a polytype, the intensities of the XRD peaks are plotted relatively to the normalized
intensity of the (00l) planes, with l = 1 for AA, l = 2 for AA’, AB, AB1 and AB2, and l = 3
for ABC. The diffraction angles are calculated from the values of the lattice parameters
given in Table 1 for the relaxed cells, i.e., which minimize the total energy. The interesting
point is that the values of the diffraction angles for the AA and AB2 stackings are lower
by approximately 2◦ than their analogs in the series of the sp2 BN polytypes plotted
in Figure 4. The vertical dashed line highlights the diffraction angle of the (002) peak
in the case of the AA’ stacking. We note that the angle value of the turbostratic boron nitride,
in which the stacking of the layers is irregular, is shifted by about 0.5◦–1◦ with respect
to the (002) peak of hBN [67,71,72]. In some cases, this value may be similar to the shift
observed for the AA and AB2 stackings, which could eventually lead to a misinterpretation
of the structural nature of the epilayers.
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Figure 4. X-ray diffractograms computed for powders of sp2-bonded ordered BN stackings, based
on the theoretical lattice parameters. The X-ray wavelength was taken equal to 1.541842 Å(Cu-Kα line).

2.5. Symmetries and Dispersion Relations of Phonons for the Different Polytypes

The dispersion relations of phonons computed for the relaxed structures are plotted
in Figure 5 along the Γ−K path for the AA, AA’ and ABC polytypes. At first sight, the three
phonon band structures look similar, but significant differences exist. We have summa-
rized in Table 2 some specificities of the phonon modes of the monolayer AA stacking
(D3h point group), of the AA’ and AB bilayer stackings (D6h and D3h, respectively), and
of the three-layer ABC stacking (C3v). There are six, twelve and eighteen vibrational modes
for the one, two and three-layer stackings. Thanks to the characters of the representation
tables of the different groups, the modes present A-like symmetries (label A indicates
vibrations of atoms that occur in the plane orthogonal to the layers), E-type symmetries
(label E indicates a double degeneracy linked to vibrations in the plane of the layers),
and B1g symmetries that correspond to silent modes in the case of the AA’ stacking.
Silent modes cannot be detected using an optical experiment, but they exist, and they
can impact the diffusion of carriers. Of course, in all cases, there are three acoustic phonon
modes. It is worthwhile noticing the lack of a low-energy mode of E-type symmetry,
which is either Raman active or both Raman and IR active, in the 55–60 cm−1 range and
the existence of a Raman activity in the 800 cm−1 range for the ABC stacking.

Therefore, each stacking reacts specifically to incoherent light scattering, and infrared
absorption experiments can (at least theoretically) permit a structural diagnosis. As usual,
the linewidth of the optical features will be decisive for achieving it. Since the pioneering
work of Geick et al. [73], there have been many studies dedicated to phonon properties
in hBN (AA’) [74–84] due to its efficient potential for thermal management [77,85–92]
or nanophotonics [93–98].
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Figure 5. Dispersion of the phonons along Γ − K for the AA (a), AA’ (b) and ABC (c) stackings
of boron nitride. The green dotted line in (a) shows a mode which is absent in the AA stacking.
The magenta curve in (c) stands for the additional Raman mode in the 750–800 cm−1 range.

Table 2. Phonon modes specifications of four BN stackings.

Stacking
Energy Range Energy Range Energy Range

Specific Items to Outline
1370 cm−1 750–800 cm−1 0–120 cm−1

AA E′ (IR + R) A”2 (IR) A”2(ac) + E′(ac)
No vibration mode for Raman

activity exists in the 0–120 cm−1

range. Only acoustic modes.

AA′ E2g (R) + E1u (IR) B1g (S) + A2u (IR) A2u(ac) + E1u(ac) + B1g
(S) + E2g (R)

There are B1g silent modes. Raman
and IR active modes have different

symmetries.

AB 2E′(IR + R) 2A”2 (IR) A”2(ac) + E′(ac) + E′
(IR+R) + A”2 (IR)

The AA′ silent modes B1g become
IR active (A”2). E1u and E2g modes

become simultaneously IR and
Raman vanishing of inversion

symmetry.

ABC 3E (IR + R) 3A1 (IR + R) A1(ac) + E(ac) + 2(E +
A1)(IR + R)

Raman active modes
in the 750–800 cm−1 range.

2.6. Polytypism in Optical Experiments of the Early Days

Since the beginning of their experimental investigations, the fluorescence spectra
of the sp2-bonded crystals were measured as broad bands of about 500 meV width at half
maximum, peaking in the 5.75 eV range and accompanied with many additional contri-
butions on the low and high-energy sides of the main peak. In fact, such measurements
were performed very early on powders or nanocrystals. This complicated the interpre-
tation of light emission by layered boron nitride for decades. Representative BN spectra
can be found in Refs. [63,99–104]. Fluorescence spectra, produced by electrons excited
by a highly energetic photon or electron beam (cathodoluminescence), give a snapshot
of the radiative recombination mechanisms of carriers with populations ruled by thermal-
ization processes between all their possible levels in the bandgap [105]. These spectra give
an image of the crystal properties in terms of its extrinsicity and promote the low-energy
radiative recombination energies.

Absorption or reflectivity experiments, in contrast, probe the intrinsic and direct
(in reciprocal space) transitions [106]. The oldest of them can probably be attributed
to Professor Wolfgang Choyke. He never published his experimental data himself, but
he offered his result to Doñi and Parravicini [107] to help them improve the tight-binding
description of the band structure of BN. Since that time, there have been several studies
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dedicated to reproducing and improving his pioneering experiment. In Figure 6, we plotted
some measurements of the dielectric constant of sp2-bonded BN recorded using different
techniques (ellipsometry, absorption, photoconductivity) at different periods, with time
passing. Spectra (a), (b) and (c) are experiments taken on pyrolytic BN powders [107–109].
Note the two main resonances: one at about 6 eV and another about 1 eV higher.

Other features, which cover narrower energy scales, were collected on bulk crys-
tals [110] (d) and epilayers [111,112] (e) and (f). The trend in going from pyrolytic BN
to bulk crystals via epilayers is found when performing a photoconductivity experiment
on a bulk sample, as indicated by the spectrum (g) [113]. These results were published by
different groups, and the scatter in the data cannot be attributed to measurement artefacts
or at the different temperatures at which experiments were performed. However, in light
of what is known today, this can be attributed to the different crystallographic structures
of the samples investigated by the different groups.

Figure 6. Dielectric constant vs. energy measured at room temperature on powders, bulk crystals
and epilayers. Note the distribution of tendencies for the pyrolitic BN (a–c), the epilayers (e,f) and
the bulk hBN crystals (d,g).

Arguably, the differences are linked to inhomogeneities of the strain states of the sam-
ples that were investigated. Under the application of a hydrostatic pressure, the direct
bandgap of the AA’ stacking decreases of 26 ± 2 meV/GPa [114,115]. A compression of
1 GPa produces a variation of 2.41% of the c lattice parameter [116]. This leads to a vari-
ation of the lowest of the diffraction angles of the (00l) planes of about 0.8◦ toward high
angles, which was not reported experimentally. Therefore, the changes of the resonance
energies cannot be attributed to a hydrostatic stress effect, at least to first order. Regarding
anisotropic stress that could be operating in the plane of the layer, we consider now a uni-
axial stress σ along an in-plane direction x (see Figure 7), which we represent as follows
in the Voigt notation [117]:

σ′ = σ

⎛
⎜⎜⎜⎜⎜⎜⎝

1
0
0
0
0
0

⎞
⎟⎟⎟⎟⎟⎟⎠

(1)
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It generates a strain field that writes:

ε′ = σ

⎛
⎜⎜⎜⎜⎜⎜⎝

S11
S12
S13
0
0
0

⎞
⎟⎟⎟⎟⎟⎟⎠

(2)

The signs of the components of the compliance tensor S11 and S12 or S13 are different,
and the changes of the lengths of the vectors x, y, z are [117]:

⎛
⎝x(σ)

y(σ)
z(σ)

⎞
⎠ =

⎛
⎝1 + εxx εxy εxz

εxy 1 + εyy εyz
εxz εyz 1 + εzz

⎞
⎠
⎛
⎝x(0)

y(0)
z(0)

⎞
⎠ (3)

In that case, the orientations of the crystallographic directions x, y, and z are con-
stant, but the unit cell lengths change. The symmetry of the crystal becomes orthorhombic
and the table of character of its representative point group contains only real numbers.
If a negative value is attributed to a stress compression along x, then S11 > 0 and S12 < 0.
Using the notations of Figure 7, the length of x decreases; therefore, the length ΓK1 in-
creases and the length of ΓK2 decreases. The direct transition at the series of Ki points
of the Brillouin zone, plotted in green in Figure 7, splits into two (one for the valence
and conduction states both at K1 and K4, another involving those of these states sitting
at the remaining states sitting at K2, K3, K5 and K6). Theoretically, it results in a double
structure or in a broadening or, depending on the value of the stress and of the deformation
parameters of the conduction and valence band extrema at a given family of Ks, in the nat-
ural broadening of the reflectivity feature. This simple description of the effect of a uniaxial
strain inside a BN layer does not explain reasonably the qualitative differences observed
in the experimental curves of the dielectric constant plotted in Figure 6.

Figure 7. Atomic arrangement of boron (magenta) and nitrogen (blue) atoms in a monolayer of six-
ring boron nitride in the (001) plane. The vectors of the direct lattice (τ1 and τ2) are plotted in dark
green and the vectors of the reciprocal lattice (R1 and R2) are plotted in red. The edges of the Brillouin
zone are shown as light green lines. The black lines represent the orientations of the vectors x and
y of the international basis set representation for the direct lattice and for their analogs kx and ky.
Note the positions of the specific points of the reciprocal lattice Γ, Ki, and Mi.
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Recent ellipsometry measurements recorded worldwide at room temperature confirm
a broad reflectivity feature near the value of the fundamental bandgap [71] with some
puzzling discrepancies attributed to differing amounts of hBN and turbostratic BN, and/or
the co-existence of sp2 and sp3-bonded crystallites [118].

In Figure 8, we reproduced the low-temperature reflectivity of a bulk crystal with
pure AA’ stacking. This is restricted to the energy range of the direct bandgap [119], and
it is complementary to the recent room temperature investigation in the broad spectral
range [120]. In addition to the feature at 6.125 eV which probes the value of the fundamental
direct bandgap at the K point of the BZ, phonon-assisted transitions are also evident that
feature the low-energy wing of the main reflectance structure. Details about the in-depth
interpretation of this reflectance experiment can be found in [119]. We believe that a uniaxial
stress effect can just slightly enhance the reflectance feature of super broad intrinsic origin
at the energy of the direct bandgap of hBN. When the length of y increases, the lengths
ΓM2 and ΓM5 increase and the lengths of ΓM1, ΓM3, ΓM4, and ΓM6 decrease. Indirect
transitions involving the series Ki and Mi points of the BZ of the stressed crystal will be
broadened and thus will smoothen beyond the possibility to detect them.

Figure 8. In blue is plotted the low-temperature photoluminescence spectrum of an ultra-pure hBN
bulk crystal. In navy is plotted its mirror image relative to the energy (dashed orange line) of the indirect
exciton (iX) at 5.955 eV. The reflectivity feature (green dashed line) displays a strong and broad feature
at the energy (dashed red line at 6.125 eV) of the direct exciton dX. The series of lower energy features that
are, versus energy of iX, one by one the mirror image of another one, is the evidence of indirect transitions
that are observed thanks to the absorption of emissions of phonons [105,106,119].

3. The Optical Signatures of the Different Polytypes in the Deep Ultraviolet

3.1. Linear Optical Properties of hBN

Several authors have examined the problem of the determining of the bandgap
of the different polytypes in the absence of excitonic effects or including
them [26,43,57,62,104,121–128]. All studies predict different optical properties, in terms
of photoluminescence energies, energies of singularities and their shapes, for the different
stackings. The blue spectrum in Figure 8 reports a series of phonon-assisted transitions
that are shifted from the energy of the forbidden indirect exciton relative to the energy
of one phonon at the middle distance from the edge of the BZ. The band structure of hBN
is indirect between the minimum of the conduction band at M and the top of the valence
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band in the vicinity of K [129]. It requires a phonon of the BZ at the middle of the Γ − K
direction to fulfill momentum conservation [130]. These phonon-assisted features are
labeled in terms of LO, TO, LA, TA, ZO1, and ZO2 phonon replicas. The shape of the PL
is ruled by selection rules [24,131] and the configuration of the experiment. At the low-
energy side of the main peak of each phonon-assisted radiative recombination, there are
overtones corresponding to a series of emissions associated with the low-energy Raman
active mode E2g (at about 7 meV) [132]. Observing these overtones requires high-quality
material; it is not possible for the AA stacking, as this low-energy Raman active mode
does not exist as discussed earlier. At even lower energy, that is to say below 5.65 eV
in hBN, there is emission involving one or more complementary TO(K) phonons. This is
an intervalley scattering process that can be a priori observed at specific energies for all
polytypes. High-quality BN material is free from such contributions, as they require spe-
cific extended defects to furnish to the Fermi golden rule the final density of states that
controls the intensity of light emission at these energies [6,100,104,133]. The presence or
absence of such signatures in the photoluminescence (PL) or cathodoluminescence (CL)
spectra can theoretically be used to reveal whether there is a given polytype or another one
as a contaminant in the host matrix.

3.2. Linear Optical Properties of bBN

To stimulate the growth of different bulk crystals of BN polytypes, we have modi-
fied our growth protocol by adding a substantial amount of graphite to the molten Cr +
Ni eutectic, which is used to grow BN by a reversed solubility method. Impurities can
induce non-bulk (different from AA’) stacking [134,135]. The Bernal staggered stacking
of the graphitic layers is expected to impact the precipitation of a different polytype of BN
out of the molten ingot saturated in B and N when cooling it down. Luckily, we obtained
(001)-oriented BN crystalline flakes with slightly different X-ray diffraction features com-
pared to high-quality hBN. Namely, broader features associated to the (001) planes and
complementary diffraction peaks evidenced the inclusion of polytypisms with bBN. Un-
fortunately, the BN polytype cannot be determined from the morphology of the crystal.
Another sample was grown in which 5% vanadium was added to the Cr + Ni eutectic
solvent. Both samples grown with Cr + Ni + C and Fe + V exhibited Bernal-related PL,
as we shall see later, but in contrast to the X-ray spectrum of the former, the latter did not
contain misoriented polymorphic inclusions [136]. However, its X-ray diffraction spectrum
is not as good as those of a high-quality hBN sample. In Figure 9, we gathered typical
PL spectra recorded on BN samples, grown with Cr + Ni + C (green), Fe + V (red), and
a very high-quality hBN sample grown using Fe only as a metal solvent [137] (blue). The
astonishing feature is a new photoluminescence line at 6.035 eV in samples grown from Cr
+ Ni + C and Fe + V that we attribute to the signature of the direct bandgap of the AB
stacking, i.e., bBN, and that is never detected in high-purity BN samples. To do so, we
take advantage of theoretical calculations [123,124], which included an excitonic effect,
and predicted that the bandgap of bBN is larger than that for hBN. It is also higher than
the value for rBN.

The series of defect-related lines at energies below 6.5 eV in hBN appear slightly blue
shifted in bBN compared to hBN. However, there is a strong overlap of the contributions
of bBN and hBN. In other words, this indicates that the sample contains multiple polytypes.
In Figure 10, we plotted in blue the PL of our test hBN sample and in red the PL of the sam-
ple containing bBN. A 1200 grooves/mm grating was used to record the experimental
data. The several contributions, separated by 7 meV, in the main 6.035 eV feature reveal
a not strictly homogeneous system. It is very reasonable to attribute this to strain-induced
splitting of the direct transition, and/or to electronic complementary low-frequency Raman
scattering, but we do not have a definitive interpretation to offer. To help understand
the red PL spectrum, the spectrum of hBN was blue-shifted by 74 meV and plotted in gray.
Then, it becomes possible to discriminate from the red spectrum the contributions of hBN
from those of bBN. Concerning the latter, as the phonon energies are similar for these
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polytypes, the value of the indirect exciton in bBN is located at 6.029 eV in the low-energy
wing of the PL signature of the direct bandgap, about 6 meV lower. Then, the contribu-
tions of phonon-assisted transitions, associated with the indirect bandgap noted iXbBN-PT,
where the PTs are phonons at the center of the Brillouin zone, can be identified. In addition,
the emission of a zone center LOΓ is detected at energy dXBN-LOΓ at an energy at about
5.838 eV. Note that it is worthwhile attributing the 6.035 eV luminescence to the recombina-
tion at the bottleneck of the lowest polariton branch of the direct exciton polariton systems;
thus, the value of the excitonic gap is higher than this value by an amount dictated by
the magnitude of the longitudinal–transverse (LT) splitting between the branches of dis-
persion of the exciton–polariton. This LT splitting is huge in hBN [119], about 400 meV,
and from the band structure calculations referenced above [57,62,121–125,127–133,136,137],
there is no reason for it to be drastically different in bBN.

A more accurate determination requires reflectivity measurements similar to the one
shown in Figure 9 with lineshape fitting of the spectrum to obtain the relevant parameters
of this direct exciton. Pelini et al. [138] reported in the 4 eV range the existence of a few PL
lines at 4.12 eV and 4.14 eV, energies higher than the energy of the line detected in hBN
at 4.097 eV [139], implying a bBN crystalline matrix. This indicates that the description
of the microscopic nature of the colored center acting as an efficient light emitter at 4 eV
cannot ignore the layer stacking. This is especially true, as single-photon emitters operating
at 4 eV have been demonstrated [8] in hBN. Nothing is known regarding the performances
of their bBN analogs.

Figure 9. The 8 K macro-photoluminescence spectra in the 5–6.1 eV range of several samples showing
the phonon-assisted transitions typical of hexagonal boron nitride (hBN; blue spectrum), mixed with
the undulations linked to rBN and bBN inclusions impurities (green and red spectra). The signature
of the direct bandgap of bBN is detected by a peak at 6.035 eV, following [136].
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Figure 10. High resolution PL of a high-quality hBN crystal (blue) and of a piece of sp2-bonded
BN with highly dominating bBN (red). The hBN PL is re-plotted in gray after being blue-shifted
74 meV. The energies of the indirect iXbBN and direct exciton dXbBN in bBN are indicated as well
as the indirect exciton iXhBN in hBN. The different phonon replicas are also identified.

3.3. Linear Optical Properties of rBN

The optical properties of rBN have not yet been well documented except in Xu et al. [140].
X-ray diffraction experiments have revealed the presence of rhombohedral stacking in BN
epilayers grown by chemical vapor deposition on several substrates, namely SiC, c-plane
sapphire capped by GaN or AlN, and various orientations of the sapphire substrate [67–70,141].
To detect rBN stacking requires completing θ/2θ Bragg–Brentano diffraction experiments
by in-plane measurements, azimuthal scans (φ-scans) and grazing incidence diffraction
(GID). Rhombohedral BN films with twinned crystals that are rotated by 60◦ have been
detected [67–70,72]. The photoluminescence of these deposited layers are dominated by
two bands centered at 5.35 eV and 5.55 eV, respectively, and no analogs of the sharp
phonon-assisted series of lines traditionally recorded can be measured. It is probably
due to crystal twinning, which generates inhomogeneities and broadenings as well as
transfers carriers to low energy traps. Interestingly, tBN has a PL signature that occurs
as a complementary band at 5.4 eV, sandwiched between the preceding two, and with
an intensity that follows the proportion of tBN relative to rBN in the crystals. The PL
spectra measured in a couple of these rBN-rich epilayers are plotted in Figure 11 (red
and wine) in addition to those typical of AA’ (blue) and AB stackings (green) (after [72]).
Similarly to what occurs for InSe crystals containing polytypism, there is a substantial
overlap of the different optical signatures that may complicate the interpretation [142].
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Figure 11. Photoluminescence spectra recorded on two rBN-rich epilayers (red and wine) in comparison
with those typical AA’ (blue) and AB (green) stackings. Note the signature of tBN. See reference [72]
for more details.

3.4. Linear Optical Properties of the BN Monolayer

There has been a tremendous interest, soon after the demonstration of an indirect to di-
rect bandgap crossover by Mak et al. [143], when decreasing the thickness of MoS2 down
to the monolayer, to reproduce this experiment in other 2D materials. There are several prop-
erties that changed from the bulk to the monolayer: the band structure itself and a strong
renormalization of the exciton binding energy up to a huge value. This renormalization can
be comparable in size to the value of the bandgap of the material in the absence of coupling
of its electronic states with the electromagnetic field. This was established long ago through
the theoretical predictions of Rytova [144] and Keldysh [145]. A more recent and detailed de-
scription of these mechanisms and their extension under the presence of disorder was published
by E. V. Kirichenko and V. A. Stephanovich [146]. In BN, theoretical calculations including
the Coulomb correlation predict a direct bandgap at K for the monolayer and an indirect or
marginally direct bandgap for stackings of two or more layers [124,147–149]. Photolumines-
cence experiments [150–152] combined with reflectance measurements [150,151] have jointly
confirmed using monolayers, deposited by molecular beam epitaxy on highly ordered pyrolytic
graphite (HOPG) [150,151] and on suspended membranes [152], that it is a direct bandgap.
The photoluminescence of the BN monolayer emits at 6.085 eV at low temperature, which was
recently confirmed by the direct measurement of the density of states of a single monolayer of h-
BN epitaxially grown on HOPG. This was achieved by performing low-temperature scanning
tunneling microscopy (STM) and spectroscopy (STS) [153]. According to group theory, the D3h
point group authorizes piezoelectric behavior, which was observed experimentally [154].

3.5. Second Harmonic Generation in Some Polytypes

Among layered BN’s many interesting physical properties is its ability to demon-
strate second harmonic generation in the polytypes without inversion symmetry [117].
The choice of ultraviolet emission by second harmonic generation (SHG) nicely integrates
in the context of the quest for compact solid state deep ultraviolet emitters. The demonstra-
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tion of SHG emission was achieved by shining light on a Cr + Ni + C sample, which had
the Bernal stacking of layers (bBN or AB of spatial symmetry P6̄2m or D3

3h), with a laser
operating at 400 nm and observing light emission at 200 nm. To do so, we have examined
a small piece of the sample described above by micro-photoluminescence spectroscopy
at T = 8 K, which has a spatial resolution of 200 nm [133]. A photograph of a piece
of BN unambiguously containing polytypism as can be evidenced by just using an optical
microscope is shown in Figure 12a. Figure 12b is a map of the PL emission by this piece
of sample, when illuminated with a laser wavelength of 196 nm. This is a composite
containing a region of bBN (it emits light at 6.035 eV whilst hBN does not) sandwiched
between two regions of hBN (for which the light emission does not occur at this energy, as is
typical of hBN). We then shifted the laser light to 400 nm and recorded the light emitted
with a wavelength of 200 nm at the strict position of the Bernal polytype (see Figure 12c).
This experiment demonstrates second harmonic generation at 200 nm and makes Bernal
BN a good candidate for devices susceptible of deep ultraviolet emission by up-conversion
of a UVA light [155].

Figure 12. (a) Photograph of an exfoliated sample composed of a bBN region sandwiched be-
tween two hBN regions. (b) Mapping of the PL emission from the square area indicated in (a).
(c) Mapping of the SHG emission. After [155].

4. Conclusions

Different layered boron nitride polytype crystals can be synthesized by tuning the growth
conditions. In this review article, we emphasized that second harmonic generation of UVA light
can produce an UVC emitter. There are not so many studies about the control of growth of lay-
ered BN with controlled polytypism, but it is obvious, having in mind the different applications
of the different polytypes of silicon carbide, that such crystals can demonstrate very specific
properties compared to hBN. The efficiency of SHG in the challenging area of the deep ultravi-
olet using Bernal boron nitride paves the way for its use in short-wavelength optoelectronics.
Having in mind the SiC story, extension of our interest further than optoelectronics at short
wavelengths might soon lead to other polytypes knocking at the doors of the device arena.
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Abstract: In this work, solubility data of 1,5-pentanediamine adipate dihydrate in binary solvent sys-
tems of water + methanol, water + ethanol and water + N,N-dimethylformamide were experimentally
measured via a static gravimetric method in the temperature range from 278.15 K to 313.15 K under
atmospheric pressure. The results indicated that the solubility of 1,5-pentanediamine adipate dihy-
drate increased with the rising of temperature in all the selected binary solvent systems. For water +
N,N-dimethylformamide, solubility increased as the mole fraction of water increased. However, the
rising tendency changed when the temperature was higher than 303.15 K for water + methanol, and it
would show a cosolvency phenomenon for water + ethanol. Furthermore, the solubility data were fit-
ted with modified an Apelblat equation, NRTL model, combined nearly ideal binary solvent/Redlich
Kister (CNIBS/R-K) model and Jouban–Acree model. The calculation results agreed well with the
experimental data. Finally, the mixing thermodynamic properties of 1,5-pentanediamine adipate
dihydrate in all tested solvents were calculated based on the experimental data and NRTL model.

Keywords: 1,5-pentanediamine adipate dihydrate; solubility; mixing thermodynamics

1. Introduction

1,5-pentanediamine adipate dihydrate (C11H24O4N2·2H2O, CAS registry No. 2156592-
12-8, Figure 1), is major monomer for the synthesis of bio-based polyamide 56 fiber [1]. Due
to its excellent mechanical properties, heat resistance, abrasion resistance and self-lubricity,
polyamide 56 is not only a renewable substitute for traditional materials, but also a unique
and novel polymer applied in the textile and industrial plastics [2].

Figure 1. Molecular structure of 1,5-pentanediamine adipate dihydrate.
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The performance of the polymer material is directly related to the purity of the poly-
merized monomer since it is greatly sensitive to impurities [3]. Therefore, the purification
stage of 1,5-pentanediamine adipate dihydrate plays a critical role during the manufactur-
ing process [4,5]. Crystallization, as a vital separation and purification process, is widely
used in the pharmaceutical and food industries. As such, it is essential to know the physic-
ochemical and thermodynamic properties of 1,5-pentanediamine adipate dihydrate to
design and optimize the crystallization process [6]. Considering the high solubility of
1,5-pentanediamine adipate dihydrate in water, anti-solvent crystallization is a reason-
able and efficient crystallization method for purifying it [7,8]. Besides, the temperature
range from 278.15 K to 313.15 K is commonly used in industrial manufacturing and the
product contains two molecules of water. However, no reports about the solubility of
1,5-pentanediamine adipate dihydrate in this temperature range have been published.

In this work, the solubility data of 1,5-pentanediamine adipate dihydrate in
water + methanol, water + ethanol and water + N,N-dimethylformamide were determined
in the range of 278.15 K to 313.15 K under 0.1 MPa. Besides, the modified Apelblat equation
model, NRTL model, combined nearly ideal binary solvent/Redlich Kister (CNIBS/R-K)
model, and Jouyban–Acree model were applied to the fitting of the experimental solubility
data, respectively. Finally, the mixing thermodynamic properties, including the mixing
enthalpy, the mixing entropy and the Gibbs free energy of 1,5-pentanediamine adipate
dihydrate in different binary solvents were calculated and discussed.

2. Experimental Section

2.1. Materials

1,5-pentanediamine adipate dihydrate (≥0.99 mass fraction) was offered by Hebei
Meibang Engineering Technology Co., Ltd. (Hebei, China). Deionized water was prepared
by an ultrapure water system (YPYD Co., Nanjing, China) in the laboratory. Methanol
and ethanol were purchased from Guangda Pharmaceutical Co., Ltd. (Tianjin, China),
and N,N-dimethylformamide was purchased from Benchmark Chemical Reagent Co., Ltd.
(Tianjin, China). More details about the materials are listed in Table 1. All chemicals were
used without further purification.

Table 1. Sources and mass fraction purity of chemicals.

Chemical Name CAS Reg. No. Mass Fraction Purity Source Analysis Method

1,5-pentanediamine
adipate dihydrate 2156592-12-8 ≥0.99 Hebei Meibang Engineering

Technology Co., Ltd., of China HPLC a

1,5-pentanediamine
adipate 13534-23-1 ≥0.99 Hebei Meibang Engineering

Technology Co., Ltd., of China HPLC a

methanol 67-56-1 ≥0.995 Tianjin Guangda Pharmaceutical
Co., Ltd., China GC b

ethanol 64-17-5 ≥0.997 Tianjin Guangda Pharmaceutical
Co., Ltd., China GC b

DMF 68-12-2 ≥0.995 Tianjin Benchmark Chemical
Reagent Co., Ltd., China GC c

a High performance liquid chromatography, determined by Hebei Meibang Engineering Technology Co., Ltd.,
of China. b Gas chromatography, determined by Tianjin Guangda Pharmaceutical Co., Ltd., China. c Gas
chromatography, determined by Tianjin Benchmark Chemical Reagent Co., Ltd., China.

2.2. Apparatus and Methods

The gravimetric method was used to determine the solubility of 1,5-pentanediamine
adipate dihydrate in different binary solvent mixtures [9]. Known mass of solvent and
excess 1,5-pentanediamine adipate dihydrate were added to a 100 mL crystallizer. A con-
stant temperature water bath (Nanjing Xianou Instrument Manufacturing Co., Ltd., China)
was used to control the solution at specified temperature. The solution was agitated for
12 h to ensure that the solution reaches solid-liquid equilibrium. Then, the stirring was
stopped and the solution was kept static for 3 h until the suspended particles settled down.
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After that, the samples were drawn with a 5 mL syringe and filtered through a 0.45 μm
nylon membrane into 50 mL pre-weighed beakers and the total weight was measured
immediately. Besides, KF analyzer (C20s, Mettler Toledo, Switzerland) was used to deter-
mine the amount of water in the saturated solution after equilibration. Finally, the beakers
were put into a vacuum oven and dried at temperature of 323.15 K. The quality of the
beaker with the samples was recorded periodically until the total weight did not change
any more, to ensure that there were no solvents in the solid after the drying treatment. The
solubility data of 1,5-pentanediamine adipate dihydrate were calculated from the mass
of the remaining solid. The crystal form of the dried solid was determined using powder
X-ray diffraction (PXRD). All the samples were weighed by an analytic balance (AL204,
Mettler Toledo, Switzerland) with an accuracy of ±0.0001 g. The procedure was repeated
three times to determine the error of the experiments.

The solubility of 1,5-pentanediamine adipate dihydrate described in the mole percent-
age xp was calculated by Equation (1):

xp =

mp
Mp

mp
Mp

+ mw
Mw

+ mi
Mi

(1)

where x, m and M represent the mole fraction solubility, mass and molar mass, respectively.
The subscript p, w, and i represent 1,5-pentanediamine adipate dihydrate, water and the
other organic solvents, respectively. The mass of 1,5-pentanediamine adipate dihydrate
(mp) was calculated by using experimental results. Besides, the masses of water and organic
solvents were determined by the pre-designed mixed solvents of different compositions.

The samples were dried to completely convert into anhydrous 1,5-pentanediamine
adipate and the mass of dissolved 1,5-pentanediamine adipate dihydrate was calculated by
Equation (2):

mp =
Mp

Ma
ma (2)

where ma and Ma represent the mass and molar mass of anhydrous 1,5-pentanediamine
adipate, respectively. The mole fraction solubility of anhydrous 1,5-pentanediamine adipate
was calculated as follows:

xa =

mp
Mp

mw
Mw

+ mi
Mi

+ 3 mp
Mp

(3)

The initial mole fraction of water xw in the mixed solution was calculated as follows:

xw =
mw
Mw

mw
Mw

+ mi
Mi

(4)

where mw and mi were determined by an analytic balance during the process of preparing
mixing solvent. The final mole fraction of water x0

w in three binary solvent mixtures was
calculated as follows:

x0
w =

mw
Mw

+ 2 mp
Mp

mw
Mw

+ mi
Mi

+ 2 mp
Mp

(5)

2.3. Characterization of 1,5-Pentanediamine Adipate Dihydrate

The crystal form of 1,5-pentanediamine adipate dihydrate, before and after solubility
measurement, was determined using powder X-ray diffraction (PXRD), which was carried
out on Rigaku D/max-2500 (Rigaku, Japan). The diffraction angle (2θ) ranged from 2◦ to
40◦ with a scanning rate of 8◦/min and step size of 0.02◦.

In order to characterize the melting temperature and melting enthalpy of 1,5-pentanedi
amine adipate dihydrate, the thermal behaviors of 1,5-pentanediamine adipate dihydrate
were measured using TGA/DSC (Mettler Toledo, Zurich, Switzerland) under the protection
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of nitrogen. Besides, the thermal behaviors of dehydrated raw materials were also detected
to eliminate the influence of dehydration peaks. The measurements were conducted within
the temperature ranging from 298.15 K to 473.15 K at a heating rate of 3 K/min. The DSC
instrument was calibrated by indium and zinc, of which the melting temperature was
measured three times. The standard uncertainties of melting points and solid-to-solid
transition temperature were estimated to be 1 K while the relative standard uncertainties of
melting enthalpy and solid-to-solid transition enthalpy were estimated to be 5%.

3. Thermodynamic Models

3.1. The Modified Apelblat Equation

Combined with the Clausius–Clapeyron relationship, Apelblat et al. proposed a
semi-empirical model in 1999 as Equation (6) [10,11].

ln x = A +
B
T
+ C ln T (6)

where x is the mole fraction solubility of solute at absolute temperature T. A, B and C are
model constants.

3.2. NRTL Equation

The solubility of solute can be expressed by a general thermodynamic model, which is
written as follows [12].

ln x = − ln γi +
Δ f H

R

(
1

Tm
− 1

T

)
− 1

RT

∫ T

Tm
ΔCpdT +

1
R

∫ T

Tm

ΔCp

T
dT (7)

where γi stands for the activity coefficient, ΔfH is the enthalpy of fusion, R is the gas
constant; T and Tm refer to the solution temperature and the melting point of solute,
respectively, ΔCp refers to the difference of the molar heat capacity between melting state
and solid state of the solute. When a solid undergoes a phase transition, the solubility
equation should include a term for the contribution of the transition as following [13].

ln x = − ln γi +
Δ f H

R

(
1

Tm
− 1

T

)
+

Δtr H
R

(
1

Ttr
− 1

T

)
− 1

RT

∫ T

Tm
ΔCpdT +

1
R

∫ T

Tm

ΔCp

T
dT

(8)
where ΔtrH and Ttr stand for the enthalpy of the transition and the transition temperature
of the solute, respectively.

Considering the last two parts of the Equation (8) are less important than the first three
parts due to the negligible value of ΔCp, the solubility of the solute can be expressed by a
simplified thermodynamic model, which is written as follows [14].

ln x =
Δ f H

R

(
1

Tm
− 1

T

)
+

Δtr H
R

(
1

Ttr
− 1

T

)
− ln γi (9)

The nonrandom two-liquid (NRTL) model, which is based on the theory of solid–
liquid phase equilibrium can be used to calculate the activity coefficients. It can be shown
as Equations (10)–(13) [15,16].

ln γi =
(Gjixj+Gkixk)(τjiGjixj+τkiGkixk)

(xi+Gjixj+Gkixk)
2 +

τijGijx2
j +GijGkjxjxk(τij−τkj)

(xj+Gijxi+Gkjxk)
2

+
τikGikx2

k+GikGjkxjxk(τik−τjk)
(xk+Gikxi+Gjkxj)

2

(10)

where i, j, k are the three components of the solution system. Model parameters τij and Gij
can be calculated as follows:

Gij = exp
(−αijτij

)
(11)
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τij =
Δgij

RT
(12)

αij = αji (13)

where αij represents the non-randomness between i and j components and Δgij stands for
the cross-interaction energy.

3.3. The CNIBS/R-K Model

The combined nearly ideal binary solvent/Redlich–Kister (CNIBS/R–K) model, which
describes the relationship between solubility and solvent composition, is suitable for
binary solvent systems [17]. It describes the relationship between solubility and solvent
composition as Equation (14).

ln x = xa ln Xa + xb ln Xb + xaxb

N

∑
i=0

Si(xa − xb)
i (14)

where xa, xb stand for the initial mole fraction of water and organic solvents in binary
solvent mixtures, respectively. Xa, Xb are the mole fraction solubility of 1,5-pentanediamine
adipate dihydrate in pure water and organic solvents, respectively. Si is the model constant
and N refers to the number of the solvents.

For binary solvent systems, substituting N = 2 and xa = 1 − xb into Equation (14) can
result in a new simplified equation as following.

ln x = B0 + B1xa + B2x2
a + B3x3

a + B4x4
a (15)

where B0 to B4 are empirical model parameters.

3.4. The Jouyban–Acree Model

The Jouyban–Acree model is widely used to describe the solubility by considering
both the composition of the solution and the temperature [18]. The model is expressed as
Equation (16):

ln x = xa ln Xa + xb ln Xb + xaxb

N

∑
i=0

Ji(xa − xb)
i

T
(16)

Subsequently, Jouyban et al. proposed to combine the Jouyban–Acree model with the
van’t Hoff model to obtain a seven-parameters mixed model [19] as Equation (17).

ln x = A0 + A1xa +
A2 + A3xa + A4x2

a + A5x3
a + A6x4

a
T

(17)

where A0 to A6 are empirical model parameters.
To evaluate the fitting accuracy, the average relative deviation (ARD) and root mean-

square deviations (RMSD) were calculated [20,21].

ARD =
1
N

N

∑
i=1

∣∣∣∣∣
xcal

i − xexp
i

xexp
i

∣∣∣∣∣ (18)

RMSD =

√√√√∑N
i=1

(
xcal

i − xexp
i

)2

N
(19)

where N stands for the total number of experiments. xexp
i and xcal

i refer to the experimental
mole fraction solubility and calculated mole fraction solubility of 1,5-pentanediamine
adipate dihydrate, respectively.
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3.5. Solution Mixing Thermodynamics

For the ideal solution, its mixing properties, including Gibbs energy, enthalpy, and
entropy, can be expressed as follows [22].

ΔmGid = RT
n

∑
i=1

xi ln xi (20)

ΔmHid = 0 (21)

ΔmSid = −R
n

∑
i=1

xi ln xi (22)

where xi represent the mole fraction of each component. The mixing thermodynamic
properties of the real solution system can be calculated by using Equation (23).

Δm M = ME + Δm Mid (23)

where M refers to the Gibbs free energy (G), enthalpy (H) or entropy (S); ΔmMid and ME

represent the mixing properties of the ideal solution and excess properties, respectively.
Excess mixing properties (ME) can be calculated using the Equations (24)–(26).

GE = RT
n

∑
i=1

xi ln γi (24)

HE = −RT2
n

∑
i=1

xi

(
∂ ln γi

∂T

)
P,x

(25)

SE =
HE − GE

T
(26)

where γi refer to the activity coefficient, which will be calculated by the NRTL model in
this work.

4. Results and Discussion

4.1. Identification and Characterization of Materials

The powder X-ray diffraction (PXRD) patterns of 1,5-pentanediamine adipate dihy-
drate are shown in Figure 2. It can be found that the 1,5-pentanediamine adipate dihydrate
crystals obtained in this work remained unchanged in each experiment, indicating no
phase transformation occurred during solid–liquid equilibrium. Furthermore, the results
of random KF titration experiments for the cases with a large organic solvent content at
the highest studied temperatures are shown in Table 2. It can be found that the amount of
water x0,KF

w agrees with the calculated data in Tables 3–5, indicating no additional release
of water from the hydrated solid phase upon equilibration.

Table 2. The amount of water x0
w upon equilibration.

Sample x0,KF
w

water + methanol (xw = 0.360, T = 313.15 K) 0.562
water + ethanol (xw = 0.447, T = 313.15 K) 0.553

water + DMF (xw = 0.648, T = 313.15 K) 0.656
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Figure 2. Powder X-ray diffraction pattern of raw material and residual solid in mixed systems:
water + DMF (xw = 0.648), water + ethanol (xw = 0.447) and water + methanol (xw = 0.360) at
T = 298.15 K.

Table 3. Mole fraction solubility of 1,5-pentanediamine adipate dihydrate in water + methanol from
278.15 K to 313.15 K (p = 0.1 MPa) a,b.

T/K x0
w 102xa 102xexp

p 102xApel
p 102xNRTL

p 102xRK
p 102xJA

p

xw = 0.360
278.15 0.432 5.412 6.029 5.738 5.934 6.036 5.795
283.15 0.440 5.896 6.641 6.837 7.027 6.641 6.944
288.15 0.455 6.976 8.055 8.132 8.117 8.062 8.270
293.15 0.474 8.233 9.793 9.654 9.439 9.793 9.789
298.15 0.488 9.158 11.14 11.43 11.27 11.14 11.52
303.15 0.520 11.17 14.29 13.53 13.05 13.74 13.49
308.15 0.535 11.74 15.85 15.97 15.93 15.87 15.71
313.15 0.569 13.86 19.01 18.82 18.98 18.89 18.21

xw = 0.491
278.15 0.554 5.827 6.552 6.308 6.608 6.503 6.270
283.15 0.562 6.544 7.480 7.340 7.383 7.483 7.365
288.15 0.570 7.265 8.446 8.529 8.399 8.407 8.603
293.15 0.583 8.303 9.893 9.897 9.602 9.891 9.996
298.15 0.591 8.995 10.89 11.46 11.26 10.90 11.55
303.15 0.610 10.53 13.26 13.27 13.09 13.26 13.29
308.15 0.629 11.97 15.70 15.33 15.47 15.58 15.22
313.15 0.644 13.10 17.65 17.70 18.66 17.65 17.36

xw = 0.600
278.15 0.651 6.044 6.830 6.730 7.161 6.956 6.703
283.15 0.658 6.797 7.816 7.692 7.777 7.794 7.744
288.15 0.664 7.455 8.704 8.786 8.652 8.772 8.901
293.15 0.673 8.434 10.08 10.02 9.708 10.09 10.18
298.15 0.679 9.043 10.97 11.44 11.18 10.94 11.59
303.15 0.693 10.48 13.19 13.04 12.86 13.19 13.14
308.15 0.704 11.61 15.04 14.85 15.12 15.22 14.84
313.15 0.715 12.66 16.85 16.90 18.05 16.83 16.70
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Table 3. Cont.

T/K x0
w 102xa 102xexp

p 102xApel
p 102xNRTL

p 102xRK
p 102xJA

p

xw = 0.692
278.15 0.735 6.571 7.517 7.241 7.496 7.371 7.086
283.15 0.738 6.900 7.952 8.123 8.136 8.004 8.071
288.15 0.744 7.761 9.127 9.117 8.823 9.108 9.151
293.15 0.750 8.590 10.30 10.23 9.784 10.26 10.33
298.15 0.754 9.099 11.05 11.50 11.11 11.08 11.61
303.15 0.763 10.39 13.04 12.92 12.67 13.06 13.01
308.15 0.771 11.43 14.72 14.52 14.76 14.71 14.52
313.15 0.779 12.33 16.28 16.33 17.45 16.30 16.15

xw = 0.771
278.15 0.804 6.687 7.670 7.513 7.887 7.730 7.418
283.15 0.806 7.136 8.270 8.360 8.382 8.225 8.348
288.15 0.811 7.971 9.422 9.304 8.977 9.380 9.356
293.15 0.814 8.604 10.32 10.35 9.874 10.36 10.44
298.15 0.818 9.221 11.23 11.52 11.05 11.22 11.61
303.15 0.824 10.28 12.86 12.82 12.51 12.84 12.87
308.15 0.829 11.19 14.32 14.27 14.44 14.19 14.22
313.15 0.834 12.14 16.15 15.88 16.00 15.93 15.66

xw = 0.900
278.15 0.915 7.119 8.247 8.028 8.415 8.250 7.947
283.15 0.916 7.406 8.638 8.760 8.797 8.654 8.771
288.15 0.918 8.117 9.628 9.567 9.259 9.664 9.647
293.15 0.919 8.710 10.48 10.45 9.991 10.46 10.57
298.15 0.920 9.293 11.34 11.43 10.98 11.34 11.55
303.15 0.922 9.977 12.38 12.51 12.26 12.39 12.59
308.15 0.924 10.59 13.36 13.69 13.91 13.45 13.68
313.15 0.927 11.48 15.36 14.99 16.09 15.37 14.83

xw = 1.000
278.15 1.000 7.313 8.512 8.263 8.843 8.509 8.334
283.15 1.000 7.506 8.869 8.945 9.107 8.865 9.060
288.15 1.000 8.106 9.613 9.691 9.490 9.603 9.821
293.15 1.000 8.774 10.57 10.50 10.07 10.57 10.61
298.15 1.000 9.152 11.18 11.39 10.94 11.18 11.44
303.15 1.000 9.869 12.27 12.37 12.06 12.27 12.31
308.15 1.000 10.62 13.40 13.43 13.53 13.37 13.21
313.15 1.000 11.50 14.78 14.59 15.46 14.78 14.14

a xexp
p is the experimental mole fraction solubility of 1,5-pentanediamine adipate dihydrate; xApel

p , xNRTL
p , xRK

p and

xJA
p refer to the calculated mole fraction solubility according to the modified Apelblat equation, NRTL model,

CNIBS/R-K model and Jouyban–Acree model, respectively. xw is the initial mole fraction of water in three binary
solvent mixtures; x0

w is the final mole fraction of water in three binary solvent mixtures; xa is the mole fraction
solubility of anhydrous 1,5-pentanediamine adipate. b Standard uncertainty is u(T) = 0.03 K, u(p) = 0.3 kPa. The
relative standard uncertainty is ur(xw) = 0.03, ur(xp) = 0.05, ur(x0

w) = 0.03.

Table 4. Mole fraction solubility of 1,5-pentanediamine adipate dihydrate in water + ethanol from
278.15 K to 313.15 K (p = 0.1 MPa) a,b.

T/K x0
w 102xa 102xexp

p 102xApel
p 102xNRTL

p 102xRK
p 102xJA

p

xw = 0.447
278.15 0.469 1.975 2.042 1.885 2.194 2.039 2.120
283.15 0.475 2.469 2.580 2.421 2.641 2.575 2.673
288.15 0.482 3.110 3.293 3.106 3.236 3.291 3.345
293.15 0.488 3.620 3.877 3.978 3.976 3.872 4.153
298.15 0.497 4.382 4.771 5.087 4.839 4.766 5.120
303.15 0.514 5.751 6.455 6.495 6.224 6.451 6.268
308.15 0.530 7.075 8.188 8.280 7.987 8.193 7.623
313.15 0.555 8.863 10.70 10.54 10.66 10.69 9.213
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Table 4. Cont.

T/K x0
w 102xa 102xexp

p 102xApel
p 102xNRTL

p 102xRK
p 102xJA

p

xw = 0.581
278.15 0.613 3.790 4.074 4.175 4.364 4.114 4.041
283.15 0.621 4.678 5.126 4.951 4.912 5.198 4.874
288.15 0.626 5.189 5.751 5.852 5.636 5.783 5.840
293.15 0.634 6.055 6.844 6.892 6.573 6.899 6.954
298.15 0.644 7.110 8.235 8.090 7.761 8.297 8.233
303.15 0.654 8.069 9.561 9.466 9.328 9.605 9.693
308.15 0.662 8.940 10.81 11.04 11.29 10.77 11.35
313.15 0.677 10.33 12.94 12.84 13.94 12.99 13.22

xw = 0.683
278.15 0.719 5.392 6.004 6.092 6.136 5.879 5.564
283.15 0.725 6.278 7.132 6.899 6.627 6.904 6.504
288.15 0.728 6.743 7.743 7.810 7.382 7.620 7.562
293.15 0.735 7.650 8.974 8.837 8.280 8.807 8.747
298.15 0.740 8.327 9.928 9.995 9.507 9.804 10.069
303.15 0.747 9.222 11.23 11.29 11.04 11.12 11.53
308.15 0.752 9.963 12.36 12.76 13.02 12.46 13.16
313.15 0.765 11.53 14.74 14.41 15.57 14.60 14.94

xw = 0.764
278.15 0.794 6.131 6.943 6.824 7.398 7.011 6.600
283.15 0.797 6.674 7.652 7.620 7.861 7.840 7.539
288.15 0.801 7.344 8.553 8.516 8.487 8.724 8.572
293.15 0.805 8.074 9.567 9.522 9.337 9.705 9.703
298.15 0.808 8.699 10.46 10.65 10.48 10.42 10.93
303.15 0.813 9.558 11.74 11.92 11.93 11.80 12.28
308.15 0.819 10.54 13.27 13.34 13.81 13.24 13.74
313.15 0.826 11.91 15.15 14.94 16.23 15.28 15.31

xw = 0.829
278.15 0.853 6.607 7.564 7.454 8.143 7.645 7.292
283.15 0.855 7.167 8.313 8.228 8.494 8.345 8.180
288.15 0.859 7.948 9.390 9.089 9.004 9.305 9.140
293.15 0.860 8.405 10.04 10.04 9.852 10.06 10.17
298.15 0.862 8.755 10.54 11.10 10.96 10.75 11.28
303.15 0.866 9.759 12.05 12.28 12.28 12.10 12.47
308.15 0.870 10.72 13.57 13.59 14.04 13.47 13.74
313.15 0.875 12.03 15.38 15.04 16.33 15.37 15.09

xw = 0.928
278.15 0.939 7.163 8.307 8.151 8.558 8.205 8.152
283.15 0.940 7.588 8.889 8.855 8.833 8.781 8.904
288.15 0.941 8.140 9.662 9.628 9.274 9.660 9.696
293.15 0.942 8.632 10.36 10.47 9.956 10.29 10.52
298.15 0.943 9.255 11.28 11.40 10.86 11.12 11.39
303.15 0.944 9.959 12.35 12.42 12.06 12.29 12.30
308.15 0.945 10.56 13.31 13.53 13.62 13.39 13.25
313.15 0.947 12.13 15.05 14.76 15.65 15.01 14.24

a xexp
p is the experimental mole fraction solubility of 1,5-pentanediamine adipate dihydrate; xApel

p , xNRTL
p , xRK

p and

xJA
p refer to the calculated mole fraction solubility according to the modified Apelblat equation, NRTL model,

CNIBS/R-K model and Jouyban–Acree model, respectively. xw is the initial mole fraction of water in three binary
solvent mixtures; x0

w is the final mole fraction of water in three binary solvent mixtures; xa is the mole fraction
solubility of anhydrous 1,5-pentanediamine adipate. b Standard uncertainty is u(T) = 0.03 K, u(p) = 0.3 kPa. The
relative standard uncertainty is ur(xw) = 0.03, ur(xp) = 0.05, ur(x0

w) = 0.03.

83



Crystals 2022, 12, 877

Table 5. Mole fraction solubility of 1,5-pentanediamine adipate dihydrate in water + DMF from
278.15 K to 313.15 K (p = 0.1 MPa) a,b.

T/K x0
w 102xa 102xexp

p 102xApel
p 102xNRTL

p 102xRK
p 102xJA

p

xw = 0.648
278.15 0.648 0.1082 0.1084 0.1350 0.1095 0.1075 0.1237
283.15 0.649 0.2164 0.2173 0.1930 0.1630 0.2158 0.1806
288.15 0.649 0.2624 0.2637 0.2740 0.2402 0.2619 0.2602
293.15 0.650 0.3792 0.3820 0.3860 0.3571 0.3640 0.3701
298.15 0.651 0.4628 0.4671 0.5420 0.5190 0.4649 0.5204
303.15 0.652 0.6523 0.6609 0.7550 0.7410 0.6558 0.7234
308.15 0.655 1.059 1.081 1.046 1.116 1.073 0.9948
313.15 0.658 1.483 1.528 1.441 1.632 1.509 1.354

xw = 0.741
278.15 0.745 0.8593 0.8940 1.030 1.003 0.8944 1.018
283.15 0.747 1.214 1.241 1.347 1.305 1.217 1.340
288.15 0.749 1.703 1.756 1.754 1.693 1.758 1.748
293.15 0.752 2.159 2.239 2.274 2.177 2.226 2.259
298.15 0.757 3.134 3.265 2.937 2.835 3.244 2.895
303.15 0.759 3.485 3.729 3.779 3.613 3.749 3.679
308.15 0.764 4.369 4.777 4.843 4.607 4.809 4.640
313.15 0.771 5.526 6.197 6.184 5.848 6.240 5.808

xw = 0.811
278.15 0.823 3.087 3.291 2.997 3.079 3.108 2.677
283.15 0.823 3.292 3.465 3.535 3.625 3.553 3.298
288.15 0.826 3.835 4.090 4.167 4.242 4.107 4.034
293.15 0.828 4.498 4.918 4.911 4.955 4.950 4.900
298.15 0.830 4.949 5.711 5.785 5.839 5.665 5.914
303.15 0.835 6.023 6.762 6.810 6.724 6.726 7.093
308.15 0.839 7.030 8.026 8.013 7.787 7.980 8.457
313.15 0.843 8.013 9.374 9.422 9.078 9.295 10.02

xw = 0.866
278.15 0.877 4.411 4.837 4.949 5.193 4.965 4.431
283.15 0.880 5.226 5.858 5.566 5.551 5.746 5.204
288.15 0.881 5.504 6.196 6.252 6.353 6.162 6.079
293.15 0.883 6.630 7.152 7.012 6.954 7.125 7.063
298.15 0.884 6.767 7.429 7.855 7.903 7.567 8.165
303.15 0.887 7.424 8.715 8.788 8.959 8.739 9.393
308.15 0.889 8.328 10.05 9.818 9.993 10.07 10.75
313.15 0.892 9.029 11.07 10.95 11.42 11.13 12.26

xw = 0.9453
278.15 0.952 6.432 7.071 7.404 7.526 7.262 7.157
283.15 0.953 7.160 8.265 8.021 7.754 8.327 7.884
288.15 0.953 7.435 8.645 8.698 8.549 8.670 8.654
293.15 0.954 8.069 9.568 9.442 9.148 9.579 9.470
298.15 0.955 8.451 10.07 10.25 10.40 9.962 10.33
303.15 0.956 9.033 10.92 11.15 11.48 10.92 11.24
308.15 0.957 9.937 12.25 12.13 12.15 12.25 12.19
313.15 0.958 10.55 13.22 13.20 13.69 13.21 13.19

a xexp
p is the experimental mole fraction solubility of 1,5-pentanediamine adipate dihydrate; xApel

p , xNRTL
p , xRK

p and

xJA
p refer to the calculated mole fraction solubility according to the modified Apelblat equation, NRTL model,

CNIBS/R-K model and Jouyban–Acree model, respectively. xw is the initial mole fraction of water in three binary
solvent mixtures; x0

w is the final mole fraction of water in three binary solvent mixtures;xa is the mole fraction
solubility of anhydrous 1,5-pentanediamine adipate. b Standard uncertainty is u(T) = 0.03 K, u(p) = 0.3 kPa. The
relative standard uncertainty is ur(xw) = 0.03, ur(xp) = 0.05, ur(x0

w) = 0.03.

As shown in Figure 3, the dried solid was proved to completely convert into anhydrous
1,5-pentanediamine adipate by PXRD. The mass of dissolved 1,5-pentanediamine adipate di-
hydrate was calculated from the measured value of anhydrous 1,5-pentanediamine adipate.
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Figure 3. Powder X-ray diffraction pattern of dried solid in mixed systems: water + DMF (xw = 0.648),
water + ethanol (xw = 0.447) and water + methanol (xw = 0.360) at T = 298.15 K.

The TG/DSC results for the 1,5-pentanediamine adipate dihydrate crystal are shown
in Figure 4. It was found that there was 12.49% weight loss between room temperature
and 428.15 K, which is consistent with the theoretical water content of 1,5-pentanediamine
adipate dihydrate (12.66 wt%). Meanwhile, there are two sharp endothermic peaks in the
DSC curve, representing the dehydration process of two crystal waters in crystal. The
loss of water from the lattice was divided into two stages, occurring at 341.71 K and
347.47 K, and the total dehydration enthalpy is 40.13 kJ·mol−1, respectively. The broad
endothermic peak at about 380 K indicated that the dehydration of polyamide 56 salt
dihydrate was a slow process, accompanied by the endothermic phenomena related to
the melting and dissolution in water. The endothermic peak at 456.10 K represents the
decomposition process.

Figure 4. Thermal analysis (TG-DSC) of 1,5-pentanediamine adipate dihydrate.
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Furthermore, the DSC results for anhydrous 1,5-pentanediamine adipate (Figure 5)
show a sharp endothermic peak at 397.32 K, which should be the melting process, and the
melting enthalpy is 22.13 kJ·mol−1. As shown in Figure 6, the melting process of anhydrous
1,5-pentanediamine adipate at 397.32 K was proved through polarized optical microscopy.

Figure 5. DSC of 1,5-pentanediamine adipate dihydrate after dehydration.

 
Figure 6. Polarized optical microscopy of anhydrous 1,5-pentanediamine adipate (left: 120.6 ◦C,
right: 140.6 ◦C).

4.2. Solubility of 1,5-Pentanediamine Adipate Dihydrate in Binary Mixed Solvents

The experimental solubility data of 1,5-pentanediamine adipate dihydrate are listed in
Tables 3–5 and are plotted in 3D mode in Figures 7–9. The results show that the solubility of
1,5-pentanediamine adipate dihydrate is positively correlated with temperature in all the
tested three solvent systems. At a fixed temperature and solvent composition, the solubility
order of 1,5-pentanediamine adipate dihydrate in the tested solvent systems follows the
trend: (water + methanol) > (water + ethanol) > (water + DMF), which is consistent with
the solvent polarity of methanol, ethanol and DMF. Taking into account the intense polarity
of the molecule, the solvent effect on solubility could be explained by the “like dissolves
like” rule, in which polar solute and polar solvent can result in strong interactions [23].

Solvent composition is the most important factor, which could affect the solubility of
1,5-pentanediamine adipate dihydrate in the solvent mixtures. Interestingly, the solubility
values show different characteristics in the three binary mixture solvent systems. For
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water + methanol, a progressive rise of initial content of water result in ever-increasing
solubility at lower temperature, while the trend changes when the temperature is higher
than 303.15 K. Besides, cosolvency phenomenon can be observed in water + ethanol mixture,
which means that there is a peak in solubility curve versus solvent composition [24]. The
peak position slightly shifts with temperature and it gives the highest solubility at xw in
between 0.8 and 0.9 for water + ethanol. While, the solubility of 1,5-pentanediamine adipate
dihydrate increases with the rising mole fraction of water for the binary mixed solvents
water + DMF. From the above results, ethanol and DMF can be chosen as antisolvent since
1,5-pentanediamine adipate dihydrate is almost insoluble in them.

Figure 7. Mole fraction solubility of 1,5-pentanediamine adipate dihydrate in (water + methanol)
mixed solvents with different mole fractions at various temperatures.

Figure 8. Mole fraction solubility of 1,5-pentanediamine adipate dihydrate in (water + ethanol) mixed
solvents with different mole fractions at various temperatures.
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Figure 9. Mole fraction solubility of 1,5-pentanediamine adipate dihydrate in (water + DMF) mixed
solvents with different mole fractions at various temperatures.

Furthermore, the experimental solubility data of this work were fitted by using the
modified Apelblat Equation, NRTL model, the CNIBS/R–K model, and the Jouyban–Acree
model. The values of model parameters and the calculated ARD and RMSD are shown
in Tables 6–9. It can be observed the ARD% values of the four models used in this work
and are generally lower than 5%, and the RMSD values are all lower than 0.006. It implies
that the results fitted by these models show satisfactory consistency with the experimental
values. Among them, the ARD% values of CNIBS/R-K model are lower than 1%, and
the RMSD values are generally lower than 0.001. The CNIBS/R-K model shows best
consistency among the four models, and as such, it was chosen to calculate the solubility of
1,5-pentanediamine adipate dihydrate in the above-mentioned solvents.

Table 6. Model parameters of modified Apelblat model for 1,5-pentanediamine adipate dihydrate in
the investigated binary solvent mixtures a,b,c.

xw A B C ARD% 103RMSD

water + methanol
0.360 −82.8340 1038.99 13.5462 1.941 1.947
0.491 −77.8719 1151.40 12.6096 1.811 2.613
0.600 −82.4102 1586.55 13.1495 1.435 1.987
0.692 −95.1411 2376.78 14.9197 1.652 2.144
0.771 −80.2515 1856.47 12.6131 1.032 1.322
0.900 −81.0116 2152.54 12.5708 1.459 2.062
1.000 −75.7757 2039.99 11.7175 1.187 1.464

water + ethanol
0.447 −147.562 2728.03 23.7703 4.009 1.704
0.581 −44.1974 −544.343 7.63630 1.744 1.340
0.683 −81.2629 1656.53 12.8833 1.729 2.126
0.764 −94.6552 2414.27 14.7989 1.037 1.308
0.829 −85.2548 2175.21 13.2970 1.915 2.722
0.928 −78.0544 2088.14 12.0892 1.113 1.571

water + DMF
0.648 −103.155 −706.687 17.6053 10.73 0.553
0.741 −98.5924 393.332 16.4535 5.559 1.575
0.811 −111.074 2345.03 17.6142 2.312 1.586
0.866 −55.1677 636.236 8.86159 1.817 1.342
0.945 −81.6357 2273.41 12.5901 1.723 2.044

a A, B and C are the parameters of the modified Apelblat equation. b ARD is the average relative deviation.
c RMSD is the root mean-square deviation.
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Table 7. Model parameters of NRTL model for 1,5-pentanediamine adipate dihydrate in the investi-
gated binary solvent mixtures a,b,c.

Parameters Water + Methanol Water + Ethanol Water + DMF

Δgij −345,527 −347,351 360,083
Δgik −12,636.6 −8875.18 −3418.04
Δgji 392,075 394,734 −319,133
Δgjk 854.483 4455.60 −55,130.0
Δgki 13,260.8 14,444.6 8333.05
Δgkj 4300.47 4725.49 14,778.7

ARD% 2.678 3.652 5.387
103RMSD 4.226 4.035 2.430

a Δgij, Δgik, Δgji, Δgjk, Δgki and Δgkj are the parameters of NRTL model. b ARD is the average relative deviation. c

RMSD is the root mean-square deviation.

Table 8. Model parameters of CNIBS/R-K model for 1,5-pentanediamine adipate dihydrate in the
investigated binary solvent mixtures a,b,c.

T/K B0 B1 B2 B3 B4 ARD% 103RMSD

water + methanol
278.15 −2.98656 0.535550 −0.420300 1.13613 −0.728910 0.785 0.848
283.15 −4.53891 10.7029 −22.1239 20.5480 −7.011 0.252 0.303
288.15 −2.60732 0.359600 −0.853370 1.93184 −1.17388 0.349 0.397
293.15 −1.91604 −2.84662 6.86270 −6.66656 2.32015 0.166 0.255
298.15 −1.97239 −0.888080 0.450860 1.18540 −0.966630 0.101 0.167
303.15 −0.914890 −6.90305 15.9257 −15.9672 5.76152 0.060 0.116
308.15 −1.38438 −3.35065 −9.15557 −10.9973 4.56526 0.571 1.103
313.15 −1.57444 0.361170 −2.86611 3.78493 −1.61709 0.052 0.125

water + ethanol
278.15 −6.85983 3.86505 15.6193 −25.9248 10.8407 0.990 0.805
283.15 −12.0539 35.5145 −50.4952 32.8953 −8.27872 1.334 1.328
288.15 −7.14881 11.4357 −6.18013 −2.53752 2.08915 0.740 0.935
293.15 −7.32735 11.6185 −1.76807 −11.6445 6.87737 0.770 0.965
298.15 −13.5664 50.5021 −86.0459 66.1292 −19.2053 0.909 1.230
303.15 −8.03959 23.0644 −34.1683 22.9691 −5.92156 0.455 0.644
308.15 −1.81365 −9.83320 31.2860 −34.0285 12.3666 0.431 0.690
313.15 −0.181820 −16.3140 42.2165 −42.3819 14.7509 0.376 0.809

water + DMF
278.15 219.485 −1234.93 2423.09 −2035.12 625.028 4.045 2.264
283.15 92.4160 −562.581 1120.79 −934.259 281.209 0.510 0.327
288.15 −88.0758 293.604 −381.254 223.373 −49.9886 0.423 0.294
293.15 −83.1875 272.112 −340.998 188.063 −38.2364 0.095 0.077
298.15 −330.881 1465.47 −2470.41 1859.26 −525.636 2.276 1.976
303.15 −166.220 669.528 −1035.38 716.822 −186.839 0.295 0.296
308.15 −143.599 580.109 −902.644 630.033 −165.907 0.621 0.723
313.15 −180.185 758.701 −1219.05 873.296 −234.665 0.568 0.742

a B0, B1, B2, B3 and B4 are the parameters of CNIBS/R-K model. b ARD is the average relative deviation. c RMSD
is the root mean-square deviation.
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Table 9. Model parameters of Jouyban–Acree equation for 1,5-pentanediamine adipate dihydrate in
the investigated binary solvent mixtures a,b,c.

Parameters Water + Methanol Water + Ethanol Water + DMF

A0 10.2963 15.6173 40.6254
A1 −8.04828 −14.1420 −39.9894
A2 −3704.93 −6730.11 −35,615.2
A3 2326.55 8302.08 87,378.6
A4 167.587 −3422.17 −90,712.4
A5 −127.038 285.814 46,058.6
A6 20.3783 475.704 −7948.44

ARD% 2.022 3.270 6.128
103RMSD 2.459 3.707 4.389

a A0, A1, A2, A3, A4, A5 and A6 are the parameters of Jouyban-Acree equation. b ARD is the average relative
deviation. c RMSD is the root mean-square deviation.

4.3. The Mixing Thermodynamic Properties

The mixing properties, including mixing Gibbs free energy (ΔmG), mixing enthalpy
(ΔmH), and mixing entropy (ΔmS), are essential for non-ideal binary solution mixtures and
NRTL model can be adopted to calculate these data. The results are shown in Tables 10–12.
It can be found that the values of ΔmG are negative, indicating that the mixing processes
in the investigated solution systems are spontaneous. Besides, the values of ΔmH are
mostly negative, which means the mixing processes are mainly exothermic. Generally, the
thermodynamic properties of mixing are affected by the properties of solvents.

Table 10. Mixing thermodynamic properties of 1,5-pentanediamine adipate dihydrate in water +
methanol mixtures a,b.

xw ΔmH/kJ·mol−1 ΔmG/kJ·mol−1 ΔmS/J·mol−1·K−1

T = 278.15 K
0.360 −3.767 −1.873 −6.813
0.491 −4.283 −1.997 −8.223
0.600 −4.480 −2.017 −8.858
0.692 −4.879 −2.050 −10.17
0.771 −4.992 −1.983 −10.82
0.900 −5.399 −1.814 −12.89
1.000 −5.435 −1.450 −14.33

T = 283.15 K
0.360 −4.036 −1.953 −7.360
0.491 −4.676 −2.100 −9.102
0.600 −4.882 −2.119 −9.763
0.692 −4.961 −2.072 −10.20
0.771 −5.152 −2.019 −11.06
0.900 −5.435 −1.810 −12.80
1.000 −5.464 −1.434 −14.24

T = 288.15 K
0.360 −4.656 −2.114 −8.825
0.491 −5.038 −2.195 −9.872
0.600 −5.184 −2.197 −10.37
0.692 −5.388 −2.176 −11.15
0.771 −5.555 −2.113 −11.95
0.900 −5.758 −1.876 −13.48
1.000 −5.692 −1.464 −14.68
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Table 10. Cont.

xw ΔmH/kJ·mol−1 ΔmG/kJ·mol−1 ΔmS/J·mol−1·K−1

T = 293.15 K
0.360 −5.315 −2.290 −10.32
0.491 −5.563 −2.330 −11.03
0.600 −5.658 −2.315 −11.41
0.692 −5.754 −2.265 −11.90
0.771 −5.789 −2.165 −12.36
0.900 −5.976 −1.911 −13.87
1.000 −5.999 −1.495 −15.37

T = 298.15 K
0.360 −5.714 −2.408 −11.09
0.491 −5.828 −2.404 −11.48
0.600 −5.862 −2.370 −11.71
0.692 −5.888 −2.297 −12.04
0.771 −5.988 −2.207 −12.68
0.900 −6.167 −1.936 −14.19
1.000 −6.105 −1.483 −15.50

T = 303.15 K
0.360 −6.579 −2.667 −12.91
0.491 −6.507 −2.589 −12.92
0.600 −6.490 −2.533 −13.05
0.692 −6.439 −2.434 −13.21
0.771 −6.413 −2.305 −13.55
0.900 −6.400 −1.970 −14.62
1.000 −6.415 −1.499 −16.22

T = 308.15 K
0.360 −6.809 −2.764 −13.13
0.491 −7.018 −2.748 −13.86
0.600 −6.859 −2.638 −13.70
0.692 −6.775 −2.520 −13.81
0.771 −6.705 −2.368 −14.08
0.900 −6.572 −1.986 −14.88
1.000 −6.710 −1.532 −16.81

T = 313.15 K
0.360 −7.245 −2.957 −13.69
0.491 −7.265 −2.847 −14.11
0.600 −7.115 −2.721 −14.03
0.692 −6.993 −2.578 −14.10
0.771 −7.378 −2.063 −16.98
0.900 −7.056 −2.077 −15.90
1.000 −7.068 −1.579 −17.53

a The values of ΔmG, ΔmH and ΔmS were calculated by Equation (23). b The standard uncertainty are u(T) = 0.03
K, u(p) = 0.3 kPa. The combined expanded uncertainties are uc(ΔmH) = 0.060ΔmH, uc(ΔmS) = 0.065ΔmS, uc(ΔmG) =
0.070ΔmG (0.95 level of confidence).
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Table 11. Mixing thermodynamic properties of 1,5-pentanediamine adipate dihydrate in water + ethanol
mixtures a,b.

xw ΔmH/kJ·mol−1 ΔmG/kJ·mol−1 ΔmS/J·mol−1·K−1

T = 278.15 K
0.447 −0.3891 −0.1108 −1.000
0.581 −1.808 −0.4737 −4.801
0.683 −3.093 −0.8665 −8.010
0.764 −3.769 −1.114 −9.550
0.829 −4.291 −1.295 −10.77
0.928 −5.100 −1.499 −12.95

T = 283.15 K
0.447 −0.7009 −0.1980 −1.776
0.581 −2.368 −0.6156 −6.194
0.683 −3.602 −0.9993 −9.197
0.764 −4.012 −1.177 −10.01
0.829 −4.530 −1.352 −11.22
0.928 −5.242 −1.517 −13.16

T = 288.15 K
0.447 −1.096 −0.3010 −2.762
0.581 −2.626 −0.6872 −6.734
0.683 −3.782 −1.050 −9.488
0.764 −4.318 −1.255 −10.63
0.829 −4.900 −1.440 −12.01
0.928 −5.458 −1.552 −13.56

T = 293.15 K
0.447 −1.382 −0.3795 −3.423
0.581 −3.102 −0.8079 −7.830
0.683 −4.231 −1.165 −10.46
0.764 −4.634 −1.334 −11.26
0.829 −5.026 −1.466 −12.15
0.928 −5.611 −1.570 −13.79

T = 298.15 K
0.447 −1.807 −0.4852 −4.436
0.581 −3.654 −0.9458 −9.090
0.683 −4.496 −1.236 −10.93
0.764 −4.854 −1.389 −11.62
0.829 −5.069 −1.469 −12.08
0.928 −5.835 −1.603 −14.20

T = 303.15 K
0.447 −2.575 −0.6620 −6.314
0.581 −4.098 −1.061 −10.02
0.683 −4.858 −1.332 −11.63
0.764 −5.186 −1.471 −12.25
0.829 −5.493 −1.566 −12.96
0.928 −6.092 −1.639 −14.69

T = 308.15 K
0.447 −3.240 −0.8211 −7.854
0.581 −4.444 −1.155 −10.67
0.683 −5.092 −1.397 −11.99
0.764 −5.543 −1.561 −12.96
0.829 −5.848 −1.646 −13.64
0.928 −6.264 −1.654 −14.96

T = 313.15 K
0.447 −4.078 −1.029 −9.741
0.581 −5.004 −1.310 −11.80
0.683 −5.648 −1.353 −13.08
0.764 −5.932 −1.664 −13.63
0.829 −6.356 −1.764 −14.67
0.928 −6.692 −1.722 −15.88

a The values of ΔmG, ΔmH and ΔmS were calculated by Equation (23). b The standard uncertainty
are u(T) = 0.03 K, u(p) = 0.3 kPa. The combined expanded uncertainties are uc(ΔmH) = 0.060ΔmH,
uc(ΔmS) = 0.065ΔmS, uc(ΔmG) = 0.070ΔmG (0.95 level of confidence).
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Table 12. Mixing thermodynamic properties of 1,5-pentanediamine adipate dihydrate in water +DMF
mixtures a,b.

xw ΔmH/kJ·mol−1 ΔmG/kJ·mol−1 ΔmS/J·mol−1·K−1

T = 278.15 K
0.648 −23.05 −2.277 −1.024
0.741 −17.50 −1.803 1.927
0.811 −11.39 −1.397 9.279
0.866 −7.392 −1.064 11.70
0.945 −3.686 −5.551 6.710

T = 283.15 K
0.648 −22.87 −2.271 −0.567
0.741 −17.12 −1.797 2.989
0.811 −11.34 −1.395 9.239
0.866 −7.374 −1.064 11.56
0.945 −4.046 −5.547 5.304

T = 288.15 K
0.648 −22.73 −2.263 −0.359
0.741 −16.68 −1.789 4.219
0.811 −11.11 −1.389 9.652
0.866 −7.371 −1.058 11.16
0.945 −4.172 −5.560 4.818

T = 293.15 K
0.648 −22.52 −2.253 0.0403
0.741 −16.32 −1.782 5.112
0.811 −10.89 −1.381 9.958
0.866 −7.454 −1.055 10.58
0.945 −4.501 −5.570 3.647

T = 298.15 K
0.648 −22.35 −2.244 0.308
0.741 −15.67 −1.767 6.708
0.811 −10.82 −1.377 9.888
0.866 −7.546 −1.052 10.00
0.945 −4.552 −5.499 3.178

T = 303.15 K
0.648 −22.14 −2.239 0.819
0.741 −15.47 −1.757 6.946
0.811 −10.66 −1.364 9.832
0.866 −7.644 −1.043 9.199
0.945 −4.822 −5.145 1.065

T = 308.15 K
0.648 −21.69 −2.223 1.733
0.741 −15.06 −1.742 7.638
0.811 −10.65 −1.351 9.300
0.866 −7.894 −1.036 8.023
0.945 −5.467 −5.538 0.2324

T = 313.15 K
0.648 −21.30 −2.209 2.528
0.741 −14.67 −1.719 8.059
0.811 −10.71 −1.335 8.432
0.866 −8.115 −1.029 6.952
0.945 −5.760 −5.469 −0.9297

a The values of ΔmG, ΔmH and ΔmS were calculated by Equation (23). b The standard uncertainty are u(T) = 0.03
K, u(p) = 0.3 kPa. The combined expanded uncertainties are uc(ΔmH) = 0.060ΔmH, uc(ΔmS) = 0.065ΔmS, uc(ΔmG) =
0.070ΔmG (0.95 level of confidence).

5. Conclusions

In this paper, the solubility data of 1,5-pentanediamine adipate dihydrate in binary
solvent mixtures (water + methanol, water + ethanol, water + DMF) were measured under
atmospheric pressure at temperatures ranging from 278.15 K to 313.15 K by gravimetric
method. The solubility of 1,5-pentanediamine adipate dihydrate increased with the rising
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of temperature. At fixed temperature and solvent composition, the solubility order of
1,5-pentanediamine adipate dihydrate is (water + methanol) > (water + ethanol) > (water
+ DMF), which is consistent with the solvent polarity of methanol, ethanol and DMF.
In water + methanol binary mixtures, the trend of solubility with components changes
as the temperature rises, and the cut-off point is 303.15 K. Meanwhile, the cosolvency
phenomenon was observed in water + ethanol system and maximum solubility values
were observed when molar content of the water is about 0.8–0.9. As for water + DMF
mixed solvent, a progressive increase in the initial content of organic solvent results in
a decrease in its solubility. Furthermore, the solubility data were fitted by the Apelblat
model, the NRTL model, the CNIBS/R–K model, and the Jouyban–Acree model. The
results show satisfied fitting consistency. Finally, the mixing thermodynamic data indicate
that the mixing process is spontaneous.
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Abstract: In this study, L-carnosine was chosen as the model compound to systematically study
solution-mediated polymorphic transformation by online experiment and theoretical simulation.
Form II, a new polymorph of L-carnosine, was developed using an antisolvent crystallization method.
The properties of form I and form II L-carnosine were characterized by powder X-ray diffraction,
polarizing microscope, thermal analysis, and Raman spectroscopy. In order to explore the relative
stability, the solubility of L-carnosine form I and form II in a (water + DMAC) binary solvent mixture
was determined by a dynamic method. During the solution-mediated polymorphic transformation
process of L-carnosine in different solvents, Raman spectroscopy was employed to detect the solid-
phase composition of suspension in situ, and the gravimetric method was used to measure the liquid
concentration. In addition, the effect of the solvent on the transformation process was evaluated and
analyzed. Finally, a mathematical model of dissolution–precipitation was established to simulate
the kinetics of the polymorphic transformation process based on the experimental data. Taking the
simulation results and the experimental data into consideration, the controlling step of solution-
mediated polymorphic transformation was discussed.

Keywords: L-carnosine; polymorphic transformation; solvent; kinetics; mathematical model

1. Introduction

Polymorphism is defined as the ability of a compound to exist in multiple crystalline
forms with different molecular arrangements or molecular conformations in a crystal lat-
tice [1]. Polymorphism is a frequent phenomenon in the pharmaceutical industry. It is
found that more than half of solid drugs have polymorphic forms. Due to differences in
crystal structure, different polymorphs of the same solid drug generally present various
physicochemical characteristics, such as powder property, melting point, enthalpy of fusion,
dissolution behavior, and stability, which may lead to a different drug bioavailability, cura-
tive effect, and half-life of the drug [2]. As a consequence, the characterization and analysis
of the physicochemical properties of different polymorphs, including the thermodynamic
and kinetic properties of the polymorphic system, is essential to guide the development,
manufacture, and application of solid drugs [3–6].

According to the Ostwald rule, solution-mediated polymorphic transformation would
happen on a metastable form due to its higher Gibbs free energy, which finally transforms
it into its stable polymorph [7]. Solution-mediated polymorphic transformation can be
mainly divided into three steps: (i) dissolution of the metastable form, (ii) nucleation of the
stable form, and (iii) growth of the stable form [8]. Additionally, the slowest step among
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(i)–(iii) was the so-called rate-controlling step. Based on examining the solution and solid-
phase compositions for solution-mediated polymorphic transformation, O ’Mahony et al.
summarized four kinds of principal scenarios, including “dissolution-controlled”, “growth-
controlled”, “nucleation-dissolution-controlled”, and “nucleation-growth-controlled” poly-
morphic transformations [9].

L-carnosine (C9H14N4O3, Figure 1, CAS Registry No. 305−84−0, molar mass:
226.235 g/mol), a bioactive peptide found in the brain and muscle tissues of mammal, was
chosen as the model compound [10]. Owing to its strong antioxidant effects, L-carnosine
has been widely used in treating ulcers, arthritis, atherosclerosis, cataracts, diabetes, hy-
pertension, heart disease, and cancer. Through consulting a large volume of literature, it
can be observed that studies about L-carnosine concentrate on its preparation, character-
ization, function, and application [11–14]. However, the polymorphism of L-carnosine
has not been reported before. In this work, a new polymorph of L-carnosine was devel-
oped by the antisolvent crystallization method. It was named as form II, and the existing
polymorph was named as form I. Different methods were employed to characterize and
analyze these two forms of L-carnosine. Furthermore, the solvent-mediated polymorph
transformation from form II to form I was investigated by online Raman, in which the
influence of the solvent was further discussed. The rate-determining step in the transfor-
mation process was determined using the method of offline sampling, and the kinetics of
crystal dissolution, nucleation, and growth were simulated and analyzed according to a
dissolution-precipitation model.

Figure 1. The molecular structure of L-carnosine.

2. Experimental Section

2.1. Materials

Form I of L-carnosine (≥0.990 mass fraction) was offered by Shanghai Yuanye Bio-
Technology Co., Ltd., Shanghai, China. All the organic solvents used in the experiments, in-
cluding methanol, ethanol, 2-propanol, acetone, dimethyl formamide (DMF), and dimethy-
lacetamide (DMAC), were purchased from Tianjin Chemical Reagent No. 6 Factory, Tianjin
China. The deionized water was supplied by Tianjin Yongqingyuan Co., Ltd., Tianjin,
China. More details regarding the materials are listed in Table 1. All chemicals were used
without further purification. Form II of L-carnosine was prepared in the laboratory by the
antisolvent crystallization method, in which water acted as a solvent and DMF or DMAC
served as an antisolvent.

Table 1. Sources and mass fraction purity of MAC chemicals used in this article.

Chemical Name Source Mass Purity
Purification

Method
Analysis
Method

L-carnosine (Form I) Shanghai Yuanye Bio-Technology Co., Ltd., China ≥0.990 None HPLC a

Methanol Tianjin Chemical Reagent No.6 Factory, China >0.995 None GC b

Ethanol Tianjin Chemical Reagent No.6 Factory, China >0.995 None GC b

2-Propanol Tianjin Chemical Reagent No.6 Factory, China >0.995 None GC b

Acetone Tianjin Chemical Reagent No.6 Factory, China >0.995 None GC b

DMF Tianjin Chemical Reagent No.6 Factory, China >0.995 None GC b

DMAC Tianjin Chemical Reagent No.6 Factory, China >0.995 None GC b

Deionized Water Tianjin Yongqingyuan Co., Ltd., China ≥18.25 MΩ·cm None CT c

a High performance liquid chromatography, which was determined by Shanghai Yuanye Bio-Technology Co., Ltd.,
Shanghai, China. b Gas chromatography, which was determined by Tianjin Chemical Reagent No.6 Factory,
Tianjin, China. c Conductivity test, which was carried out by Tianjin Yongqingyuan Co., Ltd., Tianjin, China.
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2.2. Development of New Polymorph

The new polymorph of L-carnosine was developed by an antisolvent crystallization
method through the following procedures. Firstly, 42 mL DMF or DMAC was gently
poured into a 100 mL jacketed crystallizer, which was equipped with a mechanical stirrer.
A thermostat (CF41, Julabo, Seelbach, Germany) was used to control the system at 303.15 K.
Then, 2.45 g L-carnosine raw material was dissolved in water at room temperature to
prepare a 0.175 g/mL L-carnosine solution. Finally, 14 mL L-carnosine solution was added
into the jacketed crystallizer by a peristaltic pump (BT100-1F, Longer, Baoding, China) with
a dropping rate of 333.3 μL/min. To fully mix the organic solvent and the L-carnosine
solution, the mechanical stirrer was adjusted to 300 rpm during the entire experiment.
Once the adding process finished, the suspension was filtered and dried in a vacuum oven
at 298.15 K for further characterization.

2.3. Characterization Methods
2.3.1. Powder X-ray Diffraction

Powder X-ray diffraction, the most classic and commonly used method in qualitative
and quantitative analysis for polymorphism, was used to measure the crystal form of
L-carnosine. The data were collected by a D/max-2500 diffractometer (Rigaku, Tokyo,
Japan) with Cu Ka radiation (0.15405 nm). Samples were determined at the diffraction
angle (2θ) from 2◦ to 40◦ with a scanning rate of 8 ◦/min and a step size of 0.02◦.

2.3.2. Polarizing Microscope

Polymorphism is one of the main factors that affect the morphology of solid drugs. A
polarizing microscope (BX51, Olympus, Tokyo, Japan) was used to study the morphology
of form I and form II of L-carnosine.

2.3.3. Thermal Analysis

Differential scanning calorimetry (1/500, Mettler-Toledo, Greifensee, Switzerland)
and thermogravimetry (1/SF, Mettler Toledo, Greifensee, Switzerland) were carried out
to obtain the melting temperature and decomposition temperature of form I and form II
of L-carnosine. The measurements were conducted from 303.15 to 548.15 K at the rate of
2 K/min under the protection of a nitrogen atmosphere.

2.3.4. Raman Spectroscopy

A Raman spectrometer (RXN2, Mettler Toledo, Greifensee, Switzerland), equipped
with an MR probe head and a PhAT probe head, was implemented to monitor the solid-
phase composition of the suspension in situ during the solution-mediated polymorphic
transformation process [15]. The data were collected in the wavenumber range from 150 to
1890 cm−1 at a laser wavelength of 514.5 nm.

2.4. Solubility Experiments

The solubility of L-carnosine form I and form II in binary solvent (water + DMAC)
was determined using a dynamic method based on previous studies [16]. The molar ratio
of water to DMAC was 9:1 in a binary solvent mixture. The solubility experiments were
carried out in temperatures ranging from 278.25 K to 323.15 K under atmospheric pressure.

2.5. Solution-Mediated Polymorphic Transformation Experiments

The polymorphic transformation experiments from form II to form I of L-carnosine
were performed in six kinds of binary solvent mixtures, including water + methanol,
water + ethanol, water + 2-propanol, water + acetone, water + DMF, and water + DMAC,
which can be divided into two parts. Water + methanol, water + ethanol, water + 2-propanol,
and water + acetone have been used in antisolvent crystallization to prepare form I, and
water + DMAC and water + DMF were used to produce form II in this work. The volume
ratio of water to organic solvent was 1:3 in a binary solvent mixture. First, 100 mL binary
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solvent mixture was gently poured into a 150 mL jacketed crystallizer, which was equipped
with a mechanical stirrer. A thermostat (CF41, Julabo, Seelbach, Germany) was used to
control the system at 303.15 K. Then, 3.00 g of form II of L-carnosine was added into the
jacketed crystallizer to prepare the initial suspension of form II. The initial concentration of
L-carnosine in the liquid phase is supersaturated for form I. To fully mix the suspension, the
mechanical stirrer was adjusted to 300 rpm. During the polymorphic transformation pro-
cess, a Raman MR probe was inserted into the slurry to monitor the solid-phase composition
of the two polymorphs in situ. Meanwhile, the solid-phase composition was also measured
and analyzed using powder X-ray diffraction by intermittent sampling [17]. In addition,
the liquid concentration of L-carnosine was determined by the gravimetric method at a
certain time interval [18]. All the transformation experiments were performed three times
in this study. The experimental setup of solution-mediated polymorphic transformation
between the two polymorphs of L-carnosine is shown in Figure 2.

Figure 2. The experimental setup of solution-mediated polymorphic transformation between the two
polymorphs of L-carnosine: (1) thermostat; (2) crystallizer; (3) mechanical stirrer; (4) stirring paddle;
(5) Raman probe; (6) computer.

2.6. Theoretical Model

In this study, a theoretical model of dissolution-precipitation was established to sim-
ulate the kinetics of the polymorphic transformation process from form II to form I of
L-carnosine [19]. In the dissolution-precipitation model, the transformation process con-
tains three steps: dissolution of the metastable form, nucleation of the stable form, and
growth of the stable form. Based on these steps, the change in the amount of undissolved
L-carnosine solid can be expressed via Equation (1).

dAd
dt

= −dAs

dt
= D − J − G (1)

where Ad and As represent the amounts of dissolved and undissolved solid L-carnosine. D,
J, and G refer to the dissolution rate, nucleation rate, and growth rate, respectively.

Assuming the dissolution rate of the crystals in the suspension is size-independent,
the dissolution rate can be defined as a proportional function of the amount of solid in the
suspension, which is written as follows:

Di = kdiss,i · As,i (2)

where subscript i stands for the i th polymorph of crystals. kdiss is the dissolution rate
constant, which reflects the properties of the particles and solution [20].

The nucleation process, the first step of the crystallization process, is the spontaneous
formation of clusters past the critical size [21]. At a microscopic level, the nucleation process
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can be simplified as the encounter of dissolved solute molecules. Therefore, the nucleation
rate can be obtained as follows:

Ji = knuc,i · V · Cα,i (3)

where knuc is the nucleation rate constant, which represents the possibility of generating
aggregates. V and C are the volume and concentration of the solution. α refers to the
nucleation molecularity index, denoting the average number of molecules needed to
form nucleation.

During the growth process, discrete solute molecules in solution continuously ag-
gregate onto the pre-existing crystals. Because of this, the growth rate is related to the
concentration of the dissolved solute and the amount of undissolved solid in the suspen-
sion [22]. It can be shown as Equation (4).

Gi = kgrowth,i · As,i · C (4)

where kgrowth is the growth rate constant, reflecting the reaction rate of dissolved solute
molecules with pre-existing crystals.

Clearly, according to the above assumptions, the kinetics of undissolved L-carnosine
solid can be calculated as in Equation (5).

− dAs,i

dt
= kdiss,i · As,i − knuc,i · V · Cα,i − kgrowth,i · As,i · C (5)

where i = 1, 2 represents form I and form II of L-carnosine.
The relationship between solution concentration and undissolved solid amount can

be described by Equation (6), when C = Ad/V is substituted into Equation (1).

V
dC
dt

= −dAs,1

dt
− dAs,2

dt
(6)

When the system reaches equilibrium between the solid and liquid phases, the nu-
cleation term can be ignored [19]. Thus, the dissolution rate equals the growth rate.
Additionally, the solution concentration is the solubility of the solid solute, which can be
described as following:

Csol,i =
kdiss,i

kgrowth,i
(7)

where Csol is the solubility of L-carnosine in the given binary solvent mixture.
Substituting Equation (7) into Equations (5) and (6), changes in the solution con-

centration and undissolved L-carnosine solid amount over time can be calculated by
Equations (8) and (9), respectively.

dC
dt

=
2

∑
i=1

( kgrowth,i · As,i · (Csol,i − C)
V

− knuc,i · Cα,i
)

(8)

dAs,i

dt
= −V ·

( kgrowth,i · As,i · (Csol,i − C)
V

− knuc,i · Cα,i
)

(9)

where i = 1, 2, denotes form I and form II of L-carnosine.
Based on the experimental data and dissolution-precipitation model, the solution-

mediated polymorphic transformation process of L-carnosine was simulated using MAT-
LAB (2015 version). The model parameters, including kdiss, knuc, kgrowth, and α for form I
and form II, were obtained by a nonlinear dynamic parameter fitting procedure based on
the least squares method. In addition, the set ordinary differential equations were solved
using the ode15s function with a variable integration step.
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3. Results and Discussion

3.1. Characterizations

Polymorphs of L-carnosine, including form I and form II, were characterized by
powder X-ray diffraction, polarizing microscope, thermal analysis, and Raman spectroscopy.
The powder X-ray diffraction patterns are shown in Figure 3. It can be found that form
I and form II exhibit distinct peaks, indicating that form II is a new polymorph of L-
carnosine [12]. A polarizing microscope was utilized to research the crystal habit of the two
polymorphs. As illustrated in Figure 4, form I exhibits needle-shaped crystals, whereas
form II exhibits short rod-shaped crystals. Furthermore, the results of differential scanning
calorimetry and thermogravimetry are displayed in Figure 5. It can be seen that there
are obvious endothermic peaks at 517 K and 491 K for form I and form II of L-carnosine,
respectively. Considering that samples of form I and form II started to decrease in weight
at 517 K and 491 K, 517 K and 491 K were recognized as the decomposition temperatures
of form I and form II, respectively. The results demonstrate that both polymorphs are
decomposing before melting, and the chemical stability of form I is higher than that of
form II. The Raman spectra of L-carnosine polymorphs are shown in Figure 6. Significantly
distinguishable characteristic peaks of the two crystal forms are found in the wavelength
range of 1600 cm−1–1500 cm−1 and 1300 cm−1–1200 cm−1, which indicates the difference
in crystal structure. In this work, characteristic peaks at 1227.3 cm−1 and 1524.8 cm−1

were chosen to represent the changes in the solid content of form I and form II during the
solution-mediated polymorphic transformation.

Figure 3. Powder X-ray diffraction patterns of L-carnosine form I and form II.

Figure 4. Polymorphic morphology of L-carnosine in a polarizing microscope: (a) form I; (b) form II.
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Figure 5. Thermal analysis curves of L-carnosine form I and form II: (a) differential scanning
calorimetry; (b) thermogravimetry.

Figure 6. Raman spectra of L-carnosine form I and form II.

3.2. Solubility Data of L-carnosine Polymorphs

In this work, the solubility data of the L-carnosine polymorphs were measured to
compare the stability of the two polymorphs. The mole fraction solubility of L-carnosine
is graphically depicted in Figure 7. The results indicate that the solubility of the two
polymorphs of L-carnosine is positively correlated with temperature. In addition, the
solubility of form II is higher than that of form I throughout the whole temperature range
studied. It confirms that form I is the stable form and form II is a metastable form, which is
consistent with the results of thermal analysis [23].

Figure 7. Solubility of L-carnosine form I and form II in a binary solvent mixture of water and DMAC.
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3.3. Solution Mediated Transformation

The solution-mediated polymorphic transformation of L-carnosine in different binary
solvent mixtures of water + organic solvent, including methanol, ethanol, 2-propanol,
acetone, DMF, and DMAC, was detected by online Raman spectroscopy. The results
demonstrate that the transformation experiments of L-carnosine in a 100 mL binary solvent
mixture were repeatable. The changes in Raman relative intensity during the polymorphic
transformation process from form II to form I are shown in Figure 8. It can be seen that after
the induction period of form I, the characteristic peak at 1227.3 cm−1 of form I increases
with a corresponding decrease in the characteristic peak at 1524.8 cm−1 of form II. Finally,
the characteristic peak of form II disappeared, and the characteristic peak intensity of form
I remained basically stable, which means form II had completely transformed into form I
at the end of this transformation process. In addition, the time needed for performing the
crystal transformation of L-carnosine varies from tens of minutes to tens of hours in different
binary solvent mixtures. The duration time of the transformation process for L-carnosine in
the tested solvent systems was (water + acetone) < (water + 2-propanol) < (water + ethanol)
< (water + methanol) < (water + DMAC) < (water + DMF), which represents the combined
effects of solute conformation and solute−solvent interactions [24]. It indicates that the
transformation rate from form II to form I of L-carnosine can be effectively regulated by
changing the solvent.

Figure 8. Changes of Raman relative intensity during the solution-mediated polymorphic transfor-
mation of L-carnosine in different binary solvent mixtures: (a) water + methanol; (b) water + ethanol;
(c) water + 2-propanol; (d) water + acetone; (e) water + DMF; (f) water + DMAC.

Powder X-ray diffraction was carried out at certain time intervals to verify the poly-
morphic transformation results from form II to form I of L-carnosine. The powder X-ray
diffraction patterns of solid samples withdrawn from suspension in a water + ethanol
binary solvent mixture are shown in Figure 9. It can be seen that the characteristic peak
intensity of form I gradually increased, while the characteristic peak intensity of form
II gradually decreased after 180 min. At this point, form I and form II of L-carnosine
coexisted in the system. Finally, the characteristic peak of form II disappeared, while the
characteristic peak intensity of form I reached its maximum. Accordingly, form I was the
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only polymorph detected in the solid phase after 300 min, which was consistent with the
results of Raman spectroscopy.

Figure 9. Powder X-ray diffraction patterns at different times during the solution-mediated polymor-
phic transformation of L-carnosine in a water + ethanol binary solvent mixture.

In combination with the changes of Raman relative intensity during the solution-
mediated polymorphic transformation, the transformation process in the first kind of
solvent systems can be divided into those with and without induction time. Therefore,
three typical binary solvent mixtures, water + acetone, water + ethanol, and water + DMF,
were chosen for further study, which are able to fully reflect the transformation mechanism.
To explore the transformation mechanism, the solution concentration was measured at
specific time intervals by the gravimetric method. The results in typical binary solvent
mixtures, including water + acetone, water + ethanol, and water + DMF, are plotted in
Figure 10. It can be seen that the driving force for transformation, namely the difference in
solubility between the two polymorphs, decreased with the increase in solvent polarity. As
a result, the transformation time for L-carnosine in the tested solvent systems increased
with the increase in solvent polarity [25]. The transformation started immediately after
form II of L-carnosine was added into a water + acetone binary solvent mixture. However,
the induction time of the polymorphic transformation process in the water + ethanol and
water + DMF binary solvent mixtures was 180 min and 30 h respectively, which indicates
that the nucleation of form I is the controlling step of polymorphic transformation in
water + ethanol and water + DMF binary solvent mixtures. In addition, the solution
concentration in water + acetone and water + ethanol binary solvent mixtures held steady
at the solubility of the metastable form II during the increase in form I, and started to
decrease when form II had dissolved completely. It indicates that the dissolution rate of
form II is higher than the growth rate of form I, and the growth of form I is the controlling
step of polymorphic transformation in water + acetone and water + ethanol binary solvent
mixtures. Nevertheless, the solution concentration in water + DMF decreased to the
solubility of stable form I when the amount of form I started to increase, suggesting that
the dissolution rate of form II is smaller than the growth rate of form I, and the dissolution
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of form I is the controlling step of polymorphic transformation in a water + DMF system.
In conclusion, the polymorphic transformation of L-carnosine is “growth-controlled” in
water + acetone solution, “nucleation-growth-controlled” in water + ethanol solution, and
“nucleation-dissolution-controlled” in water + DMF solution [9].

Figure 10. Changes of solution concentration during the solution-mediated polymorphic trans-
formation of L-carnosine in different solvent mixtures: (a) water + acetone; (b) water + ethanol;
(c) water + DMF.

3.4. Transformation Process Simulation

The dissolution-precipitation kinetics model was carried out to simulate and analyze
the polymorphic transformation of L-carnosine based on the experimental data. The values
of the model parameters are listed in Table 2. Figure 11 illustrate the calculated results of
the liquid concentration and solid-phase composition of L-carnosine in three binary solvent
systems. It was found that the simulated solution concentration curves can fit the experi-
mental values well, and the simulated solid-phase compositions of the two polymorphs are
also close to the measured online Raman data. The delicate discrepancies of the solid-phase
composition in water + ethanol and water + DMF binary solvent mixtures are acceptable,
considering the assumptions proposed to simplify the calculation process. The consistency
between the model results and experimental data supposes that the model established in
our work is reliable to simulate the solution-mediated polymorphic transformation process
of L-carnosine.

Table 2. Model parameters for the solution-mediated polymorphic transformation of L-carnosine in
different solvent mixtures.

Solvent Solid Form kdiss/min−1 Csol knuc/min−1(g/mg)α−1 kgrowth/min−1 α

Water + Acetone
form I 0.176 1.57 × 10−3 5.89 × 10−3 112 1.46
form II 0.157 4.21 × 10−3 5.53 × 10−2 37.3 2.71

Water + Ethanol
form I 0.758 4.49 × 10−3 4.81 × 10−5 169 1.74
form II 0.267 1.10 × 10−2 2.22 × 10−2 24.3 2.19

Water + DMF
form I 0.318 2.24 × 10−3 4.65 × 10−6 142 1.87
form II 0.389 5.74 × 10−3 2.34 × 10−2 67.8 2.79

Figure 11. Calculated solid composition profiles and solution concentration profile during the
solution-mediated polymorphic transformation from form II to form I of L-carnosine in different
solvent mixtures: (a) water + acetone; (b) water + ethanol; (c) water + DMF.
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4. Conclusions

In this paper, form II—a new polymorph of L-carnosine—was successfully devel-
oped by an antisolvent crystallization method. The properties of the two polymorphs
were characterized by powder X-ray diffraction, polarizing microscope, thermal analysis,
and Raman spectroscopy. The solubility of L-carnosine form I and form II in a (water +
DMAC) binary solvent mixture was determined by a dynamic method, based on which
the relative stability of the two forms was analyzed. The results suggest that form I is
the thermodynamically stable form compared with form II. In addition, the solution-
mediated polymorphic transformation of the two polymorphs in different binary solvent
systems was detected by online and offline analytical techniques. It was found that the
transformation process became longer with increasing solvent polarity. The polymorphic
transformation of L-carnosine was “growth-controlled” in a water + acetone binary solvent,
while “nucleation−growth” and “nucleation-dissolution” were the rate-controlling steps
in water + ethanol and water + DMF binary solvents, respectively. A theoretical model of
dissolution-precipitation was built to simulate the kinetics of the polymorphic transforma-
tion. It was verified that the simulated curves are basically consistent with the experimental
results, which means that the model established in this work is reliable to simulate the
solution-mediated polymorphic transformation process of L-carnosine.
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Abstract: Glycine (Gly) single crystals doped with croconic acid (CA) were grown by evaporation
from aqueous solutions. Depending on the weight ratio of Gly and CA in solutions, the crystals take
on a plate or pyramidal shape. Both powder and single crystal XRD analyses indicate that the crystal
lattices of plates (α-Gly:CA) and pyramides (γ-Gly:CA) correspond to the lattices of pure α-Gly and
γ-Gly polymorphs, respectively. Raman and FTIR spectra of Gly:CA crystals are very close to the
spectra of undoped crystals, but include bands associated with CA impurity. Analysis of UV-Vis
absorption spectra indicates that doping does not remarkably change bandgap value Eg~5.2 eV but
results in appearance of strong absorption bands in the transparency region of pure glycine crystals,
which result from local electronic transitions. Incorporation of CA molecules in Gly creates strong
green photoluminescence in a wide spectral range 1.6–3.6 eV. Comparison of the optical spectra of
Gly:CA and previously studied TGS:CA crystals indicates that in both cases, the modifications of
the optical spectra induced by CA doping are practically identical and are related to the interaction
between CA molecules located in the pores of the host Gly crystals and neighboring Gly molecules.

Keywords: glycine; polymorphism; croconic acid; crystal structure; XRD; FTIR and Raman spectroscopy;
UV-Vis absorption; photoluminescence

1. Introduction

Protein amino acid glycine (Gly) NH2-CH2-COOH was discovered in 1820 by the
chemist, botanist, and pharmacist Henri Braconnot. It was the first case wherein a pure
amino acid was obtained from a protein [1]. Since glycine is produced in the human body
during metabolism, it is safe and is widely used in medicine as a metabolic regulator that
normalizes and activates protective inhibition processes in the central nervous system and
reduces psycho-emotional stress.

Piezoelectricity is in increasing demand as it provides diverse entries into electronic,
electromechanical, optical, and optoelectronic applications. A very high polarization
response, which is promising for capacitors, memories, and piezoelectric applications,
has been discovered mostly in inorganic oxides containing toxic lead or rare elements.
Purely organic ferroelectrics, which are expected to be used as key materials in organic,
printable, and bendable electronic device applications, are being pursued as possible
alternatives. Recently, it was demonstrated that a basic component of biological structure,
γ-glycine, presents nanoscale ferroelectricity, with an exhibited technologically significant
piezoelectric response. Glycine is one of the simplest and smallest biological molecules.
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It therefore presents a starting point for the design of functional materials as it can be
synthetically modified to optimize properties.

Crystallization of glycine is characterized by polymorphism. Currently, α-, β-, γ-, δ-,
and ε-Gly modifications of glycine crystal structure are known. The most stable among
them are α- and γ-modifications. It is believed that the α modification is the most stable
one because γ- and β-glycine are transformed to α-glycine at certain conditions. However,
there exists an opposite perspective in the literature, which relates the γ-modification to
the most stable one [2]. Γ-Gly transforms in α-Gly at T ≈ 460 K [3,4]. B-Gly transforms in
α- Gly or γ-Gly at ambient conditions [2]. Similarly, under high pressure, phase transitions
of β-Gly to δ-Gly and γ-Gly to ε-Gly occur [5].

α-Gly crystallizes in centrosymmetric crystal structure [space group P21/n (14)]. In
contrast, β- and γ-Gly crystallize in non-centrosymmetric structure of monoclinic [sp.gr.
P21 (4)], and trigonal [sp.gr. P32 (145) or P31 (144)] symmetry, respectively [2–7]. Nominally
pure glycine single crystals are transparent in a wide spectral range. Strong increase of
absorption due to band-to-band electronic transitions begins in ultraviolet (UV) region
for the light wavelength λ shorter than cut-off wavelength λgap. In both α-Gly [8] and
γ-Gly [9–12] λgap ≈ 240 nm. Estimations of the bandgap Eg are based on use of Tauc
plot and provide the values of Eg = 5.11 ± 0.02 eV in α-Gly [8] and Eg = 5.09–5.3 eV in
γ-Gly [11–13]. A much higher value of Eg = 6.2 eV has been reported in Ref. [14].

Non-centrosymmetric γ-Gly attracts much attention due to remarkable piezoelectric,
pyroelectric, and non-linear optical (NLO) properties. The longitudinal piezoelectric coeffi-
cient d33 value for the γ-Gly crystals was discovered to be d33 = 7.37 pC/N [13], piezoelectric
strain constant ~9.93 pm·V−1 [15], pyroelectric coefficient p~13–21.4 μC/m2K [16,17]. The
large value of piezoelectric coefficient makes γ-Gly an attractive material for design of flexi-
ble amino acid-based energy harvesting [18]. The glycine polycrystalline sensors indicate
the effective piezoelectric constants of d33 = 0.9 pC/N and of g33 = 60 mV·m/N, respectively.
Note that the latter one exceeds that of commercial piezoelectric lead zirconium titanate
(PZT) [18].

Since glycine crystals grow from aqueous solutions, the addition of various substances
to solutions makes it possible to significantly influence the process of glycine crystallization
and obtain doped glycine crystals with modified physical properties. In particular, the
type of additive and its amount can determine what polymorph of glycine will grow from
solution. It was demonstrated in [19] that the addition to the solution of a small amount of
zinc sulphate ZnSO4 with a molar concentration (0.2–0.4 M) is accompanied by growth of α-
Gly, and an increase in concentration (0.6–1 M) leads to the appearance of the γ-polymorph.
In [20], the effects of seven common salts on primary nucleation of the metastable α-Gly
and the stable γ-Gly were studied. It was demonstrated that addition of (NH4)2SO4, NaCl
and KNO3, in general, results in primary nucleation of γ-Gly simultaneously inhibiting
α-Gly primary nucleation. Addition of Ca (NO3)2 and MgSO4 also promotes γ-Gly and
inhibits α-Gly primary nucleation but not sufficiently to induce γ-Gly. Na2SO4 and K2SO4
promote not only γ-Gly but also α-Gly primary nucleation.

Polymorphic control of glycine by using the microdroplet technique for NaCl additive
was investigated in [21]. Analysis of thermodynamics and nucleation kinetics of glycine
polymorphs in microdroplets indicates that NaCl reduces the nucleation energy barrier of
the γ-form of glycine, and for the same form of glycine, crystallization by the conventional
method has a higher interfacial tension than in microdroplets.

Comparison of the crystallization process of glycine polimorphs and its salts/co-
crystals in the presence of organic carboxylic acids through implementation of several
different preparative techniques was studied in [6]. It was discovered that for the outcome
of crystallization in “glycine– carboxylic acid” systems upon slow evaporation of aqueous
solutions, both the choice of the acid and its concentration are of importance.

Additives can also influence a morphology of glycine crystals. As indicated in [22],
the γ-Gly crystals grown from the solution containing glycine and sodium fluoride, sodium
hydroxide, or sodium acetate had only three well developed faces (101), (0–11), and (−111)
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with the remaining faces developed in the form of a pyramid. In contrast, adding to the so-
lution of sodium nitrate resulted in a different morphology with four well-developed faces.

It is important that additions can strongly affect a nonlinear properties of glycine
crystals. It was determined that the addition of alkali metal nitrides, bromides, chlorides,
or acetates to a solution can significantly change the second-harmonic generation (SHG)
efficiency in γ-Gly [11,23–25], reaching a maximum value for Cs chloride 5.06 times higher
than that in a potassium dihydrogen phosphate (KDP) crystal [26].

From aqueous solutions of glycine with various inorganic and organic acids and
salts, many new crystals were obtained [6,7], particularly the well-known ferroelectric
triglycine sulfate (TGS), which has record values of the pyroelectric coefficient [27], and
other ferroelectric crystals based on glycine and methylated glycine [7,28,29].

The effect of organic croconic acid (CA) additives on the glycine crystallization process
has not yet been studied. Croconic acid crystals are a promising material in which CA
molecules bonded by O-H···O hydrogen bonds provide excellent ferroelectricity at room
temperature (RT) [30]. However, CA is corrosive and requires another acid in the solution to
crystallize. In this regard, it is of considerable interest to study the properties of mixed Gly-
CA crystals. The CA molecule, C5H2O5, belongs to a series of planar monocyclic CnH2On
oxocarbon acids. It has highly symmetric (D5h) plane topology and large value of molecular
dipole momentum d~ (9–10) D [30]. CA molecule is small and may be incorporated into
the host lattice as an impurity in a wide concentration range.

It was recently discovered that doping above RT ferroelectric TGS crystals with CA
molecules results in appearance of a strong green luminescence band in region of photon
energy Eph = 1.6–3.5 eV with the band maximum at Eph = 2.55 eV. The doping also leads to
the appearance of absorption bands related to local optical transitions in the transparency
region of nominally pure TGS crystals and change of dielectric hysteresis loops [31]. CA
doping does not change significantly TGS crystal structure, does not result in appearance
of new phases, and does not influence frequencies of molecular vibrations measured by
Raman and Fourier-transform infrared spectroscopy (FTIR).

Since, unlike TGS (which includes ordinary glycinium ions, zwitterions, and sulfuric
acid molecules), glycine crystals are formed only by glycine zwitterions; the crystal structure
of glycine can be either centrosymmetric (α-Gly) or non-centrosymmetric (γ-Gly). It is
interesting to compare the changes in the crystal structure, luminescence, and optical
absorption caused by doping TGS and Gly crystals with croconic acid. For these reasons, in
this work Gly single crystals were grown from aqueous solutions of glycine and croconic
acid at the same relative ratios (80:20, 90:10, 98:2) as in previous studies of TGS:CA crystals.

Particularly, the primary questions of interest for the present study were the following:
how does CA doping affect the crystal structure, crystal morphology, unit cell parameters of
various glycine isomorphs, the amplitudes and frequencies of glycine molecular vibrations,
the electronic band structure, in particular, the value of the band gap Eg, optical properties
including absorption and luminescence spectroscopy of doped crystals. Generally, the
aim of this research was the synthesis of CA–doped α- and γ-Gly single crystals and
the study of their structural and optical properties. Preliminary results on Raman and
photoluminescence spectroscopy were presented in our conference paper [32].

2. Materials and Methods

2.1. Crystal Synthesis

Figure 1 presents images of crystals used in this research. Nominally pure single crys-
tals of α-Gly were grown by evaporation from saturated aqueous solutions of aminoacetic
acid (α-Gly) (Figure 1a). Colorless “pure” γ-Gly crystals were grown from aqueous solution
of α-Gly crystals with adding 5% of citric acid C6H8O7 and may contain a small admixture
of the acid (Figure 1b). Croconic acid crystals (Figure 1c) were prepared from the CA
reagent (Alfa Aesar B21809, 98% purity) according to the procedure described in [33].

Croconic acid doped Gly crystals were grown from aqueous solutions with different
weight rations of Gly and CA—80:20, 90:10, 98:2. Gly:CA crystals grown from 80:20 and
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98:2 solutions have a pyramidal shape with a hexagonal base (Figure 1d,f) analogous to
nominally pure γ-Gly (Figure 1b). Crystals grown from 90:10 solution have plate shape
like pure α-Gly (Figure 1a).

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 1. Images of crystals used in this research. α-Gly crystals grown from aqueous solution (a).
γ-Gly crystal grown from aqueous solution with adding 5% of citric acid C6H8O7 (b). Croconic acid
crystal (c). Gly:CA crystals grown from solutions with relative weight ratios of Gly and CA 80:20 (d),
90:10 (e), 98:2 (f).

2.2. Experimental Details of Single Crystal XRD

Single crystal X-ray diffraction (XRD) studies of Gly:CA (90:10) and Gly:CA (80:20)
were performed in the Harbin Institute of Technology, China, by a Bruker D8 Venture
setup (50 kV, 30 mA) at RT using Mo-Kα radiation, and Gly:CA (80:20) by Rigaku XtaLAB
Synergy diffractometer at 100 K using Cu-Kα radiation (50 kV, 1 mA) in the Resource
Center “X-ray Diffraction Methods” of St. Petersburg State University. The structures have
been solved by the direct methods by means of the SHELX program [34] incorporated
in the OLEX2 program package [35]. The carbon and nitrogen-bound H atoms were
placed in calculated positions and were included in the refinement in the ‘riding’ model
approximation. Empirical absorption correction was applied in CrysAlisPro program
complex [CrysAlisPro, Version 1.171.36.32, Agilent Technologies Inc., Santa Clara, CA,
USA] using spherical harmonics, implemented in SCALE3 ABSPACK scaling algorithm
[for Gly:CA (80:20)] and using the Bruker software SADABS-2016/2 [Bruker, 2016/2]
[for Gly:CA (90:10)]. Supplementary crystallographic data have been deposited in the
Cambridge Crystallographic Data Centre (CCDC) (2194293-2194294) and can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif (accessed on 8 April 2022). The
drawings of the Gly:CA (90:10) and Gly:CA (80:20) crystal structures were made using the
Vesta program [36].

2.3. Experimental Details of Powder XRD

To prepare the samples for powder XRD investigations, the grown crystals were
grinded in a corundum mortar. Low-background holders in the form of polished single-
crystal Si (119) plate were used to prepare powder samples for XRD measurements.
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Powder XRD measurements were performed utilizing a D2 Phaser X-ray powder
diffractometer (Bruker AXS, Karlsruhe, Germany) equipped with an X-ray tube with a
copper anode and a Ni Kβ filter (Cu-Kα radiation, λ = 1.54184 Å). The XRD patterns were
recorded in a symmetric scanning θ-2θ mode using a semiconductor position-sensitive
linear X-ray detector LYNXEYE (Bruker AXS, Karlsruhe, Germany). During the XRD
measurements, temperature in sample chamber was 313 ± 1 K. Additional XRD measure-
ments of the powder samples mixed with internal XRD powder standard Si640f (NIST,
Gaithersburg, MD, USA) were performed to win the angular corrections of the observed
Bragg angles of the XRD reflections to zero shift and displacement.

After introducing the angular corrections to the Bragg angles 2θB of XRD reflections
with attributed Miller indices hkl, at first stage of analysis, unit cell parameters of the
crystalline phases were calculated using the program Celsiz [37], utilizing the least-square
technique. Microstructural parameters (average size D of crystallites and absolute values of
mean microstrain εs in them) for crystalline phases were estimated from parameters of XRD
reflections [Bragg angles 2θB, full width at half maximum FWHMobs, maximum (Imax) and
integral (Iint) intensities] by graphical methods of Williamson–Hall plot (WHP) [38] and
size-strain plot (SSP) [39] adapted for pseudo-Voigt (pV) type of XRD reflections observed in
the XRD patterns. All microstructure calculations [including the correction of the FWHMobs
to instrumental broadening for pV reflections (resulting in FWHMcorr)] were performed
using the program SizeCr [40]. Detailed description of the formalism of microstructural
calculations can be found elsewhere [40,41].

To confirm the reliability of the crystal structure model and the results of single-crystal
XRD analysis, to obtain more accurate values of the unit cell and microstructure parameters,
and to verify the single-phase nature of powder samples, the powder XRD patterns were
studied by the Le Bail (LB) and Rietveld methods. The TOPAS program [42] was used for
LB and Rietveld fittings. For LB fitting the XRD patterns, a structure model is not required,
but only an approximate value of the unit cell parameters and symmetry space group
knowledge [43]. Rietveld fitting is used for structure model refinement, including atomic
coordinates and temperature parameters [44].

The XRD patterns of both samples are characterized by a noticeable influence of
preferential orientation effects. Unlike the Rietveld method in the LB fitting, the influence
of preferred orientation effects to XRD pattern is corrected automatically. When fitted by
the Rietveld method, considering the effect of preferential orientation within the March–
Dollase model [45] led to a decrease in the weighted profile factor Rwp, characterizing
the quality of the fit by ~2.5 and ~4 times for α-Gly:CA (90:10) and γ-Gly:CA (80:20),
respectively. Additional consideration of the remaining effects of preferential orientation in
the framework of the 8th-order spherical harmonics model [46] led to a further decrease in
Rwp by ~1% for both samples.

Understated due to serial correlations [47], estimated standard deviations (e.s.d.s)
of the refined parameters obtained using LB or Rietveld refinement were corrected by
multiplying by the coefficient me.s.d. calculated using the RietESD program [48], based on
the formalism developed in [47,49].

Other parameters of powder XRD measurements, WHP and SSP analysis, LB, and
Rietveld fittings are the same as detailed in [31,41,50] and briefly discussed in Section S2 of
the Supplementary Materials.

2.4. Raman Scattering, FTIR, UV Vis Absorption, and Photoluminescence

Raman and micro-photoluminescence (μ-PL) measurements in the Gly:CA single
crystals were carried out using LabRAM HREvo UV-VIS-NIR-Open spectrometer (Horiba
Jobin–Yvon, Lille, France) equipped with a confocal microscope and a silicon CCD cooled
by liquid nitrogen. Polarized micro-Raman measurements were performed at RT, in the
spectral range 5–4000 cm−1 at different backscattering geometries: −Z (XX)Z, −Z (YY)Z,
and −Z (XY)Z. Here, the Z-axis is oriented normally to the crystal surface (100), and X and
Y are along c*- and b-crystal axes, respectively. The line at λ = 532 nm (2.33 eV) of Nd:YAG
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laser (Torus, Laser Quantum, Inc., Edinburg, UK) was used as the excitation source. The
laser power on the samples was as low as ~25–80 μW with a spot size of ~1 μm in diameter,
to avoid sample heating. We used 1800 lines/mm grating and 100× (NA = 0.90) objective
lens to measure Raman spectra. In the low frequency spectral region, the Rayleigh line was
suppressed using three BragGrate notch filters (OptiGrate Corp., Oviedo, FL, USA) with an
OD = 4 and a spectral bandwidth <0.3 nm.

The μ-PL measurements were performed in microscope stage Linkam THMS600
(Linkam Sci. Inst. Ltd., Salfords, Surrey, UK). The line at λ = 325 nm (2.81 eV) of HeCd laser
(Plasma JSC, Ryazan, Russia) was used for continuous wave (CW) excitation. We used
600 lines/mm grating and a large working distance lens [Mitutoyo 50× UV (NA = 0.40)]
with a spot size of ~2 μm and power density of 6 kWt/cm−2 on a sample was used to
measure μ-PL.

Measurements of the infrared (IR) absorption spectra (FTIR spectra) were performed
using an IR-Fourier spectrophotometer IRPrestige-21 with an IR microscope AIM-8000
(Shimadzu Corp., Kyoto, Japan), both in the specular reflection mode and in the trans-
mission mode, followed by the Kramers–Kronig transformation. The results were then
converted to absorbance. The measured spectral range was from 650 to 5000 cm−1.

Optical absorption spectra of Gly:CA in the UV-visible (UV-Vis) spectral range were
obtained using a UV-3600i Plus UV-Vis-NIR spectrophotometer (Shimadzu Corp., Kyoto,
Japan) operating at RT in the wavelength range of 200–2000 nm. The test was conducted in
reflection mode using an integrating sphere. BaSO4 was used as a reference sample.

3. Results and Discussion

3.1. Single Crystal XRD Analysis

Single crystal XRD analysis indicates that the pyramid-like samples of Gly:CA (80:20)
crystallize in a lattice typical to γ-Gly (space group P31 (144)) (γ-Gly:CA), and the plate-
like crystals of Gly:CA (90:10) crystallize in α-Gly-like structure (space group P21/n (14))
(α-Gly:CA) (Table 1). Structures of α-Gly:CA (90:10) and γ-Gly:CA (80:20) are drawn in
Figure 2 using the data of Table 1 and refined atomic coordinates (CCDC 2194293-2194294).
Relative coordinates of atoms (x/a, y/b, z/c), their isotropic temperature factors U, and
atomic displacement parameters Uij in α-Gly:CA (90:10) and γ-Gly:CA (80:20) are presented
in Supplementary Materials (Tables S1–S4). Figure S1 portrays the structure of glycine
molecule in (a) α-Gly:CA (90:10) and (b) γ-Gly:CA (80:20) with atoms represented by
thermal ellipsoids by means of program ORTEP [51].

Table 1. Details of crystal data and structure refinement of α-Gly:CA (90:10) and γ-Gly:CA (80:20)
single crystals.

α-Gly:CA (90:10) γ-Gly:CA (80:20)

Chemical formula C2H5NO2 C2H5NO2

Formula weight, Da 75.07 75.07

Space group P21/n (14) P31 (144)

a, Å 5.1004 (5) 6.9848 (3)

b, Å 11.9664 (9) 6.9848 (3)

c, Å 5.4570 (5) 5.4744 (2)

β, ◦ 111.714 (3) 90

Vcell, Å3 309.43 (5) 231.30 (2)

Z 4 3

Dcalc, g·cm−3 1.611 1.617

F (000) 160.0 120.0

μ, mm−1 0.143 1.25

114



Crystals 2022, 12, 1342

Table 1. Cont.

α-Gly:CA (90:10) γ-Gly:CA (80:20)

Radiation (λ, Å) Mo-Kα (0.71073) Cu-Kα (1.54184)

Θ max, ◦ 26.35 77.18

h, k, l max 6, 14, 6 8, 8, 6

Reflections collected 3240 3120

Independent reflections 629 645

Data/restraints/parameters 629/0/47 645/1/48

GOOF 1.158 1.081

Final R indexes [Reflections I ≥ 2σ (I)] R1 = 0.0345, wR2 = 0.1109 [629] R1 = 0.0299, wR2 = 0.0735 [645]

Final R indexes [Reflections all] R1 = 0.0416, wR2 = 0.1173 [538] R1 = 0.0299, wR2 = 0.0735 [645]

Largest difference peak/hole,
e·Å−3 0.19/−0.19 0.16/−0.20

Temperature of measurements, K 298 100

  
(a) (b) 

Figure 2. Crystal structures of (a) α-Gly:CA (90:10) and (b) γ-Gly:CA (80:20). Selected interatomic
distances are marked in (a) for α-Gly:CA (90:10) (1: 0.44 nm, 2: 0.53 nm, 3: 0.45 nm, 4: 0.49 nm,
5: 0.50 nm) and in (b) for γ-Gly:CA (80:20) (1: 0.60 nm, 2: 0.55 nm; 3: 0.54 nm; 4: 0.69 nm). Maximum
size of flat CA molecule is ~0.5 nm.

The crystal structures of all glycine phases are built from chains of glycine molecules
linked by N1-H3···O2 hydrogen bonds and directed along the crystal c axis of all poly-
morphic modifications. In α-Gly, somewhat longer hydrogen bonds involving N1-H4···O1
atoms form the second set of hydrogen bond chains running along the a crystal axis. These
chains form a layer parallel to the (010) plane. The layers are arranged perpendicular to
the b crystal axis. Due to the strong hydrogen bonds N1-H5···O1, a two-layer structure is
formed, in which each pair of layers is connected to each other by weak hydrogen bonds of
the C1-H1···O1 and C1-H1···O2.

γ-Glycine is trigonal, crystallizing in the chiral space groups P31 (144). Its crystal
structure does not consist of layers. Molecules form helices around the 31 screw-axis
coinciding with the c crystal axis, successive molecules being linked by N1-H5···O2 type
hydrogen bonds. Hydrogen chains N1-H3···O2 type along the c axis, like alpha-glycine,

115



Crystals 2022, 12, 1342

are formed between each molecule and symmetry-equivalent molecules away along the
helix, i.e., connected by one repetition of the lattice along the c crystal axis.

Analysis of single crystal XRD data indicates that the best refinement of the structure
of γ-Gly:CA crystals can be achieved by considering twinning (twin components are related
by screw axis 31). The crystals of α-Gly:CA do not demonstrate twinning. Comparison
with the literature data indicates (Table 2) that in centrosymmetric α-Gly:CA (90:10), the
unit cell volume Vcell = 309.43 (5) Å3 is little more than in pure α-Gly [Vcell = 309.00 (3) Å3]
observed in [52], and smaller than Vcell = 310.10 (4) Å3 in [53]. In the magnitude of lattice
parameters, CA doping manifests itself most clearly in decrease of c parameter and β angle
in α-Gly:CA and a and c parameters in γ-Gly:CA (Tables 2 and 3).

Table 2. Comparison of unit cell parameters a, b, c, angle β, and unit cell volume Vcell in α-Gly:CA
(90:10) and nominally pure α-Gly crystals from [52,53].

α-Gly:CA (90:10)
298 K

α-Gly [53]
294 K

α-Gly [52]
301 K

a, Å 5.1004 (5) 5.1047 (3) 5.0999 (3)

b, Å 11.9664 (9) 11.9720 (14) 11.9516 (6)

c, Å 5.4570 (5) 5.4631 (3) 5.4594 (3)

β, ◦ 111.714 (3) 111.740 (5) 111.781 (2)

Vcell, Å3 309.43 (5) 310.10 (4) 309.00 (3)

Table 3. Comparison of unit cell parameters a, c, and unit cell volume Vcell in γ-Gly:CA (80:20) and
nominally pure γ-Gly crystals from [53,54].

γ-Gly:CA
(80:20)
100 K

γ-Gly [53]
150 K

γ-Gly [54]
100 K

γ-Gly [53]
294 K

γ-Gly [54]
300 K

a, Å 6.9848 (3) 6.998 (16) 6.9869 (1) 7.0383 (7) 7.0402 (1)

c, Å 5.4744 (2) 5.4784 (18) 5.4768 (1) 5.4813 (8) 5.4813 (1)

Vcell, Å3 231.30 (2) 232.5 (1) 231.540 (6) 235.15 (3) 235.280 (6)

Comparison of bond lengths and angles of glycine molecules in CA-doped and pure α-
and γ-glycine crystals indicates that glycine zwitterions (+NH3CH2CO2

−) in these crystals
have close magnitudes of corresponding bond angles and bond lengths (Tables 4 and 5).
Nevertheless, some small differences, which can be attributed to CA doping, may be
indicated. CA doping of α- and γ-Gly causes small increase of angle O1-C1-O2 and
decrease of C2–C1–O1 that means the change of O1 atom position. However, doping does
not influence other angles C2–C1–O2 and C1–C2–N1 in glycine molecules (Tables 4 and 5).

Thus, CA doping of α- and γ-modifications of glycine single crystals does not lead to a
change in symmetry and noticeable changes in the lattice parameters of the corresponding
nominally pure glycine isomorphs. Like TGS:CA crystals [31], the incorporation of CA
molecules into glycine crystals leads only to a slight modification of the unit cell param-
eters. In contrast to TGS:CA, the presence of twins is observed in noncentrosymmetric
γ-Gly:CA crystals.

Note that both in TGS:CA and Gly:CA crystals, changes in bond angles and bond
lengths were observed in glycine zwitterions. In TGS:CA, all bond angles in glycine
zwitterions (+NH3CH2CO2

−) are changed to bring it closer to the N+H3CH2COOH [31]
glycinium ion. Conversely, only a slight change in the position of O1 atoms in the carboxyl
group and N atoms in the amino group of zwitterions is observed in Gly:CA, which
indicates the formation of O . . . H–O and O . . . H–N types of hydrogen bonds between
glycine zwitterions and croconic acid molecules.
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Table 4. Bond angles and bond lengths C1–O1, C1–O2, C2–N1, and C1–C2 of glycine molecules in
CA-doped and nominally pure α-Gly crystals [52,53].

α-Gly:CA (90:10) α-Gly [53] α-Gly [52]

bond angles, ◦

O1–C1–O2 125.86 (15) 125.62 (7) 125.45 (7)

C2–C1–O1 116.69 (15) 116.93 (7) 117.16 (7)

C2–C1–O2 117.44 (14) 117.44 (6) 117.38 (6)

C1–C2–N1 111.78 (13) 111.70 (6) 111.83 (5)

bond lengths, Å

C1–O1 1.251 (2) 1.2549 (9) 1.2512 (10)

C1–O2 1.247 (2) 1.2517 (9) 1.2480 (10)

C2–N1 1.475 (2) 1.4777 (10) 1.4743 (8)

C1–C2 1.526 (2) 1.5268 (9) 1.5252 (9)

Table 5. Bond angles and bond lengths C1–O1, C1–O2, C2–N1, and C1–C2 of glycine molecule in
CA-doped and nominally pure γ-Gly crystals [53,54].

γ-Gly:CA (80:20)
100K

γ-Gly [53] 150 K
γ-Gly [54]

100 K

bond angles, ◦

O1–C1–O2 126.0 (3) 125.3 (2) 125.70 (7)

C2–C1–O1 116.4 (2) 116.8 (2) 116.61 (7)

C2–C1–O2 117.6 (3) 117.8 (2) 117.63 (6)

C1–C2–N1 111.6 (2) 111.2 (2) 111.55 (6)

bond lengths, Å

C1–O1 1.260 (4) 1.263 (3) 1.2572 (9)

C1–O2 1.248 (4) 1.251 (3) 1.2487 (9)

C2–N1 1.479 (4) 1.480 (3) 1.4719 (10)

C1–C2 1.524 (4) 1.529 (3) 1.5249 (9)

3.2. Powder XRD Analysis

Phase analysis has led to a conclusion that both the measured XRD patterns of α-
Gly:CA (90:10) and γ-Gly:CA (80:20) contain the XRD reflections attributed to one phase
expected according to preparation, namely, α-Gly-like or γ-Gly-like phases (Table 1). How-
ever, a thorough inspection revealed that the reflections of the α-Gly:CA (90:10) and
γ-Gly:CA (80:20) has an asymmetric shape, especially clearly seen for reflections non-
overlapped with neighboring ones (see examples in small insets of Figure 3).

Recently, a similar asymmetric shape of powder XRD reflections of organic ferroelectric
2-methylbenzimidazole (MBI) has been successfully described in the framework of models
of two or three crystalline phases with the same MBI structure but with slightly different
unit cell parameters and differing microstructure parameters. The formation of the MBI
modifications has been associated with penetration of solvent molecules (ethanol, acetone,
deuterated acetone, or water) into the voids of the MBI crystal structure.

The structures of α-Gly:CA (90:10) and γ-Gly:CA (80:20) are also characterized by
rather large pores with sizes of ~0.4 nm–0.6 nm (Figure 2). The CA molecules used during
the synthesis of samples have a flat shape and a maximum size of ~0.5 nm. Based on these
geometric observations, it can be assumed that CA molecules occupy the pores of structures
during the sample synthesis. If CA molecules do not fill the lattice voids homogeneously,
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but only some regions, then the filled lattice regions will stretch, forming modifications
of the same structure with slightly larger lattice parameters. The average size of such
regions with approximately the same content of CA molecules will determine the size of
the crystallites of these different modifications. Simultaneously, due to the entry of CA
molecules into the pores and the neighborhood of crystallites with slightly different lattice
parameters, the presence of local microstrains in the crystallites of different modifications
is possible.

 
(a) (b) 

Figure 3. Rietveld fit results for (a) α-Gly:CA (90:10) and (b) γ-Gly:CA (80:20). During the Rietveld fit
the atomic coordinates of the phases were fixed to values determined in single-crystal investigation
of this work and not refined. The Miller indices hkl and Miller–Bravais indices hkil of some selected
reflections are indicated in (a) and (b), respectively. Large insets in (a,b) portray the quality of fitting
the high 2θ angle regions of the XRD patterns in a larger scale. Small insets present examples of
Rietveld fitting the asymmetric non-overlapping reflections.

To verify these assumptions, which appear reasonable, the WHP and SSP methods
at first stage were used to perform a profile analysis of XRD reflections (XRD Line profile
analysis, LPA) observed in XRD patterns, assuming two phases with close parameters of
unit cells (correspondingly, α1 and α2 modifications or γ1 and γ1 ones for α-Gly:CA (90:10)
and γ- Gly:CA (80:20) XRD patterns). To do this, each observed reflection was separated
into two reflections with the same known Miller indices hkl [for α-Gly:CA (90:10)] or Miller–
Bravais indices hkil [for γ-Gly:CA (80:20)], where possible (some reflections, especially
in the high-angle region of 2θ > ~45◦, are highly overlapped, and it is difficult to extract
them). The resulting WHP and SSP graphs are presented in the Figures S2 and S3 of
Supplementary Materials. Table 6 presents the results of Celsiz and LPA calculations.

Table 6. Results of LPA (WHP and SSP) and LB and Rietveld fitting of the α-Gly:CA (90:10) and
γ-Gly:CA (80:20) XRD powder patterns measured at 313 ± 1 K.

a, Å
b, Å

c, Å
β, ◦ Vcell, Å

D (nm)
εs, %

α-Gly:CA (90:10), LPA

phase α1

5.1050 (16) a

11.9771 (40) a
5.4614 (17) a

111.74 (2) a 310.18 (18) 52 (9)/78 (14) b

0.07 (6)/0.16 (4) b

phase α2

5.1216 (20) a

12.0064 (64) a
5.4715 (22) a

111.70 (3) a 312.61 (25) 44 (3)/54 (3) b

0.06 (4)/0.14 (2) b

α-Gly:CA (90:10), LB fitting
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Table 6. Cont.

a, Å
b, Å

c, Å
β, ◦ Vcell, Å

D (nm)
εs, %

phase α1

5.1002 (10) c

11.9709 (6) c
5.4613 (10) c

111.68 (2) c 309.85 (9) 96 (4) c,d

0.050 (6) c,d

phase α2

5.1107 (5) c

12.0102 (8) d
5.4694 (6) c

111.70 (1) c 311.31 (5) 37.4 (2) c,d

0.11 (2) c,d

α-Gly:CA (90:10), Rietveld fitting (without refinement of atomic coordinates)

phase α1

5.1000 (16) c

11.9704 (8) c
5.4613 (9) c

111.71 (2) c 399.76 (12) 98 (5) c,d

0.050 (6) c,d

phase α2

5.1107 (5) c

12.0102 (8) d
5.4694 (6) c

111.70 (1) c 311.31 (5) 38.4 (6) c,d

0.11 (1) c, d

α-Gly:CA (90:10), Rietveld fitting (with refinement of atomic coordinates)

phase α1

5.0999 (10) c

11.9701 (7) c
5.4613 (10) c

111.71 (2) c 309.74 (10) 98 (5) c,d

0.050 (6) c,d

phase α2

5.1109 (7) c

12.0102 (10) d
5.4684 (7) c

111.69 (2) c 311.90 (8) 38.9 (5) c,d

0.12 (1) c,d

γ-Gly:CA (80:20), LPA

phase γ1

7.0388 (6) a

a
5.4797 (9) a

90 235.12 (4) 70 (12)/82 (7) b

0/0.057 (16) b

phase γ2

7.0541 (14) a

a
5.4890 (18) a

90 236.54 (9) 48 (8)/48 (8) b

0/0b

γ-Gly:CA (80:20), LB fitting

phase γ1

7.0404 (4) c

a
5.4838 (28) c

90 235.40 (12) 92 (3) c,d

0.044 (16) c,d

phase γ2

7.0600 (7) c

a
5.4903 (21) c

90 236.99 (10) 35.7 (7) c,d

0c

γ-Gly:CA (80:20), Rietveld fitting (without refinement of atomic coordinates)

phase γ1

7.0402 (5) c

a
5.4817 (35) c

90 235.30 (15) 92 (4) c,d

0.051 (17) c,d

phase γ2

7.0602 (9) c

a
5.4903 (9) c

90 237.01 (5) 35.7 (9) c,d

0 c

a calculated by program Celsiz. b calculated by WHP/SSP techniques using program SizeCr. c Parameters
portrayed are corrected by multiplication of the e.s.d. values obtained in LB/Rietveld fitting refinement on me.s.d.
factor (Table 7). d D = Lvol_FWHM and εs (%) = 2·e0·100%, where Lvol_FWHM and e0 are, respectively, crystallite
size and microstrain parameters refined by TOPAS (see thorough explanation with examples in Refs. [40,41]).
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Table 7. Agreement factors obtained in Rietveld and LB fitting (refinement), weight content Wt of
crystalline phases p1 (α1 or γ1) and p2 (α2 or γ2) according to results of Rietveld fitting and the
factor me.s.d. for correction of e.s.d.s of refined parameters calculated by RietESD.

Rwp, %
Rp, %

cRwp, % a

cRp, % a
RB, % p1
RB, % p2

Wt, wt.% p1
Wt, wt.% p2

me.s.d.
a

α-Gly:CA (90:10), LB fitting

4.82
3.09

7.04
5.24

-
-

-
- 5.05

α-Gly:CA (90:10), Rietveld fitting (without refinement of atomic coordinates)

6.35
4.17

9.42
7.36

0.98
1.13

24.4 (1) b

75.6 (1) b 5.24

α-Gly:CA (90:10), Rietveld fitting (with refinement of atomic coordinates)

5.77
3.87

8.54
6.82

0.71
0.58

23.4 (1) b

76.6 (1) b 5.33

γ- Gly:CA (80:20), LB fitting

9.96
6.21

13.14
9.58

-
-

-
- 6.97

γ-Gly:CA (80:20), Rietveld fitting (without refinement of atomic coordinates)

11.36
7.40

14.97
11.31

1.94
2.92

33.2 (5) b

66.8 (5) b 7.09

a Parameters calculated by program RietESD (see Supplementary Materials). b E.s.d. of Wt presented is corrected
by multiplication of the e.s.d. value obtained in Rietveld fitting refinement on me.s.d. factor.

Based on the results of LPA, to perform the tasks set out in Section 2.3, the LB and
Rietveld fittings of XRD patterns were performed in the next steps assuming the existence
of two close-phase modifications in the samples (α1 and α2 in α-Gly:CA (90:10) and γ1 and
γ2 in γ-Gly:CA (80:20)).

Final graphic results of Rietveld fitting of the simulated XRD patterns to experimental
ones (with atomic coordinates of the both phase modifications fixed to the vales obtained
in single-crystal refinement) for investigated powder samples are presented in Figure 3.
The graphic results of LB fitting are provided in Figure S4 of Supplementary Materials.

Final values of agreement factors characterizing the quality of fitting simulated XRD
patterns to experimental ones [weighted profile (Rwp) and profile (Rp) factors and their
analogues after subtracting the background contribution (cRwp and cRp)] and the degree of
correspondence of the structure model to the observed integral intensities of reflections
attributed to crystalline phases (Bragg factors RB for crystalline phases) for LB and Rietveld
fitting are summarized in Table 7. Definitions of the agreement factors can be found, for
example, in Ref. [55].

When only one phase is considered to exist, and all other things during fittings being
equal, the weight profile factors Rwp increase by ~1.7 times, and the profile factors Rp by
more than 2 times compared to the factors provided in Table 7. In turn, the Bragg factor
RB increases by ~3 times. Thus, the fitting of XRD patterns by LB and Rietveld methods
unambiguously demonstrated that the assumption of only one phase does not allow us to
describe XRD patterns and individual XRD reflections well enough. The powder samples
contain at least two phases with a small difference in the unit cell parameters [α1 and α2 in
α-Gly:CA (90:10) and γ1 and γ2 in γ-Gly:CA (80:20)] at least.

As noted above, the coordinates of the atoms in the Rietveld fitting were not refined.
In the case of γ-Gly:CA (80:20), in addition, a structural model was obtained by measuring
a single crystal at 100 K, while the powder XRD pattern of this sample was taken at 313 K.
Nevertheless, as can be observed from Figure 3 and Figure S4 (Supplementary Materials),
the quality of powder XRD pattern fittings is quite high not only by the LB method, but also
by the Rietveld method. The high quality of the fittings of powder XRD patterns indicates
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the high quality of the results of the determination (refinement) of the structures of the
samples performed on single crystals (which is expected), in addition to the absence of
crystalline phases in the powder with the structures other than α-Gly-like and γ-Gly-like
in α-Gly:CA (90:10) and γ-Gly:CA (80:20), respectively.

An attempt to refine the atomic coordinates for modifications of the α-Gly:CA (90:10)
does not reveal a noticeable improvement in fitting quality (see Table 7 for agreement
factors and Figure S5 of the Supplementary Materials). The values of the parameters
of the unit cells of the modifications α-Gly:CA (90:10) and γ-Gly:CA (80:20) phases and
the values of their microstructural parameters obtained in LB and Rietveld refinements
practically coincide within one e.s.d. and are close (within two to three e.s.d.s) with values
obtained independently by LPA methods (Table 6). Thus, for comparison with the results
of single-crystal experiments (Tables 2 and 3), it is possible to consider the results with
more precise values, for example, ones obtained in LB fitting (Table 6).

The similarity of the values of the parameters and volume of the unit cells of α1
phase in powder and α-Gly:CA (90:10) single-crystal phase with the values for pure α-Gly
according to the literature data [52,53] (cf. Tables 2 and 6) indicates that in the phase α1
of powder and in the single-crystal α-Gly:CA (90:10), likely only a small number of CA
molecules have penetrated into the voids of the structures. The same conclusion can be
drawn from the comparison with the literature data [53,54] for pure γ-Gly, apparently about
the powder phase γ1 and the single-crystal γ-Gly:CA (80:20) (cf. RT and low-temperature
data in Tables 3 and 6 for γ1 powder, γ-Gly:CA (80:20) single crystal and pure γ-Gly).
Simultaneously, likely as a result of a larger number of CA molecules embedded in the
pores of α2 and γ2 modifications, their parameters and volumes of unit cells are noticeably
larger than, respectively, in α1 and γ1 (cf. Vcell = 311.31 (5) Å3 in α2 and 236.99 (10) Å3 in
γ2, in comparison to Vcell = 309.85 (9) Å3 in α1 and 235.40 (12) Å3 in γ1 (LB fit)).

According to the refinement by the Rietveld method, the weight content of phases α1
and γ1 with a small number of embedded CA molecules in powders is significantly less
than phases α2 and γ2 with an increased volume due to the introduction of a higher number
of CA molecules [correspondingly, ~24 wt.% and ~33 wt.% in α1 and γ1 in comparison to
~76 wt.% and ~67 wt.% in α2 and γ2 (Table 7)]. Nevertheless, as noted above, studies of
single crystals have revealed precisely phases that are close in terms of unit cell parameters
α1 and γ1 (cf. Tables 1–3 and 6). Apparently, this fact can be explained by the results of
the determination of microstructural parameters (Table 6). According to the results of LPA
and refinements by LB and Rietveld methods, modifications α1 and γ1 are characterized
by large values of crystallite sizes in comparison with α2 and γ2 (cf. D~95 nm in α1 and
γ1 and D~40 nm in α2 and γ2). As a result, the reflections of α1 and γ1 modifications
are much narrower, and those of α2 and γ2 phases are more blurred (see small insets in
Figure 3a,b). It is likely that single crystals with unit cell parameters close to α2 and γ2 were
also characterized by more diffuse reflections and were rejected by quality when selected
for single-crystal study.

Likely due to the embedding of CA molecules into structural pores and the neighbor-
hood of crystallites of different modifications, microstrains are observed in the crystallites
of α1 and γ1 phases, which are approximately the same size (εs~0.05 % (Table 6)). Simulta-
neously, in α2 crystallites with a more expanded crystal lattice, the absolute value of the
average microstrain increases to εs~0.10%. However, microstrains were not detected in the
crystallites of modifications γ2 also characterized by an increased volume of the unit cell,
which requires further investigation.

Thus, XRD studies of α-Gly:CA (90:10) and γ-Gly:CA (80:20) powders revealed the
presence in them of at least two crystalline modifications with the same α-Gly or γ-Gly
type structure, respectively, but with slightly different unit cell parameters and noticeably
different sizes of crystallites. The formation of two-phase modifications is associated with
the embedding of different amounts of CA molecules into the pores of the α-Gly and
γ-Gly structures.
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3.3. Raman and FTIR Spectroscopies

Polarized Raman spectra measured in Gly:CA crystals of both pyramidal (Figure 4a)
and plate-like shapes (Figure 4b) are like those of nominally pure α- and γ-Gly [56–58].
They consist of many lines, originated predominantly from intramolecular vibrations of
different types. Analysis of the Raman and FTIR spectra makes it possible to ascertain
the chemical structure and polymorphous modification of the molecular crystals studied.
Tables 8 and 9 portray the position of the lines in the polarized Raman and FTIR absorption
spectra in pyramidal [γ-Gly:CA (80:20)] and plate-like [α-Gly:CA (90:10)] Gly:CA crystals,
correspondingly. The positions of the lines in pyramidal Gly:CA crystals coincide with
the positions of most lines in both nominally pure γ-Gly, and in plate-like α-Gly:CA
crystals [56–58]. The shifts in the positions of high-frequency spectral lines at high frequency
in each pair of crystals (α-Gly, α-Gly:CA) and (γ-Gly, γ-Gly:CA) do not exceed several cm−1.
This indicates that the types and frequencies of molecular modes active in in Raman spectra
of α- and γ-Gly doped with CA are close to those in pure Gly crystals. This is in agreement
with the results of XRD analysis of Gly:CA single crystals and powders, which demonstrate
very small changes in the crystal structure and position of atoms caused by doping with
CA. Weak lines observed in α-Gly:CA spectrum portrayed in Figure 4c by red arrows are
absent in pure Gly crystals and can be attributed to CA ions [59] (see Table 9).

Table 8. Positions of lines (ν, cm−1) observed in polarized Raman and FTIR spectra of γ-Gly:CA
(80:20) crystals and assignments of analogous lines in nominally pure γ-Gly from Ref. [58].

Raman (ν, cm−1) FTIR
(ν, cm−1)

Assignments
[57]X(zz)X X(yy)X X(yz)X

- 3095.4 m - 3100 m νNH (3)···O (1)

- 2999.1 s 2999.1 s - νaCH2

2963.7 s 2962.6 vs 2964.8 m 2963 w νsCH2

2849.6 w - - - -

2744.5 vw - - - νNH (1)···O (1)

2695.7 vw - - - νNH (1)···O (1)

2611.6 w - - - νNH (1)···O (1)

- - - 1736 w -

- 1676.1 w - 1684m -

1659.5 w - - 1665 w δaNH3
+

- - - 1630 s δaNH3
+

- - - 1601 vs νaCOO−

- - 1589.8 w - -

- 1576.5 m - - νaCOO− (?)

- - - 1557 m -

- 1506.7 m - 1506 m -

- - 1502.3 vw 1499 s δsNH3
+

1483.5 vw - - - δsNH3
+

1438.1 w 1437 s 1440.3 m 1439 w δCH2

1389.4 vw 1393.8 s - 1398 m νsCOO−

- 1335.2 s - 1344 m ωCH2

- - 1321.9 m 1321 w τCH2

- 1154.7 w 1156.9 vw 1153 m ρNH3
+

- 1135.9 m 1130.3 w - ρNH3
+
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Table 8. Cont.

Raman (ν, cm−1) FTIR
(ν, cm−1)

Assignments
[57]X(zz)X X(yy)X X(yz)X

- - - 1126 s ρNH3
+

- 1047.3 w 1048.4 m 1049 vw νaCCN

924.47 sh 931.11 w 931.6 s ρCH2

892.37 s 892.37 s 892.37 w 889.2 m νCC

749.55 vw - - - -

683.13 m 688.67 vw 687.56 w 692.4 m σCOO−

- - - 667.37 m -

607.85 w - 607.85 w - -

560.24 vw - 558.03 w - -

- - 517.07 w - ωCOO−

502.68 s - - - τCOO−

- - 500.46 m - ρCOO−

354.33 m 354.33 w 359.86 w - ρCCN

- 213.,73 m 215.94 w - -

- 171.66 sh - ω or τ CCN

174.98 w - - - Lattice modes

- 165.02 sh - - -“-

- 149.52 s - - -“-

- - 138.45 s - -“-

- 127.38 sh - - -“-

108.56 vw 101.92 m 103.02 m - -“-

90.9 vw 86.42 vs 87.528 m - -“-

Table 9. Positions of lines (ν, cm−1) observed in polarized Raman and FTIR spectra of α-Gly:CA
(90:10) crystals and assignments of analogous lines in nominally pure α-Gly from Ref. [58].

X(ZZ)X X(YY)X X(YZ)X FTIR Assignments [58]

3171 s νNH···O
- 3143 m - - νNH···O

3008 vs 3007 s 3009 s 3005 m νaCH2

2972 vs 2973 vs 2973 s 2974 m νsCH2

- 2903 w - 2918 w νNH···O
2883 vw 2880 w - - -“-

- 2818 vw - - -“-

2787 vw 2746 vw - - -“-

- - - 2718 s -“-

2608 vw 2633 vw - 2627 s -“-

- - - 2525 m -“-

- - - 2363 m -

1723 vw 1722 vw - - CA [59]: ν (CO)

- - 1673 m 1647 vs δaNH3
+
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Table 9. Cont.

X(ZZ)X X(YY)X X(YZ)X FTIR Assignments [58]

- - - 1611 s δaNH3
+

- - - 1555 m νaCOO−

- - - 1541 m -

1502 m 1506 vw - 1508 m δsNH3
+

1483 w - - 1474 w δsNH3
+

- - 1455 s 1458 δCH2

- 1439 m - 1445 m δCH2

1411 s 1410 m 1416 w 1421 s νsCOO−

- - - 1341 m ω or τCH2

1327 s 1325 s 1325 m 1314 m τCH2

1138 m 1137 w - 1134 w ρNH3
+

- 1106 w - 1115 w ρNH3
+

1037 w - - 1034 w νaCCN

- - - 914 s ρCH2

- - - 897 m -

892.8 s 892.4 s 892.4 m - νCC

802 vw - - - CA [59]: δ (CO)

695.9 m - - - σCOO−

643 vw 639 vw - - CA [59]: Ring breath.

- 600. vw 602.3 m - -

496.9 w - 483.9 m - ρCOO−

357.2 m - - - ρCCN

196.3 m 197.1 m - - Lattice modes

- - 178.3 m - -“-

- 161.7 w 163.9 sh - -“-

154 s - - - -“-

139.2m - - - -“-

- - 107.5 s - -“-

98.95 s 99.71 s - - -“-

73.54 s 78.67 sh - - -“-

- - 70.92 s - -“-

50.26 s 51 s 53.21 w - -“-

The difference in polarized Raman spectra of γ- and α-Gly is most evident in the posi-
tion of strong lines in the region of low (0–300 cm−1) and high (2800–3100 cm−1) frequencies
of the spectrum. This difference is clearly observed in the Raman spectra of pyramidal and
plate-like Gly:CA crystals (Figure 4a,b). At high frequencies (2800–3100 cm−1) the stretch-
ing symmetric and antisymmetric vibrations of CH2 group have been observed in α-Gly:CA
at 2973 cm−1 and 3007 cm−1 and in γ-Gly:CA at 2963 cm−1 and 2999 cm−1 (Figure 5b),
respectively, which corresponds to literature data related to pure α- and γ-Gly [58]. At low
frequencies (0–300 cm−1), positions of lines in α- and γ-Gly:CA spectra are slightly shifted
in compared to pure Gly crystals [56,57] (Tables S5 and S7 in Supplementary Materials),
which may be attributed to CA doping.
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(a) (b) 

 
(c) 

Figure 4. Polarized Raman spectra of pyramidal (a) and plate-like (b) Gly:CA crystals after subtracting
the photoluminescence background. Fragment of the plate-like Gly:CA spectrum on an enlarged
scale (c). For pyramidal crystals, the Z-axis is parallel to the polar axis (the height of the pyramid); for
plate-like crystals, the Y-axis is parallel to the C2 axis. The red arrows in (c) indicate positions of lines
observed in CA crystals. λexc = 532 nm.
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Figure 5. Comparison of Raman spectra of Gly:CA crystals of pyramidal (blue line) and plate-like
(red line) shapes in low-energy (a) and high-energy (b) spectral regions.
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As in the case of Raman spectra, a comparison of the FTIR absorption spectra of doped
CA and nominally pure Gly indicates their close similarity (Tables 8 and 9). However, in the
case of α-Gly:CA (90:10) plates, additional lines in the photon energy range Eph = 0.5–0.6 eV
(4000–5000 cm−1) were observed in the FTIR absorption spectra measured in transmission
geometry. Note that similar lines have been observed in the FTIR spectra of TGS crystals
doped with CA [31] (Figure 6). No additional lines were observed in the reflection geometry,
most likely due to their low intensity. Note that we did not measure FTIR absorption spectra
of γ-Gly crystals in transmission geometry because of their pyramidal shape.

Figure 6. FTIR absorption spectra in spectral region Eph = 0.5–0.6 eV in Gly:CA (90:10) measured in
this work and in previously studied TGS:CA (90:10) (see text).

So, polarized Raman and FTIR absorption spectra of Gly:CA single crystals indicates
that addition of croconic acid to the aqueous solution which was used to grow Gly:CA
crystals does not significantly affect the polymorphic modification of the crystals grown.
It has been established that γ-Gly forms pyramidal crystals, while α-Gly forms plate-
like crystals. The incorporation of CA molecules in a glycine crystal does not noticeably
change the spectral positions of Raman lines in the high-energy region of the spectrum
(2900–3100 cm−1), but leads to modest shift of several low-energy lines, which characterizes
the effect of CA doping on the lattice vibration spectrum [32].

3.4. UV-Vis Absorption

RT absorption spectra of α-Gly:CA (90:10) and γ-Gly:CA (80:20), are portrayed in
Figure 7. Colorless α- and γ-Gly crystals are transparent in wide spectral range. The energy
band gaps of different polymorphic modifications of Gly crystals practically coincide and
are about 5.1 eV [8,11,12]. Significant optical absorption is observed only for photons with
energies Eph > 5 eV, which manifests itself in a sharp increase of absorbance at λ < 240 nm.
The doping of Gly with CA is accompanied by the appearance of absorption in the trans-
parent region of pure Gly. This absorption manifests itself in the form of a structured
long-wavelength tail adjacent to the edge of the fundamental absorption of a Gly crystal.
The traits of the absorption are clearly observed when considering the absorption in Tauc
coordinates (αEph)2, Eph (Figure 7c,d) (where α is the absorption coefficient of the crystal).
The shortest wavelength part of the absorption spectrum in region Eph = (5.8–6.2) eV in
Figure 7c,d is well approximated by the linear dependence (solid black line), which can be
regarded as the Tauc plot related to direct allowed interband transitions in crystals. The
Tauc plot yields an estimation of the value of the optical bandgap as ~5.3 eV, which is
close to the Eg value in pure Gly (~5.1 eV) (Figure 7c,d). Note that in Tauc coordinates, the
shape of the absorption edge of undoped Gly is indeed well approximated by a straight
line [8]. The presence of the additional absorption in the Gly:CA spectra (as compared with

126



Crystals 2022, 12, 1342

undoped Gly) can be associated with electronic transitions involving defects in the Gly
lattice induced by the introduction of CA molecules. The contribution of these transitions
to the absorption spectrum can be estimated as the difference between the absorption
spectrum of Gly:CA (line 1 in the insets in Figure 7e,f) and the fragment of its fundamental
absorption spectrum modeled by the Tauc plot (line 2 in the insets in Figure 7e,f). The
absorption spectra thus obtained are portrayed in Figure 7e,f, which includes at least two
absorption bands with maxima at ~5.2 and ~3.9 eV. It should be noted that similar structure
is observed in the absorption spectrum of CA solution in ethanol (olive line in Figure 7e,f)
or in water [60]. In Gly:CA crystals the absorption bands can presumably be associated with
the creation of excitons localized at the lattice defects, including impurity CA molecules or
neighboring Gly ones.
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Figure 7. Absorbance spectra of (a) α-Gly:CA (90:10), (b) γ-Gly:CA (80:20), (c) α-Gly:CA (90:10),
and (d) γ-Gly:CA (80:20) in Tauc coordinates. (e,f) Change in the Gly crystal absorption caused by
incorporating CA molecules into the Gly crystals. The olive lines represent the absorption spectrum
of CA solution in ethanol [60]. The inset portrays the absorption spectra of doped and pure Gly
crystals (see text).
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Table 10 presents a comparison of the Eg values, and high and low frequency local
bands in α-Gly:CA (90:10), γ-Gly:CA (80:20), and TGS:CA (80:20) [31]. It is observed that
CA doping results in practically the same changes of absorption spectra in these crystals.

Table 10. Energy gap Eg, eV, photon energy Eph of high- and low-energy local bands and normalized
amplitude of low energy band in absorption spectra of α-Gly:CA (90:10), γ-Gly:CA (80:20) and
TGS:CA (80:20) [31].

Eg, eV
High Energy
Local band

Eph, eV

Low Energy
Local Band

Eph, eV

Normalized
Amplitude of Low

Energy Band

α-Gly:CA (90:10) 5.2 5.25 3.9 0.16

γ-Gly:CA (80:20) 5.4 5.33 3.7 0.07

TGS:CA (80:20) 5.2 5.39 3.9 0.2

Thus, doping of crystalline Gly with CA significantly affects the shape of the absorption
edge of Gly, which manifests itself in smearing of the sharp absorption edge and the
appearance of noticeable absorption at frequencies hν < Eg. Note that the same changes of
absorption spectrum have been observed earlier in CA-doped triglycine sulfate crystals [31].

3.5. Photoluminescence

The photoluminescence (PL) of “pure” glycine crystals is very weak. As a result, in
the emission spectrum of “pure” γ-Gly narrow Raman lines are clearly observed, whose
intensity is comparable to that of the luminescence band (Figure 8a). Like pure glycine,
solid croconic acid is also practically non-luminescent [61]. However, doping glycine
crystals with croconic acid leads to a dramatic increase in the emission intensity, while
the intensity of Raman scattering does not change (Figure 8b). Thus, the relatively bright
luminescence of γ-Gly:CA is a distinctive characteristic of the doped crystals. A similar
situation also occurs in the case of α- Gly:CA.

The RT PL spectra of α- and γ-Gly:CA crystals excited by light with λexc = 325 nm are
portrayed in Figure 8b. The spectra of both γ- and α-modifications consist of broad struc-
tured emission bands with their maxima at ~2.50 eV (γ-Gly:CA) and ~2.56 eV (α-Gly:CA),
respectively. Comparison of the PL spectra of pure and doped Gly crystals (Figure 8) por-
trays that the shapes of the PL bands are practically identical, but doping Gly with croconic
acid leads mainly to a dramatic increase in the PL intensity. Considering that the band gap
of γ-glycine crystals is about 5 eV [8,11–13] the optical electron transitions responsible for
the emission involve localized electron states whose energy levels are located within the
crystal band gap.

Figure 8c,d portrays the decomposition of the emission band profile into four Gaussian
components both in the case of α-Gly:CA and γ-Gly:CA. The positions of the Gaussian
components and their relative intensity in the PL spectra of α-Gly:CA (90:10), γ-Gly:CA
(80:20), and TGS:CA (90:10) [31] are presented in Table 11. The observed emission-band
structure implies the presence of at least four different emitting centers that contribute to
the emission of Gly:CA crystals. Note that the expansion of the TGS:CA (90:10) PL spectrum
in terms of the Gaussian component presented in our previous paper [31] contains only
three components. Here, we present the results of more accurate calculations that include
four Gaussian components which provide a better fit. Both in Gly:CA crystals and in
TGS:CA crystals, the positions and normalized intensities of the Gaussian components in
both Gly:CA and TGS:CA crystals are close, which demonstrates that in all the crystals
compared the PL originates from the same emission centres. The similar PL behavior in CA-
doped Gly and TGS crystals clearly indicates that the appearance of PL is not associated
with the SO4 groups, which are present in TGS but absent in Gly crystals. The PL is
probably the result of the interaction of CA with glycine ions and, most likely, with glycine
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zwitterions, since, as XRD phase analysis demonstrates, the structural parameters of these
ions are affected by CA doping.
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Figure 8. (a) Emission spectrum of “pure” γ-glycine wih a small admixture of citric acid. Here,
R labels the Raman lines. (b) Emission spectra of γ- and α-glycine crystals doped with croconic
acid. (c) Decomposition of the α-Gly:CA emission band profile into four Gaussian components.
hνexc = 3.8 eV. T = 300 K. (d) Decomposition of the γ-Gly:CA emission band profile into four Gaussian
components. The Gaussian components in (c,d) are shown by different colors.

Table 11. Resonance photon energies Eph, eV, normalized intensity Ai/A2 obtained after decomposi-
tion of PL spectra in α-Gly:CA, γ-Gly:CA and TGS:CA in four Gauss components.

α-Gly:CA γ-Gly:CA TGS:CA

Band, i Eph, eV Ai/A2 Eph, eV Ai/A2 Eph, eV Ai/A2

1 2.20 0.66 2.18 0.47 2.20 0.59

2 2.54 1 2.57 1 2.57 1

3 2.86 0.20 2.88 0.24 2.86 0.33

4 3.18 0.13 3.17 0.22 3.19 0.22
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From Table 11 we observe that the normalized intensities of Gauss components may
depend on crystal symmetry because bands 3 and 4 in non-centrosymmetric γ-Gly, and
TGS:CA are more intensive than in centrosymmetric α-Gly:CA and band 1 has higher
amplitude in α-Gly:CA.

Although the specific structure of these centers is currently not clear, it can be assumed
that they include molecules of both glycine and croconic acid (glycine and CA crystals
are not luminescent by themselves). The presence of an analogous emission band in the
luminescence spectrum of “pure” γ-Gly (Figure 8a) with a small admixture of citric acid
demonstrates that not only CA but also other organic acids can promote the formation of
emitting centers (glycine lattice defects) with a similar structure of radiative transitions.

4. Conclusions

Crystals of α- and γ-glycine doped with croconic acid were grown from aqueous
solutions of glycine and croconic acid. α-Gly crystals grown from a solution with a relative
weight content Gly and CA of 90:10 have a plate shape. Pyramid-shaped γ-Gly crystals
were obtained from a solution with a relative weight content of 98:2 and 80:20. A study of
the structural and optical properties of the grown crystals has been performed. The study
indicates that the crystal symmetry and morphology of CA-doped-doped glycine single
crystals grown from aqueous solutions with different components weight ratios correspond
well to well-known α- and γ-isomorphs of nominally pure glycine. Incorporation of CA
molecules in the host glycine crystal structures does not change remarkably the parameters
of the unit cells, but results in small changes of unit cell volumes, and bond angles and
lengths of glycine zwitterions.

In many aspects, this situation is quite similar to that observed in CA-doped TGS
single crystals [31]. CA doping both Gly and TGS crystals does not significantly change
the frequencies of molecular vibrations in Raman and FTIR spectra. Also, it does not
remarkably influence the magnitude of forbidden gap Eg, caused by direct allowed elec-
tronic transitions.

The most significant changes caused by CA doping glycine (Gly:CA), as in the case
TGS crystals, are associated with absorption and photoluminescence spectra. In the UV
Vis region CA doping results in appearance of a strong absorption band caused by local
electronic transitions near the band gap (Eph ≈ 5.2–5.4 eV), and a broad band of lower
intensity with a maximum in the region of Eph ≈ 3.7–3.9 eV. Weak absorption bands were
detected by FTIR in TGS:CA and Gly:CA in the region of Eph ≈ 0.5–0.7 eV.

Strong PL spectra in α-, γ-Gly:CA, and TGS:CA crystals demonstrate the contributions
of four emission centers emitting photons of close energies (~2.2 eV, 2.57 eV, 2.86 eV, 3.18 eV)
and intensity ratios. It can be assumed that the appearance of these centers is due to the
incorporation of small CA ions into the pores of the host crystal structure and the formation
of hydrogen bonds between the CA molecule and glycine zwitterions.

In α- and γ-Gly:CA, in contrast to TGS:CA, different phases (regions) with a crystal
structure of the same symmetry but slightly different unit cell parameters arising from the
inhomogeneous doping distribution of the CA molecule in the host crystal were revealed
by powder X-ray diffraction methods. The presence of twins in non-centrosymmetric
γ-Gly:CA was detected using single-crystal XRD. These crystal structure details do not
appear in optical spectroscopy experiments due to the integral nature of these methods.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst12101342/s1. Table S1: Results of refinement of the α-Gly:CA
(90:10) structure (space group P21/n (14)) using single crystal XRD data. Table S2: Atomic displace-
ment parameters for the α-Gly:CA (90:10) (Å2). Table S3: Results of refinement of the γ-Gly:CA
(80:20) structure (space group P31 (N 144)) using single crystal XRD data. Table S4: Atomic displace-
ment parameters for the γ-Gly:CA (80:20) (Å2). Figure S1: Structures of (a) α-Gly:CA (90:10) and
(b) γ-Gly:CA (80:20) with atoms represented by thermal ellipsoids by means of program ORTEP
using, correspondingly, the data presented in Tables S1–S4. Figure S2: (a), (c) WHP and (b), (d), (f)
SSP of α1 and α2 modifications of α-Gly. Figure S3: (a), (c) WHP and (b), (d), (f) SSP of γ1 and γ2
modifications of γ-Gly. Figure S4: LB fit results for (a) α-Gly:CA (90:10 and (b) γ-Gly:CA (80:20).
Figure S5: Rietveld fit results for α-Gly:CA (90:10). Table S5: Low frequency intermolecular modes
and symmetry modes in Gly:CA plate in different experimental geometries, and in nominally pure
α-Gly [5]. Table S6: High frequency intramolecular modes in Gly:CA plate in different experimental
geometries, and in nominally pure α-Gly [6]. Table S7: Low frequency intermolecular modes in
Gly:CA pyramid in different experimental geometries, and in nominally pure γ- Gly [7]. Table S8.
High frequency intramolecular modes in Gly:CA pyramid.
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Abstract: The process of the phase transformation from amorphous to crystalline FePO4·2H2O was
studied in this research. It was found that Fe and P are predominantly present as FeHPO4

+ and
FeH2PO4

2+ and an induction period exists during the transition from amorphous to monoclinic
form. The induction period and the time required for phase transformation were shortened with the
increased temperature. Phase transformation could be kinetically described by the Johnson–Mehl–
Avrami (JMA) dynamics model. The dissolution rate of amorphous FePO4·2H2O is the rate-limiting
step of this process. the activation energy of phase transformation is calculated to be 9.619 kJ/mol.
The results in this study provided more guidelines for the regulation of FePO4·2H2O precursors by
precipitation method.

Keywords: precipitation process; iron phosphate dihydrate; Johnson–Mehl–Avrami (JMA) dynamics
model

1. Introduction

At present, the demand for rechargeable lithium batteries for electric vehicles is
growing with increased energy efficiency requirements. Creating composite electrode
materials with the required properties is a promising direction in battery technology and
engineering [1–4]. Researchers have proposed numerous techniques for fabricating the
positive electrode LiFePO4 of reversible lithium batteries [5]. So far, the precursor of
LiFePO4—FePO4 was mainly prepared by the: (1) solvent gel method [6], (2) hydrothermal
method [7], (3) coprecipitation method [8], and others. Zhang et al. [9] synthesized nano-
sized FePO4 by a modified sol–gel method, which is convenient for controlling the carbon
content and size of LiFePO4. Chen et al. [10] produced FePO4 microspheres with carbon
nanotube embedded (FePO4/CNT), which enhanced their electronic conductivity by a
hydrothermal process. Tong et al. [11] prepared iron phosphate with various morphologies
and crystalline structures by coupling precipitation and aging. Coprecipitation is the
most advantageous method for synthesizing iron phosphate owing to its simple operation,
economic efficiency, and environmental friendliness among these methods [5].

FePO4·2H2O acts as a transient precursor in the coprecipitation method to obtain
FePO4. Many researchers have reported the preparation of FePO4·2H2O with various
structures and morphologies, which were achieved by altering the sources of Fe and P as
well as reaction conditions [11,12]. For example, Guo et al. [13] found that iron phosphate
precursor with different morphologies can be obtained at low temperature using Fe2(SO4)3,
H3PO4 and different additives. Jiang et al. [14] synthesized irregular polygon shapes of
amorphous FePO4·2H2O, and elongated sticks of crystalline FePO4·2H2O by refluxing
amorphous FePO4·2H2O at 100 ◦C for 2 h using Fe(NH4)2(SO4)2·6H2O, NH4H2PO4, and
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H2O2 as raw materials. As the important precursor of LiFePO4 cathode material, the
properties of FePO4 have to be controlled in the preparation process, such as the specific
amount of iron–phosphorus ratio, high specific surface area, and tap density [15]. By
understanding the mechanism and kinetics of the preparation process, the properties of
FePO4·2H2O can be better controlled and the quality of FePO4 can be further improved.
Many studies have demonstrated that the crystal structure of FePO4 significantly impacts
the morphology of FePO4 [16–18]. However, insufficient literature exists regarding the
phase transformation on this process.

This paper studied the precipitating process of FePO4·2H2O using ferrous sulfate
heptahydrate, phosphoric acid, and hydrogen peroxide as reactants, and the morphology
and phase transformation kinetics of FePO4·2H2O from amorphous to monoclinic in
acidic solution (pH < 1) were investigated. The changes in the morphology, structure,
and composition of the precipitate during the phase transformation were also tracked.
These studies provide ideas and a basis for further improvement in the properties of iron
phosphate as a potential electrode material precursor.

2. Materials and Methods

2.1. Chemicals

All the reagents used in experiments containing ferric sulfate septihydrate (FeSO4·7H2O),
hydrogen peroxide (H2O2), monoclinic iron phosphate dihydrate (FePO4·2H2O), and
phosphoric acid (H3PO4) were of analytical reagent grade. Deionized water was used
throughout the process. All these chemicals were purchased from Kaimart Tianjin Chemical
Technology Co., Ltd (Tianjin, China). and were used directly without further purification.
Detailed information could be seen in Table 1.

Table 1. Detail of the materials specification.

Chemicals CAS Registry No. Molecular Weight (g/mol) Mass Fraction Purity

FeSO4·7H2O 7782-63-0 278.01 ≥0.99
H2O2 7722-84-1 34.01 ≥0.30

FePO4·2H2O 13463-10-0 186.82 ≥0.99
H3PO4 7664-38-2 98.00 ≥0.85

2.2. Experimental Procedure

Ferrous sulfate septihydrate and phosphoric acid at a molar ratio of 1:1.05 were dis-
solved with deionized water in a 500 mL jacketed glass reactor coupled with a thermostatic
bath. Excess phosphorus was used to make sure the iron precipitated completely during the
reaction. The mixture was then stirred by a stirrer module until ferrous sulfate septihydrate
dissolved completely. The peristaltic pump added a certain amount of hydrogen peroxide,
the mole of which was round 0.6 time the ferrous, to make Fe2+ iron oxidized completely.
When the solution temperature was raised to 60 ◦C the precipitation was generated from
the solution. The solution temperature was kept at 90 ◦C for 8 h and a phase transformation
occurred during this process. The precipitation was filtered out at the end of the experiment.
The experimental setup is shown in Figure 1 and detailed information of the solution can
be seen in Table 2.

Table 2. Compositions of the solution.

Concentration %

FeSO4·7H2O 8.3
H3PO4 3.7
H2O2 2.4
H2O 85.6
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Figure 1. Experimental apparatus utilized in the experiments.

2.3. Preparation of Standard Solution for RAMAN Analysis

The difference of the two polymorphs in solution can be shown by Raman spec-
tra through the characteristic peaks. Constructing a standard line using Raman spectra
of the prepared polymorphic mixtures to quantitatively analyze changes of monoclinic
FePO4·2H2O during the phase transformation process: the standard solution was a mixture
of amorphous and monoclinic FePO4·2H2O at a predetermined concentration of H2SO4.
The mole fraction of monoclinic FePO4·2H2O ranged from 25% to 75%. The temperature of
solution was raised to 90 ◦C. Each measurement was carried out in three times. There was
no polymorphic transformation that occurred for 1–3 min during detection, which can be
indicated by Raman spectra. The function that connected the corresponding peak intensity
to the mass fraction of monoclinic FePO4·2H2O could then be determined.

2.4. Characterization
2.4.1. Powder X-ray Diffraction (PXRD) Analysis

The samples collected during the process were analyzed by X-ray diffraction (Rigaku
D/MAX-2500) with Cu Kα radiation (λ = 1.5405 Å) by Ni filter. The scanning angle ranged
from 2◦ to 40◦ at a rate of 8◦/min. The characterization was carried out at a voltage of 45 kV
and a current of 40 mA. The melting properties of FePO4·2H2O are measured by thermal
gravimetric analyzer (TG, MettlerToledo, Zurich, Switzerland). The sample (5−10 mg) was
heated at a rate of 10 K/min from 303.15 K to 1073.15 K under a nitrogen atmosphere.

2.4.2. Morphology Characterization

The morphologies of products were observed by scanning electron microscopy (SEM;
JSM-7401F, 3 kV) after being sputter-coated with Au/Pd and transmission electron mi-
croscopy (TEM; JEM-2010, 120 kV) using an accelerating voltage of 100 kV.

2.4.3. Spectra Characterization

The changes of functional groups in precipitation during the reaction were detected
by FTIR (Bio-rad FTS 6000), which scanned with wavenumber from 400 to 4000 cm−1;
Raman analysis (RFS 100/S) used a 1064 nm Nd-YAG laser and the scanning step was
2 cm−1 with a 50 kHz scanning frequency, utilizing fiber-coupled probe optic technology
for in situ monitoring. This system was equipped with a probe head for direct insertion or
non-contact sampling.

3. Results and Discussion

3.1. The Involved Precipitation Reactions Analysis

The complexation of Fe3+ with phosphate is complicated in solution [19,20]. In this
work, complexation ions such as Fe(PO4)2

3−, Fe(OH)PO4
−, FeH3(PO4)3

3−, Fe(PO4)2
3−,

Fe2PO4
3+, etc., were not taken into account owing to small equilibrium constants (<10−8).
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The possible reactions in solution and corresponding equilibrium constants are listed in
Table 3 [21–23]. On the basis of mass conservation and reactions in Table 3, the mass balance
of Fe and P can be expressed, as given in formulas (1) and (2). The total concentration of
Fe and P was measured by redox titration of potassium dichromate and the gravimetric
method. According to pH and the equilibrium constants of possible reactions, the cor-
responding concentration of complexation ions can be represented by free Fe3+ ion and
H3PO4 molecules.

[Fe]T = [Fe3+] + [FeHPO4
+] + [FeH2PO4

2+] + [FeH2(PO4)2−)] + [FeH4(PO4)2+]
+ [FeH8(PO4)4

−] + 2 × [Fe2HPO4
4+] + 2 × [Fe2H3(PO4)2

3+] + 3 × [Fe3H6(PO4)4
3+]

(1)

[P]T = [H3PO4] + [H2PO4
−] + [HPO4

2−] + [PO4
3−] + [FeHPO4

+] + [FeH2PO4
2+]

+ 2 × [FeH2(PO4)2
2−)] + 2 × [FeH4 (PO4)2+)] + 4 × [FeH8 (PO4)4

−] + [Fe2H(PO4)4+)]
+ 2 × [Fe2H3 (PO4)2

3+] + 4 × [Fe3H6(PO4)4
3+]

(2)

where [Fe]T and [P]T is the total concentration of Fe and P in solution; [x] is the
concentration of x; x is the species of complexation.

Table 3. Possible complexation reactions for Fe3+ and phosphate.

No. Reactions LogK

1 H3PO4 = H+ + H2PO4
− −2.12

2 H2PO4
− = H+ + HPO4

2− −7.20
3 HPO4

2− = H+ + PO4
3− −12.36

4 Fe3+ + H3PO4 = FeHPO4
+ + 2H+ 1.55

5 Fe3+ + H3PO4 = FeH2PO4
2+ + H+ 1.60

6 Fe3+ + 2H3PO4 = FeH2(PO4)2
− + 4H+ −4.34

7 Fe3+ + 2H3PO4 = FeH4(PO4)2
+ + 2H+ 1.19

8 Fe3+ + 4H3PO4 = FeH8(PO4)4
− + 4H+ 1.73

9 2Fe3+ + H3PO4 = Fe2HPO4
4+ + 2H+ 1.92

10 2Fe3+ + 2H3PO4 = Fe2H3(PO4)2
3+ + 3H+ 0.18

11 3Fe3+ + 4H3PO4 = Fe3H6(PO4)2
3+ + 3H+ 0.23

The unit of equilibrium constants K is (mol·L−1)ˆΔν, Δν is sum of stoichiometric numbers in reaction.

And the concentration of free Fe3+ ion and H3PO4 molecules, under pH ranging from
0.2 to 1.3, can be calculated by the total concentration and mass balance of Fe and P. The
equations for the concentration of Fe3+ and H3PO4 were presented in Formulas (3) and (4).
In addition, the concentration of various complexation species with phosphate groups
under different pH environments is listed in Tables S1–S4 (Supporting Information). The
distribution of the various complexation species is presented in Figure 2.

x + (A + B)xy + (C + D)xy2 + Exy4 + 2Fx2y + 2Gx2y2 + 3Hx3y4 = 0.293 (3)

(1 + a + b)y + (A + B)xy + 2(C + D)xy2 + 4Exy4 + Fx2y + 2Gx2y2

+4Hx3y4 = 0.2978
(4)

where x is the concentration of Fe3+ and y is the concentration of H3PO4; a, b, A, B, C, D, E,
F, G, H are the constants in different pH environment based on the equilibrium constants
of possible reactions respectively.

It can be found that Fe and P are predominantly presented as FeHPO4
+ and FeH2PO4

2+

in the pH range. The pH of the mixture at room temperature in this work is around 0.85
and the proportion of main complexation ions are calculated to be 53.82% FeHPO4

+, and
9.79% FeH2PO4

2+. Therefore, the main precipitation reactions, even during the process
of raising the temperature, can be written as the following reactions in Table 4 (the pH
decreased with the increase of temperature).
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Figure 2. Distribution of the various complexation species under different pH environments:
(a) shows distribution of H+, H2PO4

−, HPO4
2−, PO4

3− and Fe3+; (b) shows distribution of the
rest of the ions.

Table 4. Possible reactions in solution with an initial pH value of 0.85.

No. Reactions

1 FeHPO4
+ + H2O = FePO4·2H2O↓ + H+

2 FeH2PO4
2+ + 2H2O = FePO4·2H2O↓ + 2H+

3.2. Insight into the Evolution of the Precipitate
3.2.1. The Change of Structure

The crystal structure and phase purity of the samples were analyzed by PXRD. The
powder X-ray diffraction pattern was shown in Figure 3. There were not any intensive
diffraction peaks detected before 235 min, indicating that the precipitation initially pro-
duced by the reaction was amorphous. After 235 min, new characteristic diffraction peaks
appeared (17.18◦, 18.88◦, and 19.94◦, respectively), and the intensity of these peaks in-
creased with the evolution of time. The results demonstrated that there was a phase
transition during the reaction and the crystallinity gradually increased over time. Since
the PXRD pattern of samples after 235 min is consistent with standard data of JCPDS file
No. 15-0390, it is found that the transformed product possessed monoclinic structure and
a space group of P21/n [15,24–26]. The crystal structure of monoclinic FePO4·2H2O was
shown in Figure 4.

 
Figure 3. The Powder X-ray diffraction pattern of samples taken at 0 min (a), 180 min (b), 205 min (c),
225 min (d); 235 min (e), 245 min (f); 255 min (h), 450 min (g), respectively.
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Figure 4. Crystal structure of monoclinic FePO4·2H2O.

3.2.2. Change of Morphology

The morphology during the reaction was studied by SEM and TEM as shown in
Figures 5 and 6. At the initial stage of the reaction, the sample mainly exists in the form
of amorphous microsheet agglomeration and the average size is about 2 μm to 4 μm, as
shown in Figures 5a and 6a. The size of microsheets gradually decreased and the extent of
agglomeration increased slightly. They grew and agglomerated together by continuous
dissolution–recrystallization. Figure 5c shows that plentiful nanoparticles formed on the
surface of agglomerates at 150 min, which were found to be a mixture of mostly amorphous
and little crystalline FePO4·2H2O by selected area electron diffraction (SAED)—which
shows an inconspicuous diffraction pattern, as shown in Figure 6b. But there is still no ob-
vious diffraction peak of powder X-ray diffraction pattern at this time, at which the content
of crystalline FePO4·2H2O is lower than the minimum content standard of powder X-ray
diffraction analysis. The monoclinic FePO4·2H2O nuclei on the active surface of amorphous
agglomerates gradually grew and agglomerated accompanying the dissolution of amor-
phous FePO4·2H2O into ions. Ultimately, dense spheroid-like monoclinic FePO4·2H2O
particles were produced continuously by dissolution–recrystallization of agglomerates.
It was proven that the spheroid-like particles are comprised of long flakes of monoclinic
FePO4·2H2O as illustrated in Figure 6c.

 

Figure 5. SEM images of morphology evolvement of FePO4·2H2O during the experiment: (a) 0 min;
(b) 30 min; (c) 150 min; (d) 450 min; (a’–d’) are images with the higher magnification at the corre-
sponding times (0 min, 30 min, 150 min, 450 min).
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Figure 6. TEM images of FePO4·2H2O at (a) initial, (b) 150 min and (c) end of reaction, respectively;
(d) typical EDS spectrum of initially produced precipitate.

3.2.3. Changes in the Process of Reaction

The samples in the different reaction stages were also analyzed by TG, as shown in
Figure 7. The heating process was conducted in an N2 environment and the weight loss
was on account of the dehydration [27,28], which was around 19.30%. With the increase of
crystallinity, the endothermic peak for dehydration is shifting in the higher temperature
direction gradually [29] (115.417 ◦C→135.063 ◦C→161.769 ◦C→176.833 ◦C), which proved
that water molecules gradually enter into the lattice monoclinic FePO4·2H2O as the phase
transformation progresses.

 
Figure 7. Heat-flow and mass change of precipitation at different reaction time during heating.

The reaction process was characterized by off-line FTIR, as shown in Figure 8. The char-
acteristic peaks of the O-H stretching and bending vibrational mode are at 3500–3000 cm−1

and about 1600 cm−1 respectively [30,31]. The peak band at 513 cm−1 is attributed to the
bending vibration mode and stretching band of O-P-O bonds. The P-O-P bonds are also
reflected at 980 cm−1 to1100 cm−1, which corresponds to the tetrahedral PO4

3− anions.
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Figure 8. FTIR spectra of the precipitates at different reaction times.

After 180 min, a new peak at 750 cm−1 appeared, corresponding to the P-O vi-
bration caused by the coupling effect between PO4

3− polyanion and Fe-O within the
structure [32–35]. The symmetrical vibration characteristic peaks of PO4

3− anions at 997 cm−1

disappeared, and asymmetrical vibration peak at 1165 cm−1 appeared over time, as shown
in Figure 8. These changes indicate that the FePO4·2H2O orderly rearranged and monoclinic
FePO4·2H2O formed.

The result shown in Figure 9 demonstrated that the proportion of Fe in the precipitate
increased at the early stage of phase transformation and then decreased with the increase
of crystallization, which can also be proven by the energy dispersive spectrometer (EDS)
information in Table 5. At the highest proportion of iron, the corresponding precipitation is
amorphous, and the characteristic vibration peaks of iron binding with other functional
groups are not found in the FTIR spectrum, indicating that there is not any intermediate
during transformation.

 
Figure 9. The mass fraction trend of Fe in precipitation at different reaction time.

Table 5. Composition of produced precipitate under different time.

Sampling Time/min Fe (Atom %) P (Atom %) Molar Ratio of P/Fe

0 18.2 17.6 0.96
100 19.0 18.3 0.96
320 21.2 21.4 1.00

142



Crystals 2022, 12, 1369

The solubility of the amorphous form of FePO4·2H2O is higher than that of the
monoclinic form [36]. During the rearrangement of iron phosphate dihydrate, the solution
became supersaturated again with the dissolution of amorphous iron phosphate. The iron
ions in solution adsorbed on the surface of the agglomerate (were partially neutralized
by sulfate ions) or encased in the interior of the agglomerate, leading to a rise in the iron
mass fraction (Supporting Information, Table S1). Then iron mass fraction decreased with
the nucleation and growth of monoclinic FePO4·2H2O. The rise in mass fraction following
transformation could be attributable to the impurity removal due to the decreased content
of the S in precipitation.

3.3. Kinetic of Phase Transformation

Raman was used to monitor the transformation of amorphous FePO4·2H2O, as shown
in Figure 10. Transformation of amorphous FePO4·2H2O was followed by the appearance of
monoclinic FePO4·2H2O characteristic peaks and the changes in height of the characteristic
peaks: a new peak at 303 cm−1 appeared in the Raman spectra and its intensity increased
gradually as the monoclinic FePO4·2H2O content increased during transformation.

 
Figure 10. Raman spectra of the precipitates at different reaction times.

The corresponding characteristic peak intensity of the standard solution was measured
by Raman spectroscopy (shown in Figure 11) and the standard curve could be obtained
according to the relationship between intensity of characteristic peak and the mass frac-
tion of monoclinic FePO4·2H2O, as shown in Figure 12. The transformation process was
quantitatively evaluated by the relationship, which can be seen in Figure 13. It shows
the changes of polymorphic composition during transformation. The mass fraction of
the amorphous FePO4·2H2O decreased gradually after the induction time of 101 min,
which could be attributed to the nucleation of monoclinic FePO4·2H2O and the transfor-
mation of the amorphous FePO4·2H2O. The curves are stable in zone 3 for the completion
of transformation.

The Johnson–Mehl–Avrami (JMA) dynamics model was used for describing the phase
transformation, as shown in equation 4. It was considered that the solution is well-mixed
and the growth rate of crystals is independent of time. It assumed that the nucleation
sites were located in the well-mixed reactant bases on solid-state reactions [37,38]. The
calculated parameters were shown in the Table 6 and the fitting relevance value of R2 was
over 0.97 indicating that the fitting result was great consistent with experimental results.

x(t) = 1 − exp
{−K × (t − tind)

n} (5)
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where x is the percentage content of monoclinic FePO4·2H2O at reaction time t; tind is the
induction period of FePO4·2H2O transformation; K is the rate constant of transformation;
n (called as Avrami exponent) is a constant related to the behaviors of nucleation and
growth of FePO4·2H2O; if the value of n is over 1, the nucleation is the key factor for phase
transformation or the migration of the chemicals to the nucleation point is dominant.

 
Figure 11. Raman spectra of slurries of monoclinic and amorphous FePO4·2H2O during the transformation.

Figure 12. The standard curve of monoclinic FePO4·2H2O.

 

Figure 13. In situ polymorphic mass fraction profiles of monoclinic and amorphous FePO4·2H2O
through the solvent-mediated transformation process.
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Table 6. Fitting parameters of JMA model at 90 ◦C.

Parameters Value

Temperature/◦C 90
tind/min 101
T/min 56.5
K/h−3 3.4348

n 3.4381
R2 0.9798

T is the time required for transformation.

According to the spectra presented in Figure 13 and the Equation (5), the relationship
of time and crystallinity and the parameters of JMA dynamics model were obtained, which
were shown in Figure 14 and Table 6. The time required for transformation was 56.5 min
and the induction period of this process was 101 min. Moreover, the concentration of Fe in
the solution and the intensity of the corresponding characteristic peak at 303 cm−1 changed
almost simultaneously: the concentration of Fe in solution decreased accompanying by the
increase of the corresponding peak intensity with the time evolution (Supporting Infor-
mation, Figure S2). It was indicated that the dissolution rate of amorphous FePO4·2H2O
was slowest during phase transformation. Therefore, the dissolution rate of amorphous
FePO4·2H2O is considered to be the control step of the transformation rate.

 
Figure 14. The percentage content of monoclinic FePO4·2H2O vs. time at different temperatures.

The experiments at different temperatures were carried out in order to evaluate the
kinetics of the transformation process. The fitting results at different temperatures evaluated
by the JMA model between temperature and the rate constant of transformation are shown
in Table 7, and the changes trends of characteristic peak under different temperatures
were presented in Figure S2 in Supporting Information. The activation energy of the
transformation process was obtained by the Arrhenius equation, which was shown as
Equation (6):

ln(K) = −Ea × (R × T)−1 + ln(A) (6)

where K is the rate constant of transformation; R is the molar gas constant; T is the thermo-
dynamic temperature; Ea is the apparent activation energy and A is the pre-exponential
factor which is also called the frequency factor.
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Table 7. Fitting parameters of JMA model at different temperature.

Temperature/◦C tind/min T/min K/h−3 n R2

70 316 332 0.0742 2.53 0.995
75 259 226 0.2074 2.63 0.996
80 224 114 0.3845 4.34 0.995
85 145 76 0.9724 4.99 0.993
95 75 55 5.1157 3.87 0.983

T is the time required for transformation.

The parameters of reaction calculated by the JMA model are listed in Table 7. With the
increase of reaction temperature, the induction period and the time required for transfor-
mation decreased, and rate constant of transformation increased. Increasing temperature
can enhance molecular movement and reduce the interfacial energy of solid–liquid in-
terface. Therefore, the nucleation rate of monoclinic FePO4·2H2O was accelerated and
correspondingly the induction period and the time required for transformation was short-
ened. The value of the apparent activation energy Ea in the transformation process can be
derived by plotting the logarithm of K against 1/T and analyzing the slope and intercept
(Figure S3 in Supporting Information). The value of the activation energy was calculated to
be 9.619 kJ/mol.

4. Conclusions

The phase transformation from amorphous to monoclinic FePO4·2H2O was investi-
gated. It was found that Fe and P are predominantly present as FeHPO4

+ and FeH2PO4
2+

and the transformation process of FePO4·2H2O from amorphous form to monoclinic form
was determined by the nucleation rate of the monoclinic form. The corresponding Raman
spectroscopy results indicated that the induction period and the time required for transfor-
mation reduced as the reaction temperature rose. The kinetic parameters of the FePO4·2H2O
transformation were calculated by the JMA model and the findings demonstrated that
the transformation reaction constant increased as the reaction temperature increased. The
activation energy of the transformation was 9.619 kJ/mol. These studies were beneficial to
controlling and improving properties of FePO4 for meeting the requirements as potential
electrode material precursors.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst12101369/s1, Table S1: The value of different parameter
at pH range in equations; Table S2: The concentration of different ions at pH range; Table S3: The
concentration of different ions at pH range; Table S4: The concentration of different ions at pH range;
Table S5: The content of S and O in precipitation at different time; Figure S1: The mass fraction trend
of Fe in solution at different time; Figure S2: Raman spectra of the precipitates at 70 °C (a), 75 ◦C (b),
80 ◦C (c), 85 ◦C (d), 95 ◦C (e); (f) the change of characteristic peak at 303 cm−1 over time under
different temperature; Figure S3” The linear relationship between ln K and (1/T).
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Abstract: The reduction mechanisms of Yb(III) on W electrodes in molten LiCl-KCl-YbCl3 were ex-
plored at 773 K, and the diffusion coefficient of Yb(III) was determined. Then, various electrochemical
techniques were employed to investigate the electroreduction of Yb(III) in molten LiCl-KCl on a
liquid Pb film and Pb electrode. Electrochemical signals were associated with forming Pb3Yb, PbYb,
Pb3Yb5, and PbYb2. The deposition potentials and equilibrium potentials of four Pb-Yb intermetallics
were obtained through open-circuit chronopotentiometry. Metallic Yb was extracted by potentiostatic
electrolysis (PE) on a liquid Pb electrode, and XRD analyzed the Pb-Yb alloy obtained at different
extraction times. The recovered Yb was found in the form of Pb3Yb and PbYb intermetallics. The
extraction efficiency of Yb was calculated according to ICP analysis results, and extraction effectivity
could attain 94.5% via PE at −1.86 V for 14 h.

Keywords: electrochemical extraction; ytterbium; liquid Pb electrode; Pb-Yb alloy; electrochemical behavior

1. Introduction

The increasing demand of human beings for energy and the promotion of global
low-carbon energy has increased the number of nuclear power stations in the world [1,2].
However, the management, storage, and disposal of used nuclear fuel (UNF) discharged
from nuclear power plants has become a worldwide issue [3,4]. A 1000 MWe nuclear
reactor generates about 25–30 tons of UNF annually [5,6]. Based on the International
Atomic Energy Agency (IAEA) estimate, around 450 operating nuclear power plants have
generated a global inventory of some 270,000 metric tons of UNF [7,8]. Pyroprocessing is
one of the most promising technologies for treating UNF, and electrorefining is an essential
unit operation in the pyroprocessing technique [9–12].

In electrorefining of UNF in molten LiCl-KCl, the standard potentials of lanthanide
elements (Lns) are more negative than those of actinide elements (Ans) [13–15]. U and
transuranic elements (TRUs) are deposited onto the cathode, and various lanthanide fission
products contained in UNF dissolve in the molten salt. During the electrolysis process,
Lns accumulate, which makes difficult the separation of Ans and Lns [16–23]. Therefore,
proper electrode materials have a good effect on the separation process of Ans and Lns.
Compared with the solid cathode, the liquid metal cathode has been widely studied because
of its constant surface area and easy diffusion of deposits to liquid metal. Jiao et al. [24]
summarized liquid metals from the aspects of properties, depolarization effects, alloy
preparation, etc., such as liquid Bi [25–28], Pb [29–32], Sn [33–36], and Ga [37–40], which
provided a reference for molten salt electrorefining.

In addition, lead has a low melting point (327 ◦C), and through evaluating the vapor
pressures of various liquid metals, we discovered that the order of separating Ans and Lns
from the liquid metal cathode via distillation is: Cd > Zn > Pb > Bi > Al > Ga > Sn. Liquid
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Pb appears to be a proper candidate for electrode material in separating and extracting Ans
and Lns from molten salt by electrowinning. After electrowinning, a Pb-Ans/Lns alloy can
be formed on the liquid Pb electrode. Finally, the cathode deposits can be separated from
the liquid Pb cathode by Pb distillation. Therefore, lead was employed as the cathode for
ytterbium extraction in this work. In our previous work, liquid lead was used as a cathode
due to the underpotential deposition of Dy(III) on the liquid Pb electrode. The reduction
potential of Dy on the liquid Pb electrode is −1.35 V (vs. Ag/AgCl), which is more positive
than that on the W electrode. Dysprosium was extracted from molten LiCl-KCl-DyCl3,
and the extraction efficiency of dysprosium reached 97.2% [41,42]. Ytterbium is a variable
valence element, one of the typical rare earth fission elements. Ji et al. [43] studied the
electrochemical properties of ytterbium on liquid Zn electrodes in LiCl-KCl melts. Li
et al. [44] studied the electrochemical behavior of Yb(III) on Cu electrodes in LiCl-KCl melts.
Yan et al. [45] researched ytterbium and zinc co-deposition in LiCl-KCl-ZnCl2-YbCl3 melts
on a W electrode. However, there is little information about the extraction of ytterbium
from molten chlorides on liquid lead cathodes.

In the present study, different electrochemical techniques were used to explore the re-
duction mechanisms of Yb(III) on W, liquid Pb film, and liquid Pb electrodes. Moreover, the
recovery of Yb from molten salt was executed by PE, and the products were characterized
by SEM-EDS and XRD.

2. Experimental

All electrochemical measurements were carried out in an alumina crucible with LiCl-
KCl (55.8 wt%) melts in an electric furnace. Yb was introduced into the LiCl-KCl melts as
dehydrated YbCl3 powder (analytical grade). The reference electrode consisted of a sil-
ver wire (1 mm in diameter) immersed in a 1.5 wt% AgCl solution. A spectral pure
graphite rod (6 mm in diameter) was used as a counter electrode. A tungsten wire
(1 mm in diameter, 99.95%), a Pb film electrode (Pb coated on a W wire), and liquid
lead (99%) were used for the working electrodes. PE and electrochemical measurements
were performed (Metrohm, Ltd., Autolab PGSTAT 302N with Nova 1.10 software). The
resistance between the reference electrode and the working electrode in molten salt was
calculated by electrochemical impedance spectroscopy(EIS). The EIS was performed under
the open circuit potential of the LiCl-KCl molten salt system under the condition of 10 mV
amplitude over a 0.01-10000 Hz frequency range, as shown in Figure 1. According to
Figure 1, the solution resistance(Rs) of the molten LiCl-KCl was 0.62 Ω de-termined at
773 K. After the ohmic potential(IR) compensation, cyclic voltammograms (CVs) were
obtained. The phase composition of extraction products was characterized using XRD
(Philips, Amsterdam, The Netherlands). The metal ion concentration in the melts was
analyzed by ICP-AES (USA Thermo Elemental, IRIS Intrepid II XSP). Figure 2 shows the
schematic setup of three-electrode electrochemical cells inside the furnace.

Figure 1. EIS data on the W electrode in molten LiCl-KCl at temperatures of 773 K.
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Figure 2. The schematic setup of three-electrode electrochemical cells inside the furnace.

3. Results and Discussion

3.1. Electrode Reaction of Yb(III) on the W Electrode

Figure 3 shows the CVs attained in LiCl-KCl and LiCl-KCl-YbCl3 melts on the W
electrode. The redox couples RA/OA (−2.39/−2.28 V) are considered as the redox of
Li(I)/Li(0) on the W electrode. When YbCl3 is added, the newly added electrochemical
signal RB/OB (−0.47/−0.32 V) corresponds to Yb(III)/Yb(II). No electrochemical signal of
Yb(II) reduction to Yb was found, which indicates that the reduction potential of Yb(II) is
more negative than that of Li (I) [43,44]. In this system, Yb(III) first becomes a low valence
ion and is then oxidized to a high valence state. No metal Yb was obtained on the W
electrode. They are thought to correspond to the following reaction.

Yb(III) + e− → Yb(II) (1)

 
Figure 3. CVs obtained on the W electrode (S = 0.314 cm2) in the absence and presence of YbCl3
(1.55 × 10−4 mol cm−3) in eutectic LiCl-KCl.
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Typical CVs of molten LiCl-KCl-YbCl3 recorded on the W electrodes at various scan
rates are shown in Figure 4a. What can be observed is that with an increase in scan
rate, the peak potential for RB was constant (Figure 4b). Therefore, it can be decided
that the electrode reduction reaction RB is a reversible process on scan rate in a range of
0.08–0.28 V s−1. Figure 4b illustrates the linear relationship of Ip and v−1/2 of Yb(III) in
molten LiCl-KCl-YbCl3, indicating that the redox reaction is controlled by diffusion. In a
soluble/soluble system, for the chemical reaction controlled by the mass transfer rate step,
there is a relationship between the cathode peak current and the square root of the sweep
rate, which can be described by Randles–Sevcik equation as follows [43]:

IP= 0.4463(nF)3/2(RT)−1/2SCD1/2v1/2 (2)

where S represents the surface area of the working electrode, C0 represents the bulk
concentration of the Yb(III) ion, D corresponds to the diffusion coefficient, I corresponds to
the applied current, n corresponds to the number of exchanged electrons, F corresponds to
the Faraday constant, and v represents the potential scan rate.

Figure 4. (a) CVs obtained on the W electrode at different scan rates in molten LiCl-KCl-YbCl3;
(b) peak potential of the cathodic RB vs. logv derived from (a); peak current of the cathodic RB vs. the
square root of scan rate derived from (a).

The calculated diffusion coefficient of Yb(III) at 773 K was 1.86 × 10−5 cm2 s−1. The
diffusion coefficient of the Yb(III) ion in LiCl KCl molten salt calculated by Smolenski et al.
at 848 K is 2.7 × 10−5 cm2 s−1, which is consistent with our research results [46].

Square wave voltammetry (SWV) was carried out to measure the number of electrons
transferred during the reduction process of Yb(III) on the W electrode.

Figure 5a depicts the SWV curves gained in LiCl-KCl-YbCl3 molten salt at different
frequencies. One reduction signal, RB (−0.47 V), correlated with the reduction process of
Yb(III) to Yb(II). Furthermore, the shape of RB was flat and symmetrical, which indicates that
the electrode reactions were reversible in a soluble/soluble system. The linear relationship
between Ipc and f 1/2 suggests that the reduction of Yb(III) on the W electrode was controlled
by diffusion. Therefore, the number of electrons transferred was calculated from W1/2
using Equation (3) [42]:

W1/2 = 3.52
RT
nF

(3)

where W1/2 is the half-peak width of the SWV curve, and the calculated number of electrons
transferred from the reduction of Yb(III) to Yb(II) is close to 1 (Table 1).
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Figure 5. (a) SWV curves for the reduction of Yb(III) on the W electrode at 773 K; pulse height:
100 mV; step potential: 5 mV; frequency: 5–40 Hz. (b) The linear relationship of Ip versus f 1/2.

Table 1. Half-peak width and transfer electron number of Yb(III) calculated on a liquid Pb electrode
in molten LiCl-KCl-YbCl3 under different frequencies.

f /Hz W1/2/V n

5 0.259 0.907
10 0.251 0.934
15 0.251 0.934
20 0.243 0.963
30 0.243 0.963
40 0.243 0.963

3.2. Electrochemical Properties of YbCl3 on a Pb Film Electrode

The Pb film was prepared on the surface of the W electrode through PE at −1.0 V
for 1 s. Figure 6 shows the CVs on the W electrode before and after adding YbCl3 and
PbCl2 to LiCl KCl molten salt. The peaks RB and RC in the inset of Figure 6 are related to
the reduction of Pb(II) to Pb and Yb(III) to Yb(II), respectively. Based on the binary phase
diagram of the Pb-Yb system [47] shown in Figure 7, there are four intermetallics (Pb3Yb,
PbYb, Pb3Yb5, and PbYb2) in the study temperature range. Therefore, four reduction
peaks (RI, RII, RIII, and RIV) in the inset of Figure 6 correspond to four different Pb-Yb
intermetallics. Pb(II) is first deposited on the W electrode to form a Pb film electrode. Then,
Yb(II) is reduced at the corrected potential on the Pb film electrode due to depolarization to
form Pb-Yb intermetallics. The reaction is as follows:

Yb(II) + 2e−+xPb = PbxYb (4)

 

Figure 6. CVs of blank eutectic LiCl-KCl (black line) and molten LiCl-KCl-YbCl3-PbCl2 salts (red
line) on the W electrode at 773 K.
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Figure 7. The binary phase diagram of the Pb-Yb system.

To confirm the attribution of the peaks, Figure 8 shows the SWV curves at different
frequencies on the W electrode in molten LiCl-KCl-YbCl3-PbCl2. Six reductive peaks were
observed clearly in Figure 8. Two reduction signals RB and RC pertain to the reduction of
Yb(III) to Yb(II) and Pb(II) to Pb, respectively. Four reduction peaks RI, RII, RIII, and RIV
are associated with four Pb-Yb intermetallics. The reduction peak potentials are listed in
Table 2.

 
Figure 8. SWV curves of molten LiCl-KCl-YbCl3-PbCl2 on the W electrode at 773 K under different
frequencies; potential step: 5 mV; frequency: 20-30 Hz.
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Table 2. Summary of the results obtained on a Pb film electrode through CV, SWV, and OCP in molten
LiCl-KCl-YbCl3.

Electrochemical Techniques
Reduction of Peak/Plateau Potentials

IV III II I

CV (V) −2.15 −2.10 −1.95 −1.79
SWV (V) −2.13 −2.09 −1.96 −1.80
OCP (V) −2.12 −2.09 −1.92 −1.77

To explore the electroextraction of Yb, open circuit chronopotentiometry (OCP) was
used in LiCl-KCl-YbCl3-PbCl2 melts at various temperatures. Figure 9 displays the OCP
curves measured on the Pb film electrode after deposition at −2.5 V for 100 s in molten
LiCl-KCl-YbCl3-PbCl2 at 773–833 K.

Figure 9. OCP curves recorded on the W electrode in molten LiCl-KCl-YbCl3-PbCl2; deposition
potential: −2.5 V; time: 100 s.

Plateau RB and RC were observed at −0.43 V and −0.33 V and were assigned to
Yb(III)/Yb(II) and Pb(II)/Pb(0) redox couples, respectively. The four plateaus RI, RII, RIII,
and RIV were correlated to the equilibrium of Pb-Yb intermetallics. We speculated that the
potential plateaus should be related to the following equilibriums:

Plateau RA : Li(I) + e− � Li (5)

Plateau RI : 3Pb + 2e−+Yb(II) � Pb3Yb (6)

Plateau RII : Pb3Yb + 4e−+2Yb(II) � 3PbYb (7)

Plateau RIII : 3PbYb + 4e−+2Yb(II) � Pb3Yb5 (8)

Plateau RIV : Pb3Yb5+2e−+Yb(II) � 3PbYb2 (9)

Plateau RB : Yb(III)+e− � Yb(II) (10)

Plateau RC : Pb(III)+2e− � Pb Pb(II) + 2e− � Pb (11)

3.3. Electrochemical Property of Yb(III) Ions on the Liquid Pb Electrode

Figure 10 is the cyclic voltammogram of LiCl-KCl-YbCl3 molten salt on a liquid Pb
electrode. Signal C relates to the reduction of Pb(II) to Pb, and signal RB relates to the
reduction of Yb(III) to Yb(II). The conclusion is consistent with that discussed above. This
indicates that Yb(III) is first reduced to Yb(II) on the liquid Pb electrode, and then Yb(II) is
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reduced to Yb. One signal that appears at −1.71 V corresponds to the formation of a solid
Yb(Pb) solution.

Figure 10. CVs obtained in LiCl-KCl-YbCl3 (1.55 × 10−4 mol cm−3) melt on liquid Pb cathodes
(S = 0.949 cm2) at 773 K.

According to the CV results above, Yb was extracted by PE at −1.86 V on a liquid
Pb electrode. Figure 11 shows the alloy’s XRD pattern obtained by electrolysis at constant
potential −1.86 V for 6, 10, and 14 h, respectively, on the liquid Pb electrode in molten LiCl-
KCl-YbCl3 at 773 K. The alloy electrolyzed for 6 h was the Pb3Yb phase, the alloy electrolyzed
for 10 h was the Pb3Yb phase, and the alloys electrolyzed for 14 h were Pb3Yb and PbYb
phases. This shows that with the increase of electrolysis time, the content of Yb in liquid lead
gradually increased, and part of Pb3Yb began to transform into the PbYb phase.

 

Figure 11. XRD patterns of the cathode products on a liquid Pb electrode in molten LiCl-KCl-YbCl3
salts through PE at −1.86 V for 14 h at 773 K.
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After electrolysis for 14 h, the alloy was analyzed by SEM-EDS, and the SEM pho-
tograph and element distribution surface scan of the alloy were obtained, as shown in
Figure 12. Two zones, dark and bright grey, were on the deposit’s surface. From the results
of the EDS mapping of the sample (Figure 12b), the element Yb mainly distributed in
the dark grey zone. The upper salt was detected by inductively coupled plasma atomic
emission spectrometry (ICP-AES). It was calculated that after electrolytic extraction for
14 h, the extraction rate of Yb was 94.5%.

 

Figure 12. SEM image (a) and EDS mapping (b) analysis of the deposit obtained by PE at −1.86 V on
a liquid Pb electrode in molten LiCl-KCl-YbCl3 salts for 14 h at 773 K.

4. Conclusions

In this work, the electroreduction of Yb(III) ions on the W cathode was explored
through CV and SWV. The electroreduction of Yb(III) to Yb(II) was found to be a diffusion-
controlled process with one electron exchanged, and the reduction of Yb(III)/Yb(II) was
a reversible process. The diffusion coefficient of Yb(III) was 1.86 × 10−5 cm2 s−1. The
electrochemical behavior of Yb(III) on a liquid Pb film cathode was explored by CV, SWV,
and OCP. Then, equilibrium potentials and the deposition potentials of four Pb-Yb inter-
metallics (Pb3Yb, PbYb, Pb3Yb5, and PbYb2) were determined. The reduction of Yb(III) on
liquid Pb and liquid Pb film electrodes was proven to be a two-step mechanism.

At last, the electrochemical extraction of Yb(III) on a liquid Pb electrode was studied
by CV. Meanwhile, ytterbium was extracted on a liquid Pb electrode from a LiCl-KCl
melt by PE at −1.86 V. The extraction product was detected by SEM-EDS and XRD. XRD
analysis of the extracted products obtained at different electrolysis times shows that the
extracted products gradually changed from a Pb-rich alloy (Pb3Yb) to a Yb-rich alloy
(Pb3Yb and PbYb) with the increase in electrolysis extraction time. The extraction efficiency
of Yb reached up to 94.5% by PE at −1.86 V for 14 h, which indicates that it is feasible to
electrolytically extract Yb from LiCl-KCl melts on a liquid Pb electrode.
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Abstract: This study aimed to explore the effects of nucleate agent sizes on lysozyme crystallization.
Silica nanoparticles (SNP) with four different particle sizes of 5 nm, 15 nm, 50 nm, and 100 nm
were chosen for investigation. Studies were carried out both microscopically and macroscopically.
After adding SNP, the morphological defects of lysozyme crystals decreased, and the number of
crystals increases with the size of the SNP. The interaction between SNP and lysozyme was further
explored using UV spectroscopy, fluorescence spectroscopy, and Zeta potential. It was found that the
interaction between SNP and lysozyme was mainly electrostatic interaction, which increased with
the size of SNP. As a result, lysozyme could be attracted to the surface of SNP and aggregated to
form the nucleus. Finally, the activity test and circular dichroism showed that SNP had little effect on
protein secondary structure.
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1. Introduction

Single crystal X-ray diffraction technology [1] is a primary technical means to analyze
the atomic-level structure of biological macromolecules. The successful application of X-
ray [2] crystallography in determining the 3-D structure of proteins relies on the cultivation
of high-quality protein crystals [3–5]. However, protein crystallization is more complicated
than small molecules due to the complexity and instability of protein molecules. Therefore,
conducting in-depth research on the crystallization process of proteins is necessary.

Similar to small molecules, the nucleation process of protein crystallization [6,7]
goes in two ways: homogeneous nucleation and heterogeneous nucleation [8]. Kordon-
skaya et al. [9–11] studied the growth of tetragonal crystals under homogeneous nucleation.
It was found that lysozyme forms oligomers prior to crystal formation, which may be inter-
mediates and can serve as growth units in crystal growth. Due to a high potential barrier
of oligomer formation, homogeneous nucleation can only occur when the supersaturation
in protein solution is high enough, which easily causes precipitates and is limited in low
protein concentration systems. In contrast, when foreign substances exist as nucleating
agents in the crystallization solution, the nucleation potential barrier will be significantly
reduced due to protein adherence to the nucleating agent. As a result, heterogeneous
nucleation could occur at relatively low protein concentrations. Therefore, it is beneficial
for improving the quality of protein crystals and obtaining better diffraction data.

Nanomaterials refer to materials that have at least one dimension of nanometer size
(1–100 nm) in three-dimensional space. Due to their excellent biocompatibility, nanomate-
rials have attracted much attention in studying the heterogeneous nucleation of proteins.
Gold nanoparticles [12], platinum nanoparticles [13] and functionalized carbon nanoparti-
cles [14] were proven to be effective in promoting protein crystallization and increasing
crystal quality. Another commonly studied nanomaterial was silica nanoparticles (SNP),
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which were also confirmed to assist protein crystallization. Compared with other nano-
materials, SNP is cheaper and easier to synthesize. Therefore, SNP has better application
potential for the research and industrialization of protein crystallization.

The size of nanoparticles is an important factor affecting its properties. Peukert et al.
carried out lysozyme crystallization using silica nanoparticles (SNP) ranging from 10 to
200 nm. The addition of SNP brought about a clear extension in the crystallization window,
especially when larger seed particles were used [12]. Interestingly, the work of Delmas
investigated the effect of silica particles with sizes from 230 nm to 698 nm and found that
the optimal nucleation occurred when particles sizes were 432 nm [15]. Up to now, the
mechanism of SNP size on inducing an effect on protein crystallization is still unclear. In
addition, the different preparation methods of SNP [16,17] will also lead to differences in
their surface properties, affecting the interaction between SNP and proteins. Therefore, it
is necessary to deeply explore the effect of silica with different particle sizes on protein
crystallization.

In this work, SNP with sizes of 5 nm, 15 nm, 50 nm, and 100 nm were utilized as
the nucleating agent, and lysozyme was chosen as the model protein. The influences
of SNP sizes on lysozyme crystallization were studied using crystal morphology in the
first place. To further reveal the intermolecular interactions between SNP and lysozyme,
UV spectroscopy, fluorescence spectroscopy, and Zeta potential were applied. Finally,
activity tests and circular dichroism were carried out to determine the effect of SNP on the
secondary structure and function of proteins.

2. Materials and Methods

2.1. Materials

Hen egg white lysozyme (HEWL) with a purity of 99% was purchased from Beijing
Solarbio Technology of China (Beijing, China) and used directly without further purification.
Micrococcus lysodeikticus (ATCC No. 4698, Manassas, VA, USA), used for the lysozyme
activity assay, was purchased from Sigma-Aldrich. Analytical grade reagents, such as acetic
acid, sodium hydrate, sodium chloride, and anhydrous sodium acetate, were purchased
from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). SNP of different sizes were
purchased from Shanghai Jiute Nano Material Technology Co. Ltd. (Shanghai, China). The
sizes of SNP were evaluated using transmission electron microscopy (See Supplementary
Materials Figure S1). The information of SNP is shown in Table 1. Ultrapure water was
used in all experiments.

Table 1. Properties of the SNP used in this investigation.

Particle Size, nm CSiO2, mg/mL ρ, g/mL wt, % pH

5 10 1.13 20 3–5
15 10 1.21 30 9–10
50 10 1.13 20 9–10
100 10 1.13 20 9–10

2.2. Lysozyme Crystallization

Lysozyme crystallization experiments were carried out in 96-well plates. The concen-
tration of each crystallization solution contained: 15 or 20 mg/mL lysozyme and 3 wt.%
sodium chloride. SNP with four different sizes were used as the nucleating agent, re-
spectively, and the concentration was kept at 1 mg/mL. All materials were dissolved in a
pH = 4.5, 0.05 M sodium acetate buffer. After gentle mixing, the 96-well plates were sealed
with parafilm to prevent evaporation and placed in a refrigerator at T = 4 ◦C. After every
24 h, the plates were taken out and analyzed using a microscope.

2.3. UV Spectroscopy Experiment

UV spectroscopy was carried out using a lysozyme and SNP solution mixture. The UV
spectrophotometer was preheated for 30 min before measuring. At ambient temperature, a
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UV cell with a 1 cm light path was selected to measure the UV absorption spectrum of the
prepared solution in the 200–800 nm band. Sodium acetate buffer was used for calibration
before measuring.

2.4. Fluorescence Spectroscopy Experiment

The samples containing 10 mg/mL lysozyme and SNP with different sizes were
incubated for 24 h. Afterward, the solution was added to a 1 cm light path cuvette. The
scan mode was set to Emission, and the data mode was selected as Fluorescence [18]. The
fluorescence emission spectrum of lysozyme was carried out with an excitation wavelength
of 280 nm and a slit of 3 nm.

2.5. Zeta Potentials of Lysozyme and SNP

Zeta potential was measured for both lysozyme and SNP solutions. The concentra-
tions were all 5 mg/mL. A DTS1060 sample cell was used for the measurement. The
measurement parameters were the Zeta interface and manual measurement, respectively.
The measurements were repeated several times until the data became stable.

2.6. Enzyme Activity Experiment

Lysozyme activity was measured using Micrococcus lysodeikticus as the substrate. A
cuvette with an optical path length of 1 cm and a volume of 4 mL was used. A 2.5 mL
bacterial suspension with an absorbance value (at 450 nm) of about 1.3 was added to the
cuvette. Then, 200 μL of lysozyme solution (0.1 mg/mL) was added to the cuvette and
mixed immediately. The absorbance values A1 and A2 at 450 nm at 1 min and 2 min were
recorded at 25 ◦C. The activity of lysozyme (0.1 mg/mL) and SNP solutions with different
particle sizes was also evaluated.

The enzymatic activity EA was calculated by the following formula [19]:

EA =
ΔE450nm

0.001 × EW
(1)

where ΔE450nm is the change of absorbance per minute at 450 nm, namely |A1 − A2|; EW
is the mass of the original enzyme contained in the 0.5 mL detection enzyme solution, mg;
0.001 is a unit in which the absorbance drops; and EA is the specific activity of the enzyme,
with a unit of U/mg.

3. Results and Discussion

3.1. Effect of SNP Sizes on Lysozyme Crystal Morphology

The microscopy images of the lysozyme crystals obtained are shown in Figure 1.
Lysozyme crystals were analyzed at different times. Within 24 h, the solution without SNP
did not form crystals (Figure 1a). While in crystallization solutions with SNP, tiny crystals
formed (Figure 1b–e). When the crystallization time was extended to 48 h and 72 h, the
crystals in solutions containing SNP continued to grow (Figure 1g–j,l–o). No crystals could
be observed under homogeneous nucleation conditions until 72 h (Figure 1k).

It can be further seen from Figure 1 that the number of crystals changed regularly
with the SNP sizes. The numbers of crystals were estimated by image processing and
are displayed in Figure 2. The number of crystals increased rapidly within 48 h. The
addition of SNP could promote lysozyme nucleation, which agrees with the work of
Yamazaki et al. [20]. After 48 h, the increase in the number of crystals slowed down due to
the decrease in supersaturation. During the crystallization time investigated, the number
of crystals increased with the size of SNP. The size distribution of lysozyme crystals after
48 h and 72 h was estimated and is shown in Figures S2 and S3. It can be found that the
particle size of SNP showed no significant effect on the size of lysozyme crystals within
48 h. After 72 h, the crystal size of lysozyme decreased with the increase in SNP size, due
to the larger supersaturation consumed. Lysozyme crystallization was further carried out
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at protein concentrations of 20 mg/mL with SNP of different sizes. A similar phenomenon
was observed, as shown in Figure 3.

 

Figure 1. Microscopy photos of crystals obtained with SNP of different sizes. Conditions: 0.05 M,
pH 4.5 sodium acetate buffer solution, 3 wt.% sodium chloride, 15 mg/mL lysozyme at 4 ◦C. Scale bar:
200 μm. (a): Crystal micrograph obtained under 24 h without SiO2; (b): Crystal micrograph obtained
at 24 h with 1 mg/mL 5 nm SiO2; (c): Crystal micrograph obtained at 24 h with 1 mg/mL 15 nm SiO2;
(d): Crystal micrograph obtained at 24 h with 1 mg/mL 50 nm SiO2; (e): Crystal micrograph obtained
at 24 h with 1 mg/mL 100 nm SiO2; (f): Crystal micrograph obtained under 48 h without SiO2;
(g): Crystal micrograph obtained at 48 h with 1 mg/mL 5 nm SiO2; (h): Crystal micrograph obtained
at 48 h with 1 mg/mL 15 nm SiO2; (i): Crystal micrograph obtained at 48 h with 1 mg/mL 50 nm
SiO2; (j): Crystal micrograph obtained at 48 h with 1 mg/mL 100 nm SiO2; (k): Crystal micrograph
obtained under 72 h without SiO2; (l): Crystal micrograph obtained at 72 h with 1 mg/mL 5 nm
SiO2; (m): Crystal micrograph obtained at 72 h with 1 mg/mL 15 nm SiO2; (n): Crystal micrograph
obtained at 72 h with 1 mg/mL 50 nm SiO2; (o): Crystal micrograph obtained at 72 h with 1 mg/mL
100 nm SiO2.

164



Crystals 2022, 12, 1623

Figure 2. Histogram of the number of crystals with SNP of different sizes as a function of time.
Conditions: 0.05 M, pH 4.5 sodium acetate buffer solution, 3 wt.% sodium chloride, 15 mg/mL
lysozyme at 4 ◦C.

In this work, lysozyme crystallization was carried out at 4 ◦C, in sodium acetate buffer
solution near pH = 4.5 with 3 wt.% NaCl. The crystal formed at such conditions is consid-
ered to exhibit a tetragonal morphology [21–24]. As stated in other works, no significant
effect on the structure of lysozyme crystals was discovered when nanoparticles such as gold
particles or carbon quantum dots (GQDs) were used as nucleating agents [12,25]. There-
fore, it is speculated here that the addition of nanoparticles may not alter the lysozyme
crystal assembly process and that the lysozyme crystals obtained belong to a tetragonal
morphology.

As shown in Figures 1 and 3, the crystals obtained with SNP are longer in the 110-
face. Forsythe et al. [26] have experimentally demonstrated that the growth of different
faces in lysozyme crystals is strongly dependent on the supersaturation of the protein,
resulting in changes in the shape of the crystals. The 110-face of the lysozyme crystal
grows faster with the increase in supersaturation. As further discovered in Figure S4, some
agglomerates could be observed in solutions containing SNP of larger particle sizes and
lysozyme. Sun et al. [27] found out that lysozyme could adsorb on SNP and the adsorption
was related to the surface curvature of SNP. The adsorption experiments of lysozyme on
SNP with different particle sizes proved that the saturated adsorption capacity of lysozyme
increased with SNP sizes [28]. Therefore, it can be assumed that the addition of SNP plays
a key role in protein aggregation, which improves the local concentration of lysozyme, and
is beneficial to the growth of the 110-face.

In addition, as reported in previous work [28], lysozyme crystals could only be ob-
served when the size of SNP reached 100 nm at a supersaturation of 4. Here in this work,
lysozyme crystals were obtained with all sizes of SNP used at the same supersaturation,
proving that the different properties of SNP could cause the difference in protein crystal-
lization. Therefore, the mechanism of SNP inducing lysozyme crystallization needs to be
further explored.
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Figure 3. Microscopy photos of crystals obtained with SNP of different sizes. Conditions: 0.05 M,
pH 4.5 sodium acetate buffer solution, 3 wt.% sodium chloride, 20 mg/mL lysozyme at 4 ◦C. Scale bar:
200 μm. (a): Crystal micrograph obtained under 24 h without SiO2; (b): Crystal micrograph obtained
at 24 h with 1 mg/mL 5 nm SiO2; (c): Crystal micrograph obtained at 24 h with 1 mg/mL 15 nm SiO2;
(d): Crystal micrograph obtained at 24 h with 1 mg/mL 50 nm SiO2; (e): Crystal micrograph obtained
at 24 h with 1 mg/mL 100 nm SiO2; (f): Crystal micrograph obtained under 48 h without SiO2;
(g): Crystal micrograph obtained at 48 h with 1 mg/mL 5 nm SiO2; (h): Crystal micrograph obtained
at 48 h with 1 mg/mL 15 nm SiO2; (i): Crystal micrograph obtained at 48 h with 1 mg/mL 50 nm
SiO2; (j): Crystal micrograph obtained at 48 h with 1 mg/mL 100 nm SiO2; (k): Crystal micrograph
obtained under 72 h without SiO2; (l): Crystal micrograph obtained at 72 h with 1 mg/mL 5 nm
SiO2; (m): Crystal micrograph obtained at 72 h with 1 mg/mL 15 nm SiO2; (n): Crystal micrograph
obtained at 72 h with 1 mg/mL 50 nm SiO2; (o): Crystal micrograph obtained at 72 h with 1 mg/mL
100 nm SiO2.
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3.2. Zeta Potential of Lysozyme and SNP

Zeta potential measurements of SNP with different particle sizes and lysozyme were
further performed. Figure 4a shows that SNP with different particle sizes was negatively
charged. With the increase in the SNP size, the absolute value of the potential increased.
Figure 4b shows that lysozyme was positively charged. Therefore, there should be an
electrostatic interaction between SNP and lysozyme, increasing with the size of the SNP.

Figure 4. (a) Zeta potential of SNP with different particle sizes. (b) Zeta potential of lysozyme.

3.3. Effect of SNP Sizes on the UV Spectroscopy of Lysozyme

The UV spectra of lysozyme and SNP with different particle sizes were measured.
As shown in Figure 5A, the spectrum exhibited absorbance peaks at 220 nm and 280 nm,
respectively, which were caused by the presence of lysozyme. The UV spectrum of SNP
was measured and showed no absorbance in the measured wavelength range (Figure
S5). For the convenience of observation and discussion, the spectrum from 200 to 350
nm was intercepted (Figure 5B). An apparent increase in absorbance occurred with the
addition of SNP at the same lysozyme concentration. According to the Lambert–Beer law,
the absorbance value protein is in positive correlation with its concentration. Hence, it is
assumed here that the increase in absorbance was mainly caused by an increase in local
concentration of lysozyme. Due to the electrostatic interaction between lysozyme and SNP,
lysozyme could be attracted and gathered at the surface of SNP, leading to an increase in
local lysozyme concentration in solution. With the increase in SNP sizes, the interaction
between lysozyme and SNP was enhanced, and the amount of lysozyme absorbed was
further increased, resulting in a higher UV intensity.

Figure 5. (A) UV spectrum from 200 nm to 800 nm. (B) UV spectrum from 200 nm to 350 nm.
UV spectra of lysozyme solutions with and without SNP. From bottom to top: a, without SNP; b,
0.025 mg/mL 5 nm SNP; c, 0.025 mg/mL 15 nm SNP; d, 0.025 mg/mL 50 nm SNP; e, 0.025 mg/mL
100 nm SNP.

167



Crystals 2022, 12, 1623

To verify the assumption above, the UV spectrum of pure lysozyme with different
concentrations was measured (Figure S6). As shown in Figure S6, the UV absorbance
increased with lysozyme concentration. The increasing trend and shape of the spectrum
were consistent with Figure 5B. Hence, the presence of SNP can induce lysozyme aggrega-
tion and increase the local lysozyme concentration, which is more conducive to lysozyme
crystallization.

3.4. Effect of SNP Sizes on the Fluorescence Spectroscopy Experiment of Lysozyme

Fluorescence experiments were carried out to further reveal the interaction between
SNP and lysozyme. As shown in Figure 6, the fluorescence intensity of lysozyme increased
after adding SNP of different sizes. For the same SNP size, the fluorescence intensity of
lysozyme increased with the increase in SNP concentration. When the concentration of SNP
was the same, the fluorescence intensity of lysozyme was higher after adding larger SNP.

Figure 6. Fluorescence spectra of lysozyme solutions with and without SNP. (A) 5 nm SiO2; (B) 15 nm
SiO2; (C) 50 nm SiO2; (D) 100 nm SiO2. From bottom to top: a, no SNP; b, 1 mg/mL; c, 2 mg/mL; d,
3 mg/mL.

There may be two possible reasons for the enhancement in fluorescence intensity [29,30].
Due to the aggregation of lysozyme caused by SNP, the probability of non-radiative relax-
ation of the excited state was reduced. Meanwhile, the contact probability between oxygen
molecules with a quenching effect in water and chromogenic groups was reduced. As a
result, the fluorescence intensity was enhanced.

3.5. Effect of SNP on Lysozyme Activity

In order to clarify the influence of the SNP–lysozyme interaction on lysozyme structure
and function, the lysozyme activity and secondary structure were further determined. The
activity test results are shown in Figure 7, and the results from circular dichroism are
displayed in Figure S7. It can be found that the addition of SNP had almost no effect on the
secondary structure and function of lysozyme.
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Figure 7. Effect of SNP on lysozyme activity. A: without SNP; B: 0.005 mg/mL 5 nm SiO2; C: 0.005
mg/mL 15 nm SiO2; D: 0.005 mg/mL 50 nm SiO2; E: 0.005 mg/mL 100 nm SiO2.

3.6. Mechanism of SNP-Induced Lysozyme Crystallization

Based on the results shown above, a mechanism of SNP-induced lysozyme crystalliza-
tion is proposed and shown in Figure 8.

Figure 8. Mechanism of interaction between SNP with different particle sizes and lysozyme. (Note:
the figure only shows the mechanism of a single SNP and lysozyme. There are multiple SNP and
lysozymes in the specific crystallization process.).

Driven by electrostatic attraction, lysozyme adsorbs and aggregates on the surface
of SNP, leading to an increase in lysozyme local concentration. As a result, the nucle-
ation of lysozyme is easier when SNP is present. Moreover, the space occupied by each
lysozyme molecule (asymmetric unit) in the crystal is a rectangular block with a size of
28.0 Å × 28.0 Å× 37 Å [31], which is smaller than the SNP sizes used here. It can be as-
sumed that SNP only play the role of gathering lysozyme and do not participate in protein
assembly. The initial nucleation conditions of lysozyme will not change by the addition of
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SNP. With the increase in SNP size, the adsorption capacity of lysozyme increases, leading
to a rise in the number of crystals.

4. Conclusions

The effects of SNP size on lysozyme crystallization were investigated. It was found
that the morphological defects of lysozyme crystals were reduced after SNP addition.
Further investigations showed that SNP can induce lysozyme aggregation and increase
local supersaturation by electrostatic interaction, which increased with SNP size. As a
result, lysozyme crystallizes easier with the addition of SNP, especially with SNP of larger
size. Furthermore, the addition of SNP does not affect the secondary structure and function
of lysozyme.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst12111623/s1, Figure S1. Transmission electron microscopy
images of SNP with different particle sizes. (a): 5 nm SiO2, (b): 15 nm SiO2, (c): 50 nm SiO2,
(d): 100 nm SiO2; Figure S2. Crystal size distribution of 0.05 M, pH 4.5 sodium acetate buffer solution,
3 wt. % sodium chloride solution, 15 mg/mL lysozyme at 4 ◦C for 48 h. (a) 5 nm SiO2, (b) 15 nm SiO2,
(c) 50 nm SiO2, (d) 100 nm SiO2; Figure S3. Crystal size distribution of 0.05 M, pH 4.5 sodium acetate
buffer solution, 3 wt. % sodium chloride solution, 15 mg/mL lysozyme at 4 ◦C for 72 h. (a) 5 nm
SiO2, (b) 15 nm SiO2, (c) 50 nm SiO2, (d) 100 nm SiO2; Figure S4. (a): Corresponding microscope
image after mixing 1 mg/mL 50 nm SiO2 and 20 mg/mL LSZ. (b): Corresponding microscope image
after mixing 1 mg/mL 100 nm SiO2 and 20 mg/mL LSZ; Figure S5. UV spectra of silica with different
particle sizes; Figure S6. UV spectra of lysozyme at different concentrations; Figure S7. CD spectra of
lysozyme in the presence and absence of SNP.
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Abstract: Oxygenated polycyclic aromatic hydrocarbons (OPAHs) are toxic and carcinogenic com-
pounds widely present in the natural environment, posing a serious threat to the environment and
human health. However, the removal of OPAHs is mainly hindered by their low water solubil-
ity. Cyclodextrins (CDs) are frequently used to form inclusion complexes (ICs) with hydrophobic
molecules to improve their solubility. In this study, we investigated the solubility enhancement
ability of different CDs on 9-fluorenone, a common OPAH, through phase solubility experiments.
We successfully prepared three solid ICs of 9-fluorenone with β-, hydroxypropyl-β-(HP-β-) and
sulfobutylether-β-CD (SBE-β-CD) using the cooling crystallization method for the first time and
characterized them via powder X-ray diffraction, Fourier transform infrared spectroscopy, scanning
electron microscopy, etc. Molecular dynamics simulations were employed to investigate the binding
modes and stable configurations of the ICs in the liquid phase and to explore the factors affecting their
solubility enhancement ability. The results showed that all the CDs had a solubility enhancement
effect on 9-fluorenone, with SBE-β-CD displaying the strongest effect, increasing the solubility of
9-fluorenone by 146 times. HP-β-CD, β-CD, α-CD, and γ-CD followed in decreasing order. Moreover,
9-fluorenone formed a ratio of 1:1 ICs to CDs. In addition, the interaction energy between SBE-β-CD
and 9-fluorenone was the lowest among the CDs, which further validated the results of the phase
solubility experiments from a theoretical perspective. Overall, this study provides a green method
for the removal of 9-fluorenone pollutants in the environment and is expected to be applied to the
removal and environmental remediation of other OPAHs.

Keywords: cyclodextrin inclusion complex; OPAHs; 9-fluorenone; solubilization; molecular
dynamics simulation

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a class of persistent and toxic organic
pollutants that are commonly present in the environment [1]. Oxygenated polycyclic
aromatic hydrocarbons (OPAHs) are derivatives of PAHs that contain at least one carbonyl
oxygen on the aromatic ring and frequently coexist with PAHs in soils, air, and surface
water [2]. OPAHs are primarily released into the environment through the incomplete
combustion of solid fuels and the transformation of PAHs [3–5]. OPAHs are known for
their high stability and resistance to degradation, and studies have found that OPAHs
may exhibit stronger cytotoxicity and developmental toxicity than their parent PAHs [6,7].
OPAHs in the soil can accumulate in agricultural plants and be consumed by humans, while
OPAHs in the atmosphere can be adsorbed onto particles and inhaled by humans [8,9].
These pollutants can cause allergies and even lead to cancer [10,11]. Therefore, the efficient
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removal of PAHs and OPAHs from soil and air is an important environmental issue and a
necessary step for sustainable development.

Although OPAHs have better water solubility compared to their parent PAHs, their
low water solubility is still a major challenge in removing them from contaminated
soils [12,13]. However, recent studies have suggested that cyclodextrins (CDs) and their
derivatives hold great promise as agents for improving the solubility of these persistent
organic pollutants [14–16]. CDs are cyclic molecules with a hydrophobic interior cavity
and a hydrophilic exterior, which allows them to form inclusion complexes (ICs) with
hydrophobic molecules, thus enhancing their solubility [17]. Natural CDs such as α-, β-,
and γ-CD have been shown to form such complexes with organic molecules, as have
modified CD derivatives such as hydroxypropyl-β-(HP-β-) and sulfobutylether-β-CD(SBE-
β-CD) [18,19]. These modified derivatives exhibit significantly improved water solubility
compared to natural CDs, thus providing a more effective means of increasing the solubility
of insoluble molecules [20].

In recent years, numerous studies have demonstrated that the preparation of CD ICs can
lead to the effective removal of PAHs from the environment. T. Badr and K. Hanna et al. [14]
studied the solubilization and extraction effects of CDs on the organic pollutants naphtha-
lene and phenanthrene in soil and confirmed the formation of PAH ICs. Inga Tijunelyte
et al. [16] investigated the ability to encapsulate two PAHs, naphthalene and fluoranthene,
in CDs’ cavities. Fuat Topuz et al. [21] described a novel concept of PAH removal from
aqueous solutions using CD-functionalized mesostructured silica nanoparticles and pris-
tine mesostructured silica nanoparticles. However, there is currently a dearth of research
on the use of CD ICs to remove OPAHs from the environment. Meanwhile, the solubiliza-
tion mechanism of cyclodextrins for pollutants has received relatively little attention in
research. Therefore, further investigation is highly necessary. Molecular dynamics (MD)
simulations have emerged as a powerful tool for investigating the mechanism of CD ICs’
formation, which allows for more intuitive information on how the ICs are bound at the
molecular level [22]. Various methods have been employed for the preparation of ICs,
including mechanochemical methods, cooling crystallization, ultrasonication, and freeze
drying. Cooling crystallization has gained considerable attention due to its low energy
consumption and the high purity of the resulting ICs. Recent advances in the field have led
to the development of novel techniques such as supercritical anti-solvent and supercritical
assisted atomization, which have also been explored for the preparation of ICs [23,24].

9-Fluorenone (Figure 1A), also known as diphenylene ketone, is a common small-
molecule OPAH and a frequently used fine chemical raw material [7]. 9-Fluorenone in the
environment is usually derived from the combustion of solid fuels or from the oxidation
of its parent compound, fluorene [25,26]. Found in the environment, it typically exhibits
direct mutagenicity and stronger toxicity and persistence, often being widely detected in
soils, groundwater, and the atmosphere [27–29]. Due to its poor solubility and limited
bioavailability, it appears to be difficult to effectively remove from the environment [30].
Therefore, the preparation of ICs of 9-fluorenone with CDs can significantly enhance its
solubility in water, thereby effectively removing the pollutants from the soil. Additionally,
for 9-fluorenone that is already present in the effluent, it can be precipitated out through
the formation of solid ICs, which leads to environmental restoration.

The purpose of this study was to investigate the solubilization effects of different CDs
on 9-fluorenone. We prepared and characterized 9-fluorenone/CD ICs and elucidated
the structural details of the complexes in aqueous solution through molecular dynamics
simulations, identifying the optimal host molecule for improving the water solubility of
9-fluorenone. This information provides valuable support for the removal of 9-fluorenone
from the environment and also offers a green method for the removal of other OPAHs.
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Figure 1. Molecular structure of (A) 9-fluorenone, (B) α-CD, (C) β-CD, (D) γ-CD, (E) (2-
hydroxypropyl)-β-CD, (F) sulfobutylether-β-CD.

2. Materials and Methods

2.1. Materials

9-Fluorenone was purchased from Tianjin Heowns Biochem LLC (purity 99%, Tianjin,
China). α-CD (purity 99%, average MW 973 g/mol), β-CD (purity > 98%, average MW
1135 g/mol), γ-CD (purity > 98%, average MW 1297 g/mol), (2-hydroxypropyl)-β-CD
(purity > 98%, average MW 1542 g/mol), and sulfobutylether-β-CD (purity > 98%, average
MW 1451 g/mol) were purchased from Tianjin Hiensi Biochemical Technology Co. (Tianjin,
China). Distilled–deionized water was formed in the laboratory using a NANOPURE
system from BARNSTEAD (Thermo Scientific Co., Tianjin, China). All chemicals were used
as received. Ethanol of analytical grade was from Tianjin Kewei Chemical Technique Co.,
Ltd. (Tianjin, China).

2.2. Phase Solubility Experiments
2.2.1. Standard Curve Construction

9-Fluorenone was accurately weighed (5 mg) and dissolved in anhydrous ethanol to
prepare a 0.1 mg/mL stock solution. Aliquots of the stock solution (2.0, 4.0, 6.0, 8.0, and
10.0 mL) were transferred into 25 mL volumetric flasks and diluted with anhydrous ethanol
to the mark, with anhydrous ethanol as the reference blank. The solutions were shaken well
and subjected to full-spectrum scanning analysis using a UV–visible spectrophotometer
(UV-3600, Shimadzu, Kyoto, Japan). The absorption peak of 9-fluorenone appeared at
298 nm, while β-CD did not show any absorption peak at this wavelength. A standard curve
was constructed by plotting the absorbance as the ordinate against the mass concentration
(ρ) as the abscissa.

2.2.2. Solubility Curve Construction

Solutions of various CDs with concentrations ranging from 0 to 10 mM (10 mL) were
prepared. Excess 9-fluorenone was added to the CD solutions, and the resulting solutions
were stirred at 300 rpm and 25 ◦C for 48 h. After reaching the solid–liquid equilibrium,
the supernatants were filtered using a 0.45 μm aqueous syringe filter, diluted to a certain
degree, and the absorbance values of the samples at 298 nm were measured using a UV–
visible spectrophotometer. The solubility of 9-fluorenone in the different CD concentrations
was calculated from the corresponding standard curve, and the solubility of fluorenone
was plotted as the ordinate against the CD concentration as the abscissa to construct the
solubility curve.
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2.2.3. Calculation of Apparent Stability Constants

The binding constants for each CD were calculated using the Higuchi–Connor
method [31,32]. According to the Higuchi–Connor formula for the binding constant K:

K =
Slope

S0 × (1 − Slope)

where Slope represents the slope of the phase solubility curve and S0 represents the solubil-
ity of the guest molecule in water.

Meanwhile, the solubilization efficiency (Se) is calculated using the following equation:

Se =
SCD
S0

where SCD is the apparent solubility of 9-fluorenone at a fixed concentration of 100 mM CD.

2.3. Preparation of 9-Fluorenone/CD ICs
2.3.1. Solid Samples

For the different CDs, saturated solutions (200mL) were prepared at 50 ◦C. 9-Fluorenone
(1:1 molar ratio of host to guest) was dissolved in 5 mL of ethanol (as a co-solvent) and
added to the prepared aqueous solution of CDs. The mixed solution was mechanically
stirred at 300 rpm for 6 h while avoiding exposure to light. Afterward, the solution was
cooled down to 5 ◦C at a rate of 8 ◦C/h, resulting in a pale-yellow precipitate. The pre-
cipitate was washed with a small amount of ethanol, filtered, and dried for 12 h in a
vacuum-drying oven at 40 ◦C.

2.3.2. Physical Mixture

CDs and 9-fluorenone (at a ratio of 1:1) were lightly ground manually using a mortar
and pestle for 10 min to obtain a homogeneous mixture.

2.4. Characterization

Crystal shapes were observed using an Olympus BX51 polarized light microscope
(PLM, Olympus, Tokyo, Japan). Powder X-ray diffraction (PXRD) was performed with a
D/MAX-2500 (Rigaku, Tokyo, Japan) using Cu-Kα radiation (0.15405 nm) in the 2θ between
2◦ and 40◦ with a scanning rate of 8◦/min. The applied voltage and current were 40 kV and
100 mA, respectively. Differential scanning calorimetry (DSC) curves were measured with
a DSC 1/500 (Mettler Toledo, Co., Zurich, Switzerland) under the protection of nitrogen,
and the temperature range was from 25 to 300 ◦C at a heating rate of 10 ◦C/min. Fourier
transform infrared spectroscopy (FTIR) spectra were collected via the KBr tablet method
using a Nexus Fourier transform infrared spectrometer (FTIR, Thermo Fisher, Waltham,
MA, USA), focusing on the wavelength range of 4000 to 400 cm−1 at a resolution of
4 cm−1 under ambient conditions. The crystal morphology of the raw materials, physical
mixture, and ICs were observed using scanning electron microscopy (SEM, TM3000, Hitachi,
Tokyo, Japan).

2.5. Molecular Dynamics (MD) Simulation

MD simulations were carried out using GROMACS [33] to investigate the IC confor-
mations in the solution. All molecular topology and structure files were obtained using
Automated Topology Builder (ATB) [34]. The structural modifications of HP-β-CD and
SBE-β-CD were obtained based on the β-CD framework acquired from ATB and further re-
fined using Guessview6.0. The resulting structures were submitted to ATB for topology and
molecular structure file generation via computation. Molecular modeling was performed
using the open-source software Packmol [35]. The GROMOS96 force field was employed.
The default steps and protocols of the MD were selected to optimize the system with an
equilibrium of 100ps, and the production run was carried out for 10ns (NPT ensemble)
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in triplicate with a step of 2 fs at constant temperature (323K). The energies and guest
dispositions were registered every 1000 steps. VMD [36] software was utilized to visualize
the simulation results, ensuring that the outcomes were easily interpretable.

3. Results and Discussion

3.1. Phase Solubility Study

A standard curve equation was obtained by fitting the absorbance values of 9-fluorenone
with the mass concentration, which is depicted in Figure 2A. The equation was
A = 13.6875 m + 0.015, with a high fitting accuracy of R2 = 0.99986. The solubility curves of
the various CDs at 25 ◦C are presented in Figure 2B, and the fitting curves and apparent
stability constants K of the ICs were calculated and are listed in Table 1 and Table S1. The
results indicated that increasing the concentration of CDs could linearly enhance the solubility of
9-fluorenone, and the enhancing capacity order was SBE-β- > HP-β- > β- > α- > γ-CD. Based
on the Higuchi–Connors classification [37], the solubility curves belong to the AL type,
which indicates that the stoichiometric ratio of 9-fluorenone and CDs in the liquid state was
1:1. The highest K value was detected for 9-fluorenone/SBE-β-CD (1528 M−1), followed
by 9-fluorenone/HP-β-CD (799 M−1) and 9-fluorenone/β-CD (346 M−1). Notably, γ-CD
showed almost no significant solubility-enhancing effect on 9-fluorenone, possibly due to in-
sufficient intermolecular interaction forces between the γ-CD and 9-fluorenone molecules,
resulting in weak inclusion effects. The solubility of 9-fluorenone was significantly in-
creased by approximately 17-fold, 37-fold, 82-fold, 146-fold, and 2-fold, respectively, after
forming complexes with α-, β-, HP-β-, SBE-β-, and γ-CD, as shown in Table 1. These find-
ings suggest that natural CDs and their derivatives can significantly enhance the solubility
of hydrophobic guest molecules, especially SBE-β-CD, which exhibits a more significant
improvement in the stability and solubility of 9-fluorenone than natural CDs.

Figure 2. (A) Standard UV curve of 9-fluorenone. (B) The phase solubility curve of 9-fluorenone/CDs.

Table 1. Apparent stability constants (K, M−1) and solubilization efficiency (Se) for the 9-
fluorenone/CD ICs.

CD Types Slope R2 K(M−1) Se

α-CD 0.0130 0.9935 144.2 17
β-CD 0.03084 0.9911 345.9 37

HP-β-CD 0.0684 0.9989 798.6 82
SBE-β-CD 0.12324 0.9991 1527.9 146

γ-CD 0.000703 0.9018 7.6 2

3.2. Characterization of 9-Fluorenone/CD ICs

Solid ICs of 9-fluorenone with β-CD, HP-β-CD, and SBE-β-CD were prepared using
the cooling crystallization method. However, the solids of 9-fluorenone with α-CD and
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γ-CD obtained using the same method were determined to be physical mixtures after
analysis, which may be due to their weaker binding ability in the liquid state. Figure S1
shows photographs of all the prepared ICs. As 9-fluorenone has a yellow crystalline form,
the liquid ICs exhibit varying degrees of yellow coloration depending on their solubility.
The solid ICs obtained are also pale-yellow powders.

3.2.1. Powder X-ray Diffraction

The PXRD patterns of 9-fluorenone, the CDs, physical mixtures, and ICs are presented
in Figure 3. The diffraction peaks observed in the physical mixtures of all three CDs
represent an overlay of the 9-fluorenone and CD spectra. The XRD pattern of the 9-
fluorenone/β-CD IC shows new distinct diffraction peaks at 2θ = 4.9◦, 7.1◦, 7.5◦, 10.0◦, 14.0◦,
and 21.5◦, which indicate that a new crystalline structure was formed. The disappearance
of some of the characteristic peaks of β-CD and 9-fluorenone in the IC pattern suggests
that the two compounds underwent a molecular rearrangement. The XRD pattern of
9-fluorenone/HP-β-CD IC shows two broad peaks at 2θ = 9.5◦ and 18.1◦, which differ
from those observed in HP-β-CD and the physical mixtures. The disappearance of the
crystalline peak corresponding to 9-fluorenone in the X-ray diffraction pattern indicates the
formation of an inclusion complex between 9-fluorenone and HP-β-CD. The complexation
process leads to the amorphization of the guest molecule upon encapsulation within the CD
cavity [38]. The amorphous state observed in the XRD pattern of 9-fluorenone/SBE-β-CD
IC may indicate that 9-fluorenone is either present on the surface of SBE-β-CD or is present
in a disordered state within the cavity of SBE-β-CD. Overall, the XRD results confirm
the formation of solid ICs and provide evidence of the structural changes that occurred
during complexation.

3.2.2. Fourier Transform Infrared Spectroscopy

Figure 4 shows the FTIR spectra of 9-fluorenone, the CDs, their physical mixtures, and
the ICs. The FTIR spectrum of 9-fluorenone displays characteristic peaks at 667 cm−1,
725 cm−1, 758 cm−1, 915 cm−1, 1086 cm−1, 1297 cm−1, 1450 cm−1, 1592 cm−1, and
1710 cm−1. The peaks observed at 1450 cm−1 and 1592 cm−1 correspond to the stretching
and bending vibrations of the benzene ring skeleton, respectively. The peak observed
at 1710 cm−1 is attributed to the stretching vibration of the C=O bond [39]. The peaks
observed at 667 cm−1 and 725 cm−1 are attributed to the bending vibrations of the =C-
H bond [40]. A significant and broad absorption band is observed at 3280 cm−1 in the
spectrum of β-CD, which is attributed to the stretching vibration of the O-H bond of the
hydroxyl group. A small characteristic peak is observed at 2925 cm−1, which is attributed to
the asymmetric stretching vibration of -CH2. The spectrum of HP- exhibits a characteristic
peak of -CH3 stretching vibration at 2930 and 2837 cm−1. In the spectrum of SBE-CD, the
peak observed at 1153 cm−1 is attributed to the stretching vibration of the S=O bond [41].
Distinct differences in characteristic peaks were observed upon comparing the spectra of
the ICs and physical mixtures composed of compounds with the same dose ratio, indicating
the successful preparation of ICs. In the spectrum of β-IC, the presence of C=O (1710 cm−1)
and C=C (1592 cm−1) indicates that the basic skeleton of the 9-fluorenone structure has not
changed. A comparison of the infrared spectra of the IC and prednisolone did not reveal
any new peaks, indicating the absence of new chemical bonds. The presence of an -OH peak
in the region of 3600 to 3100 cm−1 in the IC spectrum is due to the abundance of hydroxyl
groups in β-CD. Many typical, characteristic peaks of 9-fluorenone are masked by the
characteristic peaks of β-CD, indicating that 9-fluorenone is encapsulated within the cavity
of β-CD. The -OH absorption band is observed to shift from 3290 to 3261 cm−1, a redshift
phenomenon, indicating the formation of new hydrogen bonds between 9-fluorenone and
β-CD [42].

Similarly, the -OH absorption band of HP-β-IC shifted from 3347 to 3310 cm−1, and
that of SBE-β-IC shifted from 3372 to 3353 cm−1. This also indicates the formation of
hydrogen bonds between 9-fluorenone and CDs. The intensity of the peak at 1710 cm−1
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in the IC spectrum is also weak compared to that in the spectrum of 9-fluorenone alone,
suggesting that the C=O bond in 9-fluorenone is involved in the inclusion complexation
with CDs. The formation of hydrogen bonds between CDs and 9-fluorenone molecules
can improve the solubility and stability of 9-fluorenone in aqueous solution by reducing
the intermolecular attractive forces between 9-fluorenone molecules and enhancing the
intermolecular interaction forces between 9-fluorenone and water molecules. Overall,
the FTIR spectra provide strong evidence for the successful formation of ICs and the
involvement of hydrogen bonding in the inclusion process, confirming the results of the
solubility studies.

Figure 3. Powder X-ray diffraction pattern of 9-fluorenone, CDs, physical mixtures, and ICs.
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Figure 4. FTIR spectra of 9-fluorenone, CDs, physical mixtures, and ICs.

3.2.3. Differential Scanning Calorimetry

The DSC thermal spectra of 9-fluorenone, CDs, physical mixtures, and ICs are pre-
sented in Figure 5 (For detailed thermal analysis data see Table S2). The DSC curve of
9-fluorenone exhibits an endothermic peak at approximately 86 ◦C due to its melting. The
endothermic peak of β-CD corresponds to the release of water from its cavity at approxi-
mately 65 ◦C. In the DSC curve of the β-CD IC sample, the melting peak of 9-fluorenone
vanishes due to the formation of the IC, and the endothermic peak represents the evap-
oration of water in the IC, resulting in an increase in the dehydration temperature to
approximately 75 ◦C [43]. In the DSC curve of HP-β-CD, two endothermic peaks emerge,
corresponding to the evaporation of water and the melting temperature of the CD, respec-
tively. In HP-β-CD IC, the dehydration temperature increases to approximately 70 ◦C,
while the melting peak of HP-β-CD disappears, which might indicate that the melting
point of the IC rose to above 300 ◦C. A similar situation occurs in SBE-β-CD IC, except
that the dehydration temperature is lower than that of SBE-β-CD. The DSC spectra do
not reveal the presence of 9-fluorenone, providing additional evidence that 9-fluorenone
was fully incorporated into the IC. These findings demonstrate that the thermodynamic
behavior of 9-fluorenone can be altered by combining it with different types of CDs.
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Figure 5. DSC thermogram of 9-fluorenone, CDs, physical mixtures, and ICs.

3.2.4. Scanning Electron Microscopy and Polarized Light Microscopy

The SEM images provide valuable information about the morphology and particle
size of the materials. Figure 6A demonstrates that pure 9-fluorenone exists as block-
shaped crystals, whereas the morphology of the CDs varies depending on the type of CD.
Specifically, β-CD appears as a particulate structure with a relatively small particle size,
while HP-β-CD and SBE-β-CD exhibit spherical particulate structures. Both 9-fluorenone
and CDs are present alone in the physical mixtures, according to Figure 6B, and they do
not combine to produce a new solid form. The SEM images of β-CD IC show that its
crystal morphology is one of massive, aggregated particles with a more uniform particle
size distribution. The SEM images of HP-β-IC and SBE-β-IC show that they are both
massive structures with a large particle size. Additionally, their morphology is completely
different from the original, spherical, amorphous structure of CDs. Overall, these SEM
images demonstrate the differences in morphology and structure between the ICs and their
corresponding raw materials.
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Figure 6. SEM images of (A) raw materials, (B) physical mixtures, and (C) ICs.

3.2.5. Polarized Light Microscopy

The crystal morphology of 9-fluorenone/β-CD IC in the liquid and solid states was
observed using optical microscopy (Figure 7). It can clearly be seen that the IC is a
rectangular, sheet-like crystal in the liquid state. When solid inclusion occurs, the flake
crystals agglomerate together to form a granular product due to the small particle size,
which is consistent with the SEM observation.

 

Figure 7. Light micrographs of 9-fluorenone/β-CD IC: (A) in the liquid state and (B) in the solid state
(a drop of cedar oil for better observation).

3.3. Molecular Dynamics Simulations

To investigate the binding mode of 9-fluorenone with the CDs in solution, MD sim-
ulations were performed. A water box of 4 × 4 nanometers was established, and the
9-fluorenone and CD molecules were placed inside it. Two initial position settings were
chosen for each CD system to study the binding mode of the guest and host molecules
(Figure 8). The final structures of different CD systems are presented in Figure 9. During
the simulation process, the 9-fluorenone molecule could easily enter the CD cavity of α-,
β-, and SBE-β-CD, regardless of the initial position settings. However, for HP-β-CD and
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γ-CD, 9-fluorenone could only enter the CD cavity from a specific direction. In the case
of HP-β-CD, the substitution of the hydroxyl group at the CD’s primary hydroxyl end
affects the entry of the guest molecule; hence, it can only enter the CD molecule through
the secondary hydroxyl end. Meanwhile, γ-CD’s cavity size is significantly larger than
that of the 9-fluorenone molecule, which prevents it from stably encapsulating the guest
molecule (Figure S2). This explains the poorer solubilization effect of γ-CD. These findings
provide insights into the binding mechanisms of CDs with guest molecules in solution.

Figure 8. Two conformations of the initial position setting of 9-fluorenone toward the head (H) or tail
(T) of different CDs.

Figure 9. The final structure of 9-fluorenone/CDs based on simulations at two initial positions.
(For clearer viewing, the C, O, and H atoms of 9-fluorenone are shown in purple, red, and silver,
respectively. The C and H atoms of the CDs are shown in white, the S atom in yellow, and the Na+

in blue).

Through MD simulations, we determined the stable configuration of the 9-fluorenone/
CD ICs by comparing the binding energies between the host and guest molecules (Figure 10).
The 9-fluorenone molecule was found to be upright inside the cavity of α-, β-, and SBE-β-
CD, whereas it was tilted in HP-β-CD. The ICs were stabilized by hydrogen bonds formed
between the 9-fluorenone molecule and the O or H atoms inside the CD cavity. Figure 11
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illustrates the simulation results of the lower interaction energy for each CD at different
initial positions. The root-mean-square deviation (RMSD) of the system was calculated to
estimate the equilibration of the system (Figure 11A), and it was observed that each system
reached equilibrium before 500 ps of the MD simulation, indicating that the simulation
time was sufficient for each system. The number of hydrogen bonds formed between
the 9-fluorenone molecule and the CD molecule is illustrated in Figure 11B. During the
binding process with α-, β-, and SBE-β-CDs, the 9-fluorenone molecule formed one or two
hydrogen bonds, whereas with HP-β-CD, it formed three hydrogen bonds at certain times,
which may be attributed to the orientation of the 9-fluorenone molecule inside the cavity.
This is consistent with the red shift of the hydroxyl peaks in the FTIR spectrum. It was
found that hydrogen bonds were not the absolute factor affecting the water solubility of the
ICs but were important for the stable existence of the structure of the ICs. The interaction
energy between the host and guest molecules at different initial positions is shown in
Figure S3. Van der Waals interactions contribute far more to the total interaction of the IC
system than electrostatic interactions [44]. The collective interaction energies between the
host and guest molecules is presented in Figure 11C. Among the four CDs, the interaction
energy between SBE-β-CD and the 9-fluorenone molecule is the lowest, with an average
value of approximately 120 kJ/mol. This indicates that the complex structure of SBE-β-CD
and 9-fluorenone is the most stable among the four CDs, which also explains why it has
the strongest solubilization ability. Finally, the solvent-accessible surface area (SASA) of
the 9-fluorenone molecule was analyzed during the simulation. The SASA of 9-fluorenone
could be seen to decrease and then remain stable, indicating that the guest molecule was
encapsulated, thereby reducing its area of contact with the solvent. After reaching the
equilibrium state, the SASA of 9-fluorenone was almost identical after its inclusion in the
different CDs, indicating that each type of CD can stably contain 9-fluorenone molecules
within its cavity to an almost equal extent. In the MD experiments, we did not search for
signs of the unstable formation of α-CD with 9-fluorenone in the liquid state; hence, the
reason for its inability to form a solid IC may be related to the mechanism of supramolecular
self-assembly during crystallization, and further studies are needed.

Figure 10. Stable conformation and hydrogen bonding (blue dotted line) of 9-fluorenone with CDs.
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Figure 11. MD results: (A) RMSD of the system with the simulation time (ps); (B) the number of
hydrogen bonds during the simulation; (C) total interaction energy between 9–fluorenone and CDs;
(D) solvent-accessible and surface area (SASA) values of 9-fluorenone with the simulation time (ps).

4. Conclusions

In this study, we utilized phase solubility analysis to investigate the solubilization
effects of different CDs on 9-fluorenone. Our results revealed significant differences in the
solubilization efficiency of the different CDs towards 9-fluorenone. Specifically, SBE-β-CD
exhibited the highest solubilization ability, with an apparent stability constant of 1527 M−1,
followed by HP-β-CD, β-CD, and α-CD, while γ-CD showed the weakest solubilization
efficacy. Additionally, it was confirmed that ICs were formed between 9-fluorenone and
the CDs in a 1:1 ratio in the liquid phase. We successfully prepared three solid ICs of 9-
fluorenone using the cooling crystallization method and characterized them using various
techniques, including PXRD, FTIR, DSC, and SEM. MD simulation was employed to
investigate the binding modes between 9-fluorenone and the CDs in the liquid phase. Our
results revealed that the binding between SBE-β-CD and 9-fluorenone was the most stable,
which was consistent with the findings of the phase solubility experiments. Hydrogen
bonding and van der Waals interactions were found to play crucial roles in stabilizing the
ICs. Overall, our study provides theoretical and experimental support for the design and
preparation of ICs of OPAHs in the environment and offers a green and environmentally
friendly method for their removal from soil. Furthermore, the successful production of
solid ICs provides guidance for the removal of these pollutants from water.
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liquid state and (B) the solid state; Figure S2: Binding process of 9-fluorenone with γ-CD; Figure S3:
The interaction energy of host and guest molecules of different conformations; Table S1: Data and
fitted equations for 9-fluorenone at different CD concentrations; Table S2: Thermal analysis data.
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Abstract: In this paper, samples of titania-silica system were obtained by the sol-gel method as
bulk materials, using titanium propoxide Ti(C3H7O)4 to introduce titania and two precursors of
SiO2: TEOS tetraethoxysilane Si(OC2H5)4 and DDS dimethyldiethoxysilane (CH3)2(C2H5O)2Si. To
enhance antibacterial properties, Ag was added to gels of selected compositions. The main aim of
the performed studies was to find the correlations between the structural changes and the applied
precursor of silica. Simultaneously, the influence of different compositions of gels and the addition
of Ag on the specimens’ structure was investigated. To study the structure, two complementary
methods, FTIR (Fourier Transform InfraRed) spectroscopy and X-ray diffraction, were applied. The
analysis of the FTIR spectra and the XRD patterns made it possible to confirm the amorphous state
of all dried gels and establish the presence of TiO2 polymorphs: anatase and rutile in all annealed
samples. The addition of Ag atoms into the gels caused the crystallization of cristobalite phase in
addition to titania polymorphs. The presence of crystalline Ag phase in the annealed gels allowed the
calculation dimensions of Ag crystallites based on the Scherrer equation. The use of DDS as a silica
precursor led to easier and faster crystallization of different TiO2 phases in the annealed samples and
parallel increases in the depolymerization of silica lattice.

Keywords: TiO2-SiO2 system; sol-gel method; silica precursors; FTIR spectroscopy; X-ray diffraction

1. Introduction

Titania-silica materials are widely applied in many fields because of their unique
properties and usually simple preparation. They exhibit high self-cleaning and deodorising
abilities [1–5], and possess good mechanical properties as well as high thermal stability [6,7].
Materials of TiO2-SiO2 systems can be applied in the form of monoliths or as coatings. As
TiO2-SiO2 coatings, they can be anticorrosive and/or antibacterial layers [8]. More impor-
tantly, such thin films can be used in the field of human health protection because of their
bioactivity, biocompatibility and antibacterial as well as anticorrosive behaviours [9–11].

Studies of the structure of TiO2-SiO2 samples have shown that they mainly consist
of TiO2 molecules dispersed in a silica matrix. When titania concentration is low, one can
observe TiO2 microcrystals that grow and thus cause the depolymerization of silica lattice
during annealing [3,12]. These small titania crystals can act as crystallisation nuclei and
decrease the temperature of crystallization in all phases of a sample.

One of the most often used methods of titania-silica material synthesis is the sol-gel
method, which obtains highly homogenous samples of precisely defined compositions.
Meanwhile, the structure of TiO2-SiO2 materials is very sensitive to the annealing proce-
dure and the type of titania and silica precursors applied. In particular, the silica precursor
plays an important role in porosity and influences the temperature of anatase-rutile trans-
formation, as well as the rate of anatase crystallization [13,14]. Anatase and rutile are
two of the most common titania polymorphs. They both crystallize in the tetragonal
crystallographic system. There is also another form of TiO2, called brucite. Among these
three polymorphs, rutile is the most thermodynamically stable. The anatase-rutile and
brucite-rutile transformations are one-directional and irreversible.
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Two SiO2 precursors were selected for the syntheses described in this work. TEOS
(tetraethoxysilane Si(OC2H5)4) seems to be the most often applied component in the sol-gel
method. The rate of hydrolysis and polycondensation of sols obtained using this silane
depends on the pH of the solution and the catalysts involved. The quantity of water
added during the synthesis also determines the structure of the polymer obtained [15–17].
DDS (dimethyldiethoxysilane (CH3)2(C2H5O)2Si) belongs to the group of siloxanes. The
addition of DDS to sols containing TEOS can increase the time of gelation and the degree of
hydrolysis and the polycondensation [17–19]. Materials containing TEOS and DDS possess
hydrophobic and anti-reflective properties.

To enhance antibacterial properties of titania–silica gels, Ag was introduced into their
structure. The antibacterial properties of silver have been well known for many years
and have described in numerous articles [20–22]. Silver nanoparticles can penetrate the
cell membranes of bacteria, destroying them or restricting their proliferation. Ag particles
are characterised by high dispersion in the silica matrix, but can also act as the nuclei of
crystallization [21].

The main aim of this work is to study the influence of different silica precursors on
the structure of titania-silica gels of selected compositions. Additionally, the effect of Ag
additives on the structure of selected gels is investigated.

2. Materials and Methods

As already mentioned, all materials in this study were synthesized by the sol-gel
method. Gels of two compositions were planned to be obtained. In these samples,
TiO2:SiO2 = 1:2 and 1:3 molar ratios were selected (Table 1). As the TiO2 precursor, com-
monly applied titanium propoxide Ti(C3H7O)4 (Aldrich 98%) was used, whereas, as SiO2
precursors—TEOS: tetraethoxysilane Si(OC2H5)4 (Aldrich 98%) and DDS: dimethyldiethoxysi-
lane (CH3)2(C2H5O)2Si (Aldrich 97%) were applied. To study the influence of silver
addition on the structure of the synthesized gels, Ag was introduced using silver ni-
trate AgNO3 (Chempur 99.9%) into the gel of TiO2:SiO2 = 1:3 ratio composition. In the
samples where SiO2 was introduced simultaneously using two precursors, the constant
TEOS:DDS = 1 molar ratio was maintained [18]. The content of Ag in the prepared sols
corresponded to an Ag:Si = 1:24 molar ratio value.

Table 1. Compositions of gels obtained with and without Ag addition.

Sample
TiO2 Content

[% mol]
SiO2 Content

[% mol]
TEOS:DDS Ratio

[mol]
Ag Addition

Ag:Si Ratio [mol]

TiO2:SiO2 = 1:2 33.3 66.7 - -
TiO2:SiO2 = 1:3 25 75 - -
TiO2:SiO2 = 1:2 33.3 66.7 1:1 -
TiO2:SiO2 = 1:3 25 75 1:1 -

TiO2:SiO2 = 1:3 + Ag 25 75 - 1:24
TiO2:SiO2 = 1:3 + Ag 25 75 1:1 1:24

As the first step, two one-component sols, the first containing silica and the sec-
ond containing titania, were prepared. Then, they were mixed to obtain the planned
TiO2:SiO2 = 1:2 and 1:3 molar ratios.

To synthesize a pure titania sol (2.5 wt. %), two separate solutions were prepared as the
first step. The first contained 26.3 mL of ethanol (99.8%) and 4.4 mL of titanium propoxide.
The second solution consisted of 2.9 mL of a redistilled water, 26.3 mL of ethanol (99.8%)
and a low amount (0.9 mL) of an acetic acid (30% Aldrich). Each solution was homogenized
and then the second solution was added dropwise to the one containing TiO2 precursor.
The final solution was then homogenized for 30 min.

There were two procedures to obtain a silica sol, one only involved TEOS, and the
second one used both TEOS and DDS. To obtain 5% silica sol, two separate solutions were
again prepared. In the first, 48 mL of ethanol (99.8%) and 19 mL of TEOS were thoroughly
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homogenized. In parallel, the suspension of 6 mL of redistilled water, 48 mL of ethanol
(99.8%) and 0.17 mL of HCL (30% Fluka) as a catalyst was obtained. After 10 min of
homogenization, this last suspension was added dropwise to the solution of TEOS and
homogenized for another 2 h.

To prepare SiO2 sol synthesised using both TEOS and DDS silica precursors, two
solutions were prepared. The first solution contained 60 mL of ethanol (99.8%), 4.6 mL of
TEOS and 3.5 mL of DDS, which were thoroughly homogenized for 20 min. The second
prepared solution contained 33.3 mL of ethanol (99.8%) as a solvent, 0.9 mL of redistilled
water and the addition of 0.3 mL of ammonia (30% Fluka) as a catalyst. After 20 min of
homogenization, this last solution was very slowly added to the initial solution. The final
silica sol was then stirred for another two and half of hours.

The addition of Ag atoms into the titania-silica structure was realized during the
synthesis of sols. The proper amount of AgNO3 was weighed in the appropriate amount
to attain the assumed Ag:Si = 1:24 ratio and the amount of silica in the prepared sol with
TiO2:SiO2 = 1:3 (molar ratio) composition. This amount of AgNO3 (in the case of typical
synthesis with TEOS and TEOS/DDS, 0.08409 g or 0.02242 g, respectively) was dissolved
in 14 mL of ethanol (99.8%) and added dropwise to the final TiO2-SiO2 sol.

As previously mentioned, both sols, titania and silica (in two versions) were mixed at
a proper molar ratio to synthesize gels of the selected compositions. After one month of
drying in air, all samples were ground in an agate mortar and annealed at 1200 ◦C for one
hour, in air.

The main goal of this work was to study the dependence of the structure of the
synthesized materials on their composition and the applied SiO2 precursor. Thus, two com-
plementary methods: IR spectroscopy and X-ray diffraction were applied. X-ray diffraction
is suitable for crystalline samples, whereas FTIR (Fourier Transform InfraRed) spectroscopy
allows the study of not only crystalline samples, but also amorphous or partially amor-
phous ones. The results obtained by both methods provide complete information on the far
and near order in the crystalline lattice of materials.

FTIR spectra were collected on a Bruker 70 V IR spectrometer (Bruker, Billerica, MA, USA)
at a resolution of 4 cm−1; measurements were run for the samples prepared as KBr pellets.
All graphs were prepared using OPUS software bought together using the spectrometer.

All X-ray diffraction patterns were measured with an X’Pert diffractometer (Panalyti-
cal, Almelo, The Netherlands) using CuKα radiation and the standard Brag-Brentano con-
figuration. All analyses and graphs were prepared using HighScore Plus software bought
together with the equipment. The calculations of silver crystallite sizes were conducted
based on the Scherrer equation and the Scherrer Calculator in HighScore Plus software:

Dhkl =
kλ

βcosθ
(1)

where:
β—the full width at half maximum, β = βobs − βstand, [rad] or [◦],
λ—the length of radiation applied (CuKα), λ = 0.15406 [nm],
θ—the peak position 2 θ [◦],
k—Scherrer constant, k = 0.9,
Dhkl—the average crystallite size [nm] (the dimension perpendicular to the plane,

which gave the reflection at the 2 θ position).
β in Scherrer Equation (1) means the corrected full width at half maximum (FWHM)

of the selected diffraction peak and is determined by βobs − βstand, where βobs is related to
the sample peak and βstand is the FWHM of the standard (corundum α-Al2O3).

SEM measurements were run using the desktop scanning electron microscope Phenom
XL (manufactured by Thermo Fisher Scientific, Waltham, MA, USA) and software Phenom
Prosuite for collecting the EDS spectra. During SEM imaging, as well as during EDS
measurements, an accelerating voltage of 15 kV was applied.
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3. Results and Discussion

3.1. FTIR Spectroscopy Studies

The FTIR spectra of all gels are presented in Figures 1–6. In each figure, IR spectra of a
dried gel and a respective gel annealed at 1200 ◦C are compared.

In all IR spectra, one can distinguish three main groups of bands, located in the ranges
of 940–1220 cm−1, 840–580 cm−1 and at around 470 cm−1 of what is visible, especially in the
spectra of the annealed gels. In the FTIR spectra of dried gels, it is possible to distinguish
additional bands at 1350–1540 cm−1, which can be assigned to the bending vibrations of
C-H connections, bands assigned to the vibrations of OH− groups at about 3500 cm−1 and
bands at around 1650–1700 cm−1 ascribed to the vibrations in water molecules. All of these
groups of bands disappeared after the annealing of gels.

 

Figure 1. FTIR spectra of TiO2:SiO2 = 1:2 gel synthesized using TEOS, dried (bottom) and annealed
at 1200 ◦C (top).

 

Figure 2. FTIR spectra of TiO2:SiO2 = 1:3 gel synthesized using TEOS, dried (bottom) and annealed
at 1200 ◦C (top).
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Figure 3. FTIR spectra of TiO2:SiO2 = 1:2 gel synthesized using TEOS and DDS, dried (bottom) and
annealed at 1200 ◦C (top).

 

Figure 4. FTIR spectra of TiO2:SiO2 = 1:3 gel synthesized using TEOS and DDS, dried (bottom) and
annealed at 1200 ◦C (top).

 

Figure 5. FTIR spectra of TiO2:SiO2 = 1:3 gel synthesized using TEOS with Ag addition, dried
(bottom) and annealed at 1200 ◦C (top).
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Figure 6. FTIR spectra of TiO2:SiO2 = 1:3 gel synthesized using TEOS and DDS with Ag addition,
dried (bottom) and annealed at 1200 ◦C (top).

The intensive band observed at around 470 cm−1 in all FTIR spectra can be assigned
to bending vibrations of Si-O-Si bridges, while the bands at 790–800 cm−1 are probably
due to the symmetric stretching vibrations of Si-O bonds. The most intensive band in all
spectra, at around 1020–1100 cm−1, originates from the asymmetric stretching vibration
of the Si-O bond [22]. There are other bands that can be assigned to the vibrations of Si-O
bonds, at around 930 cm−1 and at around 1220–1260 cm−1. These bands can be connected
with the vibrations of broken Si-O− bridges and double Si=O bonds, respectively [23]. The
band at 1260 cm−1 can be also assigned to C-H bond vibration in the Si-CH3 group.

There is one more intensive band located at around 650 cm−1m, which can only be
observed in the spectra of the annealed gels, as well as of those synthesized with TEOS
and with TEOS and DDS together. This band is probably due to stretching vibrations of
the Ti-O bond, and its assignment is confirmed by the crystallization of TiO2 polymorphs
(according the XRD results described in the next section) in the studied samples.

In the spectra of gels synthesized with the use of TEOS and DDS (Figures 3 and 4), one
can observe the increase in intensity of the bands at 1250 cm−1 and at 650 cm−1, even in the
sample with a higher silica content. This change in the mentioned band intensity points to
the depolymerization of silica lattice and the parallel increase in Ti-O bonds concentration
in the structure of the annealed gels, which can be connected with the easier and faster
crystallization of TiO2 phases in these samples (also confirmed by the XRD results).

The incorporation of Ag atoms into the titania-silica network does not cause distinct
changes in the shapes of bands in the IR spectrum of the gel synthesized with the use of
TEOS (Figure 5) and TEOS together with DDS (Figure 6), as compared to the IR spectra of
samples of the same composition but without Ag addition (Figures 2 and 4, respectively).
There are only two small differences observed during the comparison: intensities of the
bands at 1250 cm−1 and at around 650 cm−1 do not increase (Figures 5 and 6), which
indicates that, in these samples, the polymerization degree of the silica network does not
decrease. The second difference is connected to the presence of a small band at 615 cm−1 in
the spectrum of the annealed gel synthesized with TEOS (Figure 5). This band occurs in
the range of pseudolattice bands in the spectrum and is not observed in the IR spectrum of
the annealed gel synthesized with TEOS and DDS. The band at 615 cm−1 can be connected
to the presence of Ag+ cations in the structure of the studied sample [3].

3.2. X-ray Diffraction Studies

All XRD patterns were collected for the dried samples, as well as for those annealed at
1200 ◦C. The results are presented in a way similar to the FTIR spectra. Each figure contains
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two diffraction patterns of the dried and the annealed gel. Results of the XRD studies of all
samples are presented in Figures 7–12.

Figure 7. XRD diffraction pattern of TiO2:SiO2 = 1:2 gel synthesized using TEOS, dried (bottom) and
annealed at 1200 ◦C (top): A1—TiO2 anatase.

Figure 8. XRD diffraction pattern of TiO2:SiO2 = 1:3 gel synthesized using TEOS, dried (bottom) and
annealed at 1200 ◦C (top): A1—TiO2 anatase; B—SiO2 cristobalite.

Figure 9. XRD diffraction pattern of TiO2:SiO2 = 1:2 gel synthesized using TEOS and DDS, dried
(bottom) and annealed at 1200 ◦C (top): A1—TiO2 anatase; A2—TiO2 rutile.
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Figure 10. XRD diffraction pattern of TiO2:SiO2 = 1:3 gel synthesized using TEOS and DDS, dried
(bottom) and annealed at 1200 ◦C (top): A1—TiO2 anatase; A2—TiO2 rutile.

Figure 11. XRD diffraction pattern of TiO2:SiO2 = 1:3 gel synthesized using TEOS with Ag addition,
dried (bottom) and annealed at 1200 ◦C (top): A1—TiO2 anatase; A2—TiO2 rutile; B—SiO2 cristobalite;
D—Ag.

Figure 12. XRD diffraction pattern of TiO2:SiO2 = 1:3 gel synthesized using TEOS and DDS with Ag
addition, dried (bottom) and annealed at 1200 ◦C (top): A1—TiO2 anatase; A2—TiO2 rutile; D—Ag.

All diffraction patterns of the dried gels confirm the amorphous state of the obtained
samples. In contrast, all gels annealed up to 1200 ◦C are crystalline or still contain negligible
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amounts of amorphous phase, such as, for example, in the case of the sample with higher
silica content obtained with the use of TEOS (Figure 8). Based on the analysed diffraction
patterns, one can observe that the main phases present in the annealed titania-silica gels
without Ag addition are titania polymorphs: anatase and rutile. When Ag atoms were
introduced into the structure of the studied materials, the analysis of the XRD patterns of the
annealed gels pointed to the presence of cristobalite and the crystalline Ag phase in addition
to the anatase and the rutile existing in almost all annealed samples (Figures 11 and 12).

The crystallization of metallic Ag phase enabled the calculation of the dimensions of
silver crystallites using Scherrer Equation (1) and the Scherrer Calculator in the HighScore
Plus software. It was found that Ag crystallites in the annealed gel of TiO2:SiO2 = 1:3
composition synthesized with the use of TEOS, with the average dimensions of 9.0–12.0 nm
(Table 2), and so they were within the upper limit of nanoparticle sizes (90–100 nm) [24].
When the gel was synthesized using TEOS and DDS as silica precursors, Ag crystallites
were bigger than 9.0 nm and reached 13.0 nm. It is worth remembering that the sizes of
crystallites are also closely related to the temperature of annealing. Therefore, annealing at
a temperature lower than 1200 ◦C should also reduce the sizes of Ag crystallites.

Table 2. Sizes of silver crystallites in the gels containing Ag.

Sample
Peak Position

2 θ [◦]
βobs (FWHM)

[◦]
βstand

[◦]
Dhkl
[nm]

TiO2:SiO2 = 1:3 + Ag
synthesized with TEOS 38.169 0.740 0.057 12.3

44.358 0.925 0.061 9.9
64.489 0.855 0.078 12.1

TiO2:SiO2 = 1:3 + Ag
synthesized with

TEOS:DDS = 1
38.076 0.725 0.057 12.6

44.215 0.844 0.061 11.0
64.395 0.803 0.078 12.9

To study the potential influence of Ag addition on the sizes of TiO2 and SiO2 crystallites,
the dimensions of crystallites were calculated based on the FWHM of the selected, most
intensive peak of anatase, rutile and cristobalite phases. Comparing the results (Tables 2–4)
one can notice that there is no distinct influence of silver addition on the titania and silica
crystallites sizes. More visible is the relation between the crystallite sizes and the application
of DDS as the silica precursor. When DDS is applied, the crystallites of anatase crystallites,
as well as rutile and silver ones, are bigger than in samples synthesized only using TEOS.

Table 3. Sizes of TiO2 (anatase) crystallites in the gels annealed at 1200 ◦C.

Sample
Peak Position

2 θ [◦]
βobs (FWHM)

[◦]
βstand

[◦]
Dhkl
[nm]

TiO2:SiO2 = 1:3
synthesized with TEOS 25.401 0.801 0.054 10.9

TiO2:SiO2 = 1:3 + Ag
synthesized with TEOS 25.425 0.525 0.054 17.3

TiO2:SiO2 = 1:3
synthesized with

TEOS:DDS = 1
25.383 0.378 0.054 25.1

TiO2:SiO2 = 1:3 + Ag
synthesized with

TEOS:DDS = 1
25.350 0.456 0.054 20.3
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Table 4. Sizes of TiO2 (rutile) crystallites in the gels annealed at 1200 oC.

Sample
Peak Position

2 θ [◦]
βobs (FWHM)

[◦]
βstand

[◦]
Dhkl
[nm]

TiO2:SiO2 = 1:3
synthesized with TEOS - - - -

TiO2:SiO2 = 1:3 + Ag
synthesized with TEOS 27.554 0.293 0.058 34.4

TiO2:SiO2 = 1:3
synthesized with

TEOS:DDS = 1
27.504 0.276 0.058 37.0

TiO2:SiO2 = 1:3 + Ag
synthesized with

TEOS:DDS = 1
27.463 0.339 0.066 28.8

3.3. SEM Studies

SEM images and EDS spectra of the gels of TiO2:SiO2 = 1:3 composition, without
and with the addition of Ag, are presented in Figures 13 and 14, respectively. The EDS
spectrum of the gel obtained with the addition of Ag (Figure 14b) confirms the presence of
Ag atoms in its structure. Intensities of the lines characteristic of Ti and Si in the EDS spectra
indicate similar Ti:Si ratios in both gels, which agrees with the planned composition of both
samples. The surface morphology of both gels suggests their homogeneity and a lack of
the distinguished areas of different chemical compositions. This result is also confirmed by
FTIR spectra analysis, which suggests a good dispersion of Ti+4 cations and TiO2 phases
in the silica matrix. Moreover, this conclusion is also confirmed by the calculated sizes of
titania, silica and silver crystallites (Tables 2–5). All phases they are similar and do not
exceed 37 nm. Therefore, objects observed on the surface of the samples in SEM images
(Figures 13a and 14a) with sizes of a few thousand nanometres appear to be small grains of
gels rather than crystallites of single TiO2, SiO2 and Ag phases.

  
(a) (b) 

Figure 13. SEM image of (a) TiO2:SiO2 = 1:3 gel (×1500), synthesized using TEOS and (b) EDS
spectrum of this sample.
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(a) (b) 

Figure 14. SEM image of (a) TiO2:SiO2 = 1:3 gel with Ag addition (×1500), synthesized using TEOS
and (b) EDS spectrum of this sample.

Table 5. Sizes of SiO2 (crystobalite) crystallites in the gels annealed at 1200 ◦C.

Sample
Peak Position

2 θ [◦]
βobs (FWHM)

[◦]
βstand

[◦]
Dhkl
[nm]

TiO2:SiO2 = 1:3
synthesized with TEOS 22.059 0.328 0.054 29.5

TiO2:SiO2 = 1:3 + Ag
synthesized with TEOS 21.877 0.655 0.054 13.5

TiO2:SiO2 = 1:3
synthesized with

TEOS:DDS = 1
- - - -

TiO2:SiO2 = 1:3 + Ag
synthesized with

TEOS:DDS = 1
- - - -

4. Conclusions

Samples of TiO2-SiO2 system were synthesized by the sol-gel method using two differ-
ent silica precursors: TEOS (tetraethoxysilane Si(OC2H5)4) and DDS (dimethyldiethoxysi-
lane (CH3)2(C2H5O)2Si). During the synthesis of the samples, Ag was added to the sols
applying AgNO3 as an Ag precursor. All samples were first dried and then annealed at
1200 ◦C in air. Analysis of FTIR spectra and XRD patterns confirmed the amorphous state
of all dried gels and to establish the presence of different TiO2 polymorphs: anatase and
rutile, in almost all of the annealed samples. Rutile was not only observed in the annealed
gels synthesized using TEOS and without Ag addition. The use of DDS as the second silica
precursor resulted in a faster crystallization of gels during heat treatment and caused a
parallel increase in the depolymerization of silica lattice, which was confirmed by XRD
studies and the increased intensity of bands at 1250 cm−1 and at 650 cm−1 in the FTIR
spectra of selected gels. The incorporation of Ag atoms into the structure of gels caused the
crystallization of cristobalite phase together with titania polymorphs. The presence of Ag
as crystalline phase enabled the average sizes of Ag crystallites to be calculated based on
the Scherrer equation. The sizes of titania and silica crystallites were also calculated. Based
on the results obtained, one can draw the conclusion that there is no distinct influence of
Ag addition on the sizes of anatase, rutile and crystobalite crystallites, whereas the use of
DDS as the second silica precursor leads to larger crystallites of the mentioned phases. SEM
studies of selected gels containing Ag, as well as the ones prepared without Ag addition,
confirmed their homogeneity and the planned composition of the samples.
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