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Thermal deformations of crystal structures formed
in the systems of malic acid enantiomers and
L-valine-L-isoleucine enantiomersy

Elena N. Kotelnikova, 2 Anton I. Isakov @2 and Heike Lorenz @*®

The thermal behavior of discrete phases formed in the respective systems of malic acid enantiomers and
L-enantiomers of the amino acids valine and isoleucine was studied using the temperature-resolved PXRD
method. In the (S)-malic acid-(R)-malic acid system, thermal deformations in crystal structures of stable
compounds (enantiomer S, racemates RSI and RSIl, and non-equimolar compound SzR) and polymorph
transformations of metastable compounds (racemate RSl and non-equimolar compound 3S1R) were ex-
amined. In the L-valine-L-isoleucine system, thermal deformations in crystal structures of stable com-
pounds L-Val and L-Ile and non-equimolar compound V,| were investigated. Thermal deformation analysis
included plotting the temperature dependence of the unit cell parameters and volume, calculating thermal
deformation tensors, plotting figures of thermal expansion coefficients (CTE), and estimating the extent of
thermal deformation anisotropy. In all the cases studied, the maximal thermal expansion was observed in
the direction of the weakest hydrogen (malic acid) or van der Waals (valine and isoleucine) intermolecular
bonds, i.e. in the directions closest to that perpendicular to the dimer molecule chains (malic acid) or to
molecular layers (valine and isoleucine). The strongest anisotropy of thermal deformations in monoclinic
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1. Introduction

In the published literature, there are many works concerning
studies of phase relations in organic systems by means of
temperature-resolved powder X-ray diffraction (TRPXRD). Usu-
ally, reported data are limited to temperatures of solid-phase
transformations (e.g., polymorphic transitions) and determi-
nation of melting points and decomposition or sublimation
temperatures. With regard to thermal expansion or thermal
deformations in crystal structures, such studies are pre-
dominately considered for inorganic systems, including
minerals."”

Examinations of thermal deformations in crystal struc-
tures of organic substances are much scarcer. This fact was
mentioned by B. K. Saha® in a recently published review that
summarizes data on thermal expansion of organic crystals.
Some years before, C. C. Sun’ reported statistics of such in-
vestigations based on a survey of the Cambridge Structural
Database (CSD). Both reviews®® revealed significant progress
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crystals was observed in the ac plane, in which the symmetrically unfixed angle g can vary.

in studies of this type within the last few decades. However,
a relatively high percentage of the works concerns thermal
expansion of organometallic compounds,'®"" solvates,'* and
organic salts,"® while only a minority focuses on pure organic
compounds*?® and their various complexes, including co-
crystals.>**° Some authors reported thermal expansion data
obtained for different polymorphs,'®>* isoskeletal com-
pounds,* and solid solutions."®'® Among the papers we have
found, only two works address substances formed in chiral
systems, both of which published recently. An article by B.
Nicolai et al.®*® presents results of the thermal expansion of
r-ascorbic acid, and an article by N. Taratin et al*' is re-
lated to thermal deformations in the crystal structures of
diastereomeric 1L-threonine and r-allo-threonine and two
particular solid solutions in this system. Chiral organic
compounds participate in a vast variety of natural and indus-
trial processes occurring at various temperatures; therefore,
discovering the causalities governing their high-temperature
behavior is not only of fundamental significance but also of
an applied one.

This article presents results of studying thermal deforma-
tions in crystal structures of discrete phases in two chiral sys-
tems, namely, (S)-malic acid-(R)-malic acid and 1i-valine-i-
isoleucine, using temperature-resolved PXRD. In the first
system, composed of the malic acid enantiomers, non-
equimolar 1:3 and 3:1 discrete compounds as well as three

This journal is © The Royal Society of Chemistry 2018
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racemic compound polymorphs exist. 1-Valine and -
isoleucine were shown to constitute a 2:1 intermolecular
compound. The present work is a continuation of our previ-
ous research on these chiral systems.***

2. Materials and methods
2.1 Materials

(S)- and (R)-malic acid (C4H¢Os) and the racemate of RSI
modification, all having 98% purity, were provided by Merck
Schuchardt OHG, Hohebrunn, Germany. 1-Valine (CsH;;NO,)
and 1-isoleucine (CcH;3NO,) were obtained from Alfa Aesar,
Massachusetts, USA with 99% purity. The techniques for
preparation of intermolecular compounds in both systems
and of racemic malic acid polymorphs are described in detail
elsewhere.****

2.2 Experimental techniques

Powder X-ray diffraction (PXRD). Measurements for malic
acid were performed using a Bruker D2 Phaser diffractometer
(Germany) applying Cug, radiation and collecting data in the
20 range of 5-45° with a step size of 0.02°.>>** Studies in the
L-valine-r-isoleucine system were carried out using an X'Pert
Pro diffractometer (PANalytical GmbH, Germany) with Cug,,
radiation and an X'Celerator detector in a 20 range of 3-40°
with a step size of 0.017°.>* The diffraction patterns obtained
were processed using an STOE WinXPOW software package.
Unit cell parameters have been calculated via the least
squares method using the UnitCell program. Germanium
powder was used as the inner standard for peak position cali-
bration. The ESIL:{ Tables S1-S7 include experimentally ob-
served and calculated values of interplanar distances d, dif-
fraction angles 26 and hkl indices of diffraction maxima of
discrete compounds formed in the (S)-malic acid-(R)-malic
acid system and in the r-valine-r-isoleucine system.

Temperature-resolved powder X-ray diffraction (TRPXRD).
Malic acid system: an STOE STADI-P diffractometer (Germany)
(Cug,, radiation) equipped with a high-temperature unit was
used in air atmosphere. Temperature variation took place
from room temperature to the substance decomposition point
with a temperature step of 2-10 °C.>**” 1-Valine-1-isoleucine
system: a Rigaku Ultima IV diffractometer (Japan) (Cug,, radia-
tion) provided with high-temperature equipment was applied
in air atmosphere. Temperature was varied between room
temperature and the substance decomposition point with
a temperature step of 20 °C. Computations of X-ray
diffractograms were performed using the STOE WinXPOW
software package as above. Unit cell parameters at various
temperatures were calculated by means of the UnitCell pro-
gram. Values of the parameters at various temperatures as well
as approximation equations of their temperature dependences
are given for all the compounds studied in ESI:1 Fig. S1-S7.

Approximated temperature dependencies of unit cell pa-
rameters were used for calculations of the crystal structure
thermal expansion coefficients (CTE) «, 10°® °C™, along the
three perpendicular axes of the thermal deformation tensor
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(011, @2, @33), as well as parameters (g, p, U, Coy Op, Q)
and volume (o). Calculated CTE values allowed plotting the
figures of thermal expansion coefficients on the ac plane of
the crystal structure for monoclinic compounds and plotting
the 3D figure of CTE for the triclinic compound. y;; is the an-
gle between the corresponding tensor axis ¢; and unit cell
axis j. The angle determines the orientation of the CTE figure
with respect to the unit cell. Calculations of the thermal ex-
pansion tensor and plotting of the CTE figures were carried
out using the programs DTC** (monoclinic crystals) and
RTT* (triclinic crystals).

3. Thermal deformations of discrete
phase crystal structures in the system
of malic acid enantiomers

The binary (S)- and (R)-malic acid system (also known as 1(-)-
and p(+)-malic acid) has been repeatedly studied by various
authors,’®™*® as well as by the present authors,*>?33>737:47
using diverse chemical, spectroscopic, diffraction, and other
techniques. At present, it is stated®>° that the phase diver-
sity of this system includes the following discrete phases:
enantiomers (S and R), equimolar racemic compounds of
three modifications (RSI, RSII, and RSIII), and non-equimolar
1:3 and 3:1 stable (SR; and S3R) and metastable (1S3R and
3S1R) compounds. The crystal structures of the
S-enantiomer,"’ racemates RSI** and RSII** and compound
S3R are known.*® Detailed specifications of all the phases are
given in our highlight article published recently.’® Structural
peculiarities of the discrete compounds in this system are
reflected in the particular character of their thermal deforma-
tions that will be described and discussed below.

3.1 Enantiomer

Earlier we reported that heating (S)-malic acid to its melting
point (100 °C) did not cause any solid phase (polymorph)
transformations.*® This means that heating only induces
structural (thermal) deformations in the crystal structure,
which should be reflected in variations of its monoclinic cell
parameters (S.G. P2;). The unit cell parameters were calcu-
lated using 29 peak positions (ESL:f Table S1). The plotted
temperature dependence of linear (a, b and ¢, A) and angular
(8, ©) parameters and the volume (V, A*) of the unit cell of (S)-
malic acid (ESL:f Fig. S1) show that all the parameters, in-
cluding the volume, continuously increase with increasing
temperature.

These temperature dependencies were used to calculate
the coefficients of thermal expansion CTE (o, 10™° °C™") along
the three mutually perpendicular axes of the thermal defor-
mation tensor (a1, ¢y, 033), as well as the CTE of parame-
ters (aq, ap, 0 o) and volume (ay) of the enantiomer mono-
clinic cell. The results are compiled in Table 1. In the
conventional orientation of monoclinic crystals, one of the
tensor axes () is positioned along the direction b (the 2 or
2, axis or the axis normal to the plane of symmetry)," and
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Table 1 Thermal deformation tensor parameters and thermal expansion
coefficients « (107 °C™) of the monoclinic cell parameters in the crystal
structures of (S)-malic acid and malic acid racemates RSl and RSII

1/435 =
Compound Qp O3z az3c o ap Q. ag
S 185.0 70.1 27.4 -42.0 125.0 70.1 98.0 94.4
RSI 179.0 58.5 5.88 —42.4 61.2 58.5 84.9 -92.8
RSTI 14.5 59.4 183.0 -46.7 65.3 59.4 94.0 -89.6

therefore, a,, = a5. In Fig. 1A, the projection of the CTE fig-
ure onto the ac plane, i.e. the plane that includes the sym-
metrically unfixed angle f of the enantiomer crystal structure,
is shown. In order to plot a fragment of the crystal structure,
the CSD data (COFRUK10)*® were applied. As seen in Fig. 1A,
the maximal thermal expansion (¢4) of the crystal structure
of (S)-malic acid occurs along the direction of the bisector of
the obtuse monoclinic angle a*c. This direction is close to
that perpendicular to the elongation of dimer molecules’
chains.

3.2 Equimolar discrete compounds

RSI and RSII are monotropic monoclinic polymorphs of the
malic acid racemic compound. Racemate RSI is a stable mod-
ification (S.G. P2,/c), while racemate RSII is metastable (S.G.
Cc).**?>3% The thermal behavior of both compounds is in ac-
cordance with this. Heating racemate RSI up to its melting
point (124 °C) only induces thermal deformations in the crys-
tal structure. Metastable RSII in the vicinity of its melting
point (~120 °C) suffers from transformation into the stable
modification, ie. polymorphic transition RSII — RSI oc-
curs,*?* so thermal deformations of racemate RSII were only
studied in the range of 25-108 °C. Monoclinic cell parame-
ters of racemates RSI and RSII at various temperatures were
calculated using 30 and 27 peak positions, respectively
(ESI:1 Tables S2 and S3). Judging the character of their crys-
tal structure thermal deformations, both racemates are close
to each other. When the substances are being heated, linear
parameters a, b, and ¢ and the volume V of the racemates’
monoclinic cells continuously increase, while the angle p
decreases (ESI:1 Fig. S2 and S3). The decline of angle f with
increasing temperature is a distinction between thermal be-
haviors of the racemates and (S)-malic acid, which is caused
by the different orientations of the monoclinic cell in rela-
tion to the molecular chains for the racemates and the
enantiomer.

The temperature dependencies were used to calculate the
parameters of the thermal deformation tensor and the CTE
parameters of the monoclinic cells of both racemates, given
in Table 1. On that basis and applying CSD data,®
DLMALC11 (RSI) and DLMALC (RSII), the projection of the
CTE figure onto the ac plane of the crystal structures of race-
mates RSI and RSII is plotted in Fig. 1B and C. Maximal ther-
mal expansion of both compounds' crystal structures (o4
and az3, respectively for RSI and RSII) occurs along the direc-
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Fig. 1 Projections of the figures of thermal expansion coefficients
(CTE) on the ac plane of monoclinic unit cells in the crystal structures
of malic acid compounds S (A), RSl (B), and RSIl (C). Only dimer
molecules forming the same molecular chain are shown in unit cells.

tion of the bisector of the acute monoclinic angle a”c
(Fig. 1B and C). This direction is close to that perpendicular
to the axis of elongation of the dimer molecule chains.
Racemate RSIII was detected by the present authors
and its crystallization conditions were reported in our earlier

32,33
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works.*>** The melting point of RSIII (123 °C) is only one de-
gree lower and three degrees higher than the melting points
of RSI and RSII, respectively. It does not undergo polymorph
transitions. This raises the question of which of the two mod-
ifications (RSI and RSIII) has to be considered as the more
stable one.

Therefore, a sample consisting of a physical mixture of
RSI and RSIII was prepared and used in heating experiments.
The resulting PXRD patterns are shown in Fig. 2. For conve-
nience, two of the characteristic peaks of each component
are used for comparison. In the temperature range between
25 and 110 °C, the ratio of the peak intensities gradually
shifted towards the RSI phase, at 120 °C, RSI became the
predominating phase, and at 123 °C, the RSII phase
converted into RSI completely. Obviously, the solid-solid
(polymorphic) phase transformation of one mixture compo-
nent into the other in the presence of the latter*® occurred.
The RSII phase transformed into RSI in the presence of RSI.
The TRPXRD results are in accordance with the DSC data, as
well as with results of storing and slurring experiments.*”
Thus, it was proven that the RSIII modification is metastable
with respect to RSI.

3.3 Non-equimolar 1:3/3:1 discrete compounds

Compound S;R was discovered some time ago,’* and its crys-
tal structure was discussed in a previous work.*® It crystal-
lizes in a triclinic cell and is the stable polymorph of the 1:3/
3:1 discrete compound of malic acid. Triclinic cell parame-
ters of compound S;R at various temperatures were calcu-
lated using 35 peak positions (ESL:t Table S4). Heating this
compound induces only thermal deformations: all the linear
unit cell parameters a, b, and ¢, two angle parameters S and

120

110

WM

5 10 15 20 25 30 35 40

26 CuKa

Fig. 2 PXRD patterns (20cuk.) of a sample containing a physical
mixture of equal amounts of malic acid racemates RSI and RSl
measured at various temperatures.
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7, and the unit cell volume V steadily increase, while the an-
gle o undergoes continuous decrease (ESL:f Fig. S4). The
melting point of the compound is 117 °C.

Table 2 contains the calculated parameters of the thermal
deformation tensor and the CTEs of the triclinic cell parame-
ters of compound S3;R, and Fig. 3 shows the resulting figure
of its thermal expansion coefficients. The CTE figure is
presented as a three-dimensional diagram for convenience
and projected onto the triclinic cell of the S;R crystal struc-
ture. Data of our previous work® were used to plot a frag-
ment of the compound's crystal structure. It is revealed that
the maximal thermal expansion (a,,) of the S3R crystal struc-
ture occurs along the direction, which is substantially per-
pendicular to the elongation of its molecular chains.

Compound 3S1R is a metastable monotropic polymorph
of compound S;R.**** As shown in Fig. 4, with heating, it un-
dergoes polymorphic phase transition into the stable S;R
phase in the temperature range of 60-80 °C. At 110 °C, only
S3R is left, which melts at 117 °C.

3.4 Discussion of main characteristics of thermal deformations

In the following, both common and different features charac-
terizing thermal deformations of the S-enantiomer, racemates
RSI and RSII, and non-equimolar compound S;R of malic
acid are discussed. Thermal deformations of the metastable
compounds RSIII and 3S1R are not considered, since their
crystal structures have not been deciphered yet.

The shapes of the CTE figures of compounds S, RSI, RSII
(Fig. 1), and S3R (Fig. 3) are substantially similar reflecting
the anisotropic behavior of their thermal deformations. The
degree of anisotropy of crystal structure deformations in the
ac plane can be expressed by the following formula:' A;; =
(a1 = az3)/(aq + a33) providing degrees of anisotropy of 0.74,
0.94, and 0.85 for S-malic acid and racemates RSI and RSII,
respectively. These values do not show considerable differ-
ences, and the least extent of thermal deformation anisotropy
is observed for the enantiomer. The degrees of thermal defor-
mation anisotropy of the S;R crystal structure in the ac, ab
and bc planes can be calculated accordingly: A3 = (11 — a33)/
(oq1 + @33) = 0.91, Ayy = (2 = o41)/(@22 + @11) = 0.40, and A,
= (o2p = a33)/(022 + @33) = 0.96. Thus, the least anisotropic de-
formation occurs in the ab plane which can also be seen at
the CTE figure of S;R in Fig. 3.

It is obvious that thermal expansion is inversely propor-
tional to the strength of bonding between molecules or
atoms. Hydrogen bonds between the molecular chains in the
crystal structures of all studied compounds are much weaker
than the bonding within the chains. For example, the average
distance between molecules within the chains (O...0 dis-
tance) in racemate RSI is 2.675 A, while the O...O gap be-
tween these chains is not less than 2.859 A.** Consequently,
when heating the substance, the space between the chains in-
creases more intensely than that between molecules inside
the chains. Therefore, the maximal thermal expansion occurs
in the direction nearing the perpendicular to the elongation

CrystEngComm, 2018, 20, 2562-2572 | 2565
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Table 2 Thermal deformation tensor parameters and thermal expansion coefficients o (1076 °oC™) of the triclinic cell parameters in the crystal structure

of malic acids' non-equimolar discrete compound SsR

[24% [22%) 33 Haa = 011”a Hop = 022"D

Hac = 0633/\(} Qg Qp Qe [e2%

G @

63.0 146.4 2.7 59.5 55.6

of the molecular chains. The deviation from the perpendicu-
lar does not exceed 17°. This deviation can also be indicative
of shear deformations occuring in the crystal structure to-
gether with thermal deformations. The shear deformations
cause shifting (slipping) of the dimer chains in relation to
each other in the direction of their elongation. The shear de-
formations correlate with changes of the unit cell angle pa-
rameters, which are not symmetry-fixed.' In the case of
monoclinic crystals, this is the angle f, and in the case of tri-
clinic crystals, these are angles «, f, and .

Depending on the crystal structure orientation with re-
spect to coordinate axes, the directions of the maximal and
minimal expansion are the tensor parameters a;; and az; (S
and RSI), az3 and oy (RSI), and o,, and o33 (S3R), respec-
tively (Tables 1 and 2). The maximal expansion direction in
the monoclinic crystals of (S)-malic acid and racemates RSI
and RSII lies along the bisector of the angle between the a
and c(a”c) axes (Fig. 1). When the S-enantiomer is heated, the
B angle increases (ESI:t Fig. S1). The bisectors corresponding
to the directions of the greatest and weakest expansions di-
vide the related obtuse angle a”c and its adjacent angle in
halves (Fig. 1A). Heating racemates RSI and RSII causes the /3
angle to decline (ESLt Fig. S2 and S3), while the bisectors
corresponding to the directions of the maximal and minimal
expansions halve the acute a”c angle and its adjacent angle,
respectively (Fig. 1B and C).

Fig. 3 The CTE figure of the crystal structure of malic acids’ non-
equimolar discrete compound SR plotted as a projection onto the tri-
clinic unit cell.

2566 | CrysttngComm, 2018, 20, 2562-2572

35.4

91.0 87.8 34.4 28.5 55.4 32.0

The relative volume expansions, AV, of all the discrete com-
pounds are rather close, being 2.1%, 2.3%, 2.2%, and 3.0%
for S, RSI, RSII, and S3R, respectively. These values, however,
were defined in the individual temperature ranges confined
by the existence range of each compound, i.e. from room tem-
perature to the melting point. As the latter differ, the correct
way to compare AV of various compounds is to define a com-
mon temperature range, e.g., from ~25 to 100 °C. In this case,
the relative volume expansions of discrete compounds S, RSI,
RSII, and S3R are 2.1% 1.8%, 1.9%, and 1.4%, respectively.

The S-enantiomer has the lowest melting point in the sys-
tem. It is composed of alternating layers of molecules of the
same chirality (-S-S-S-S-), has hydrogen contacts between
the molecular chains, and has the least value of A;; and the
greatest AV. Compounds RSI, RSII and S;R exhibit relatively
high melting points. The racemates contain alternating
chains of molecules of different chiralities, i.e. -S-R-S-R-,
while compound S;R is composed of alternating homochiral
(-S-S-S-S-) and heterochiral (-S-R-S-R-) chains.?* Racemate
RSI is characterized by the presence of hydrogen bonds be-
tween the molecular chains and a relatively high AV value,
while RSII is distinguished by the absence of such bonding
and a relatively small AV. Compound S3;R has a triclinic cell
and shows significantly lower volume expansion in compari-
son with the enantiomer and the racemates. The triclinic cell
provides greater space for shear deformations, since it con-
tains three non-fixed angle parameters «, f, and y. Shear

3S1R + SR

25

5 10 15 20 25 30 35 40 26 CuKa

Fig. 4 PXRD patterns (20cuk,) of malic acids' metastable non-
equimolar discrete compound 3S1R measured at various (selected)
temperatures.

This journal is © The Royal Society of Chemistry 2018
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deformations can partially compensate thermal expansion.
Most significant thermal deformations in the crystal struc-
ture of compound S3R were observed in the ac and bc planes,
as shown by the related A,; and A,; parameters.

4. Thermal deformations of discrete
phase crystal structures in the system
of L-valine and L-isoleucine

This enantiomeric system is composed of two different natu-
ral L-amino acids, i.e. 1-valine and r-isoleucine. The two mole-
cules differ by one additional methylene group in isoleucine,
resulting in an extra chiral center. According to our data®>"’
and the literature,”® both substances sublime when heated.
Thus, DSC, commonly used for melting point and melt phase
diagram determination, is not applicable. The single system
components were studied in other works;>' > the whole bi-
nary system r-Val-i-Ile was investigated by Koolman and
Rousseau,® Kurosawa et al.,”” and the present authors***>*’
as well. A distinguishing feature of this system is the forma-
tion of a non-equimolar discrete 2:1 compound V,I (with V
and I for 1-vVal and i-Ile, respectively),**> which is the only
example of a non-equimolar compound known, whose crystal
structure contains molecules of different amino acids of the
same chirality. The crystal structures of the compounds in
the system are already established (1-Val,”" i-lle,”> and V,I
compound®?).

Results of TRPXRD investigations demonstrated that 1-Val,
t-Ile, and V,I do not undergo any solid phase (polymorphic)
transformations,>” which is supported by the temperature-
resolved diffraction patterns shown in ESL Fig. S8A-C.
Therefore, the discussion below concerns the results of study-
ing thermal deformations of the above-mentioned discrete
phases.

4.1 Valine and isoleucine enantiomers

The monoclinic cells of Val and Ile enantiomers (both S.G.
P2,) are characterized by two crystallographically indepen-
dent positions of the molecules. Calculations of r-Val and
t-Ile unit cell parameters at various temperatures have been
performed using 20 and 16 peak position values, respectively
(ESI:1 Tables S5 and S6). Heating samples of r-valine and -
isoleucine causes all the linear parameters a, b, and c, as well
as the volume V of the monoclinic cells to increase, while the
angle parameter 8 decreases (ESL:f Fig. S5 and S6, respec-
tively). Sublimation of r-Val starts at 205 °C, while sublima-
tion of r-Ile starts at 215 °C, both of which are accompanied
by the onset of partial decomposition (see ESI:{ Fig. S8). The
calculated parameters of the thermal deformation tensor and
thermal expansion coefficients of the monoclinic cell param-
eters of Val and Ile are given in Table 3; the figures of the
thermal expansion coefficients of the related crystal struc-
tures are shown in Fig. 5A and B, respectively. CSD data
(LVALINO1 and LISLEU02)** were used to plot projections of
the Val and Ile crystal structure fragments onto the ac plane

This journal is © The Royal Society of Chemistry 2018
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Table 3 Thermal deformation tensor parameters and thermal expansion

coefficients « (10° °C™) of the monoclinic cell parameters in crystal
structures of L-Val, L-Ile and non-equimolar discrete compound V|

Compound o1 Oy 033  flze= a33"C Qq ap . o

1-Val 17.6 67.1 829 77.0 21.3 67.1 79.6 -18.9
i-1le 53.3 54.6 12.4 -36.0 22.8 54.6 39.2 -22.3
VoI 11.6 54.6 84.0 101.5 76.6 54.6 14.5 -21.3

of their monoclinic cells. As seen, the directions of maximal
thermal expansion a3; (Val) and «, (Ile) in the ac plane of
both enantiomers’ crystal structures are close to that perpen-
dicular to the molecular layers.

4.2 Non-equimolar discrete compound V,I

The monoclinic cell of the V,I compound (S.G. C2) comprises
eight molecules, so it is doubled in comparison to mono-
clinic cells of Val and Ile.** This is because of the neighbor-
ing molecular layers, which are symmetrically non-equivalent
in the compound V,I, and the translation, which is perpen-
dicular to them, involving two layers. Each of the two inde-
pendent molecular positions is characterized by mixed popu-
lation, ie. it can be occupied either by valine or isoleucine
molecules.***> Calculations of unit cell parameters at various
temperatures have been performed using 12 peak position
values (ESL:f Table S7). At elevated temperatures, compound
V,I behaves similarly to r-valine and r-isoleucine. When
heated, the crystal structure exhibits solely thermal deforma-
tions: all the linear parameters a, b, and ¢ and the volume V
of its monoclinic cell continuously increase, while the angle f
decreases (ESI:T Fig. S7). The substance sublimes at 215 °C.
Table 3 summarizes the calculated parameters of the thermal
deformation tensor and thermal expansion coefficients of the
monoclinic cell parameters, and Fig. 5C shows the corre-
sponding CTE figure of the compounds' crystal structure. A
projection of a fragment of its crystal structure onto the ac
plane was plotted using the data of our previous work.** It
can be derived that the direction of the maximal thermal ex-
pansion az; of the V,I crystal structure is close to that per-
pendicular to the molecular layers.

4.3 Elucidation of main characteristics of thermal deformations

A very detailed analysis of molecular packing in the crystal
structures of valine, isoleucine and compound V,]I is provided
in our previous works.>**® In particular, it should be men-
tioned here that all three compounds’ molecules form
hydrogen-bonded dimer molecules which are combined in
layers via identical frameworks of relatively strong hydrogen
bonds. This means that differences in the thermal behavior
of the crystal structures of Val, Ile, and V,I are generally at-
tributed to different principles of connection between the
molecular layers via relatively weak van der Waals forces.
Consequently, thermal deformations in the crystal structures
of these discrete compounds occur mostly via elongation of
the distances between the molecular layers. Peculiarities of

CrystEngComm, 2018, 20, 2562-2572 | 2567
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Fig. 5 Projections of the CTE figures on the ac plane of monoclinic unit cells in the crystal structures of compounds Val (A) and Ile (B) and

discrete compound VI (C) (adapted from ref. 37).

the thermal expansion of the Val, V,I, and Ile crystal struc-
tures are more clearly seen in the projections of their CTE fig-
ures onto the ac plane of their monoclinic cells (Fig. 5). Pro-
jections plotted for all the three compounds are similar in
shape. However, considering the parameters of the thermal
deformation tensor and the orientation of the CTE figure pro-
jections in relation to the monoclinic cell axes, a closer simi-
larity is observed between the CTE figures of Val (Fig. 5A)
and compound V,I (Fig. 5C). Parameters of the thermal de-
formation tensor of the Ile CTE figure (Fig. 5B) have lower
values, and the rotation angle of the figure with respect to
the a and ¢ axes of the monoclinic cell differs from that of
the Val and V,I CTE figures.

The calculated degrees of thermal deformation anisotropy,
Ay3, in the crystal structures of 1-Val, r-Ile, and compound V,I
are 0.65, 0.62, and 0.76, respectively. The differences between
these values are not too great; however, compound V,I shows
a slightly higher degree of deformation anisotropy than the
others. The directions of the maximum thermal expansion in
the three crystal structures are close to those perpendicular
to the molecular layers, while the directions of the minimum
thermal expansion lies on the plane of the molecular layer.

2568 | CrysttngComm, 2018, 20, 2562-2572

Relative volume expansions AV of enantiomers Val and Ile
and compound V,I are 2.6%, 2.0%, and 2.5%, correspond-
ingly. The beginning sublimation temperatures are found at
205 °C for Val and at 215 °C for Ile and compound V,I (£5
°C). Despite the analogous order of the molecular layer pack-
ing in the crystal structures of Val and Ile, the differences in
their thermal expansions and the beginning sublimation
temperatures are significant. In contrast, the extent of ther-
mal expansion in the Val crystal structure is close to the cor-
responding parameters of compound V,I despite their differ-
ent arrangements of molecular layers.

These relative similarities and dissimilarities in the ther-
mal behavior of Val, V,I and Ile can be understood from
quantitative estimation of the number of van der Waals con-
tacts between the molecular layers in crystal structures of
the compounds being studied.***> The reason for the rela-
tively lower or higher number of contacts between the re-
lated molecular layers in Val and Ile is the nature of the end
group, which is a hydrogen atom in the Val molecule and a
methyl group in Ile. Therefore, the V,I compound (Val:Ile =
2:1) is similar to Val in terms of the number of van der
Waals contacts. This explains why the volumetric thermal

This journal is © The Royal Society of Chemistry 2018
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expansion ay of the V,I crystal structure is only slightly lower
than that of Val, but significantly higher than that of Ile
(Table 4).

5. Summary and conclusions

The thermal behavior of the discrete compounds formed in
the system of malic acid enantiomers and in the system com-
posed of r-enantiomers of two different amino acids, valine
and isoleucine, has been studied at elevated temperatures.

In the (S)-malic acid-(R)-malic acid system, the only
changes the stable discrete compounds (enantiomers, race-
mate RSI and non-equimolar compounds S;R and SR;) un-
dergo in the temperature range up to their melting point are
thermal deformations (thermal expansion). This conclusion
is supported by monotonically increasing or decreasing
curves in the temperature dependencies of the monoclinic (S,
RSI) and triclinic (S3R) unit cell parameters. Thermal defor-
mation data obtained for discrete malic acid compounds as
well as the figures of their thermal expansion coefficients are
concordant with the peculiarities of the crystal structures of
these phases. In all of these cases, maximal thermal expan-
sion occurs in the direction which is close to that perpendic-
ular to the plane of dimer molecule chains. In general, the
shapes of thermal expansion figures of all studied crystal
structures are similar and reflect the anisotropy of thermal
deformations, where a noticeable part consists of shear defor-
mations. In contrast, when heated, the metastable discrete
compounds (racemates RSII and RSIII and compounds 3S1R
and 1S3R) also experience thermal deformations, but in addi-
tion, in the vicinity of their melting points, they convert into
stable phases as follows: RSII — RSI, RSIII — RSI, and 3S1R
(1S3R) — S3R (SR3).

In the r-valine-i-isoleucine system, all discrete phases
existing (r-val, r-Ile and non-equimolar compound V,I) are
stable. In the temperature range up to their respective subli-
mation temperatures, they show only thermal deformations,
and the direction of their maximal thermal expansion is
close to that perpendicular to the plane of their molecular
layers. The reason for the differences observed in sublima-
tion temperatures, volumetric expansion values, degrees of
thermal deformation anisotropy and orientations of projec-
tions of the CTE figures in relation to the monoclinic cell
axes arises from the different proportions of hydrogen
atoms and methyl groups present in the molecule and, cor-
respondingly, from the different proportions of van der

View Article Online

Paper

Waals contacts between molecular layers in the crystal struc-
tures of r-Val, 1-Ile and V,I.

Thermal deformations in the discrete phases discussed
show certain similarities: 1) with thermal deformations of di-
astereomers and solid solutions in the amino acid 1-
threonine-r-allo-threonine system recently studied by the au-
thors®® and 2) with thermal deformations of r-ascorbic acid
published by B. Nicolai et al.>°

The system of the levorotatory diastereomers of threonine
(C4HgNO;) is a representative of a rare class of chiral systems
forming continuous solid solutions. When heated, both dia-
stereomers, r-threonine (.-Thr) and r-allo-threonine (r-aThr),
and the investigated solid solutions of composition (L 34,L-
a9.66)-Thr and (Lo 00,L-29.10)-Thr, experience only thermal defor-
mations. The degree of thermal deformation anisotropy of
the orthorhombic cells (S.G. P2,2,2,) varies depending on the
composition. The most significant manifestations of aniso-
tropy were observed for the single diastereomers; even nega-
tive thermal expansion was obtained in the direction close to
the plane of the molecular layer. Anisotropy manifestations
are considerably weaker in solid solutions; the greater the
concentration of the admixture molecules in the crystal struc-
ture, the weaker the anisotropy nature. Such thermal behav-
ior is based on different numbers, lengths, and geometries of
hydrogen contacts.*® We think that peculiarities of thermal
behavior of the discrete phases in the systems discussed
above have a similar basis. The values of volumetric thermal
expansion of phases formed in the system of malic acid
enantiomers, valine and isoleucine enantiomers and threo-
nine diastereomers are compared in Table 4.

According to Nicolai et al.,* 1-ascorbic acid (CgHgOg) does
not undergo polymorphic transitions when heated. Its mono-
clinic cell parameters (S.G. P2,) linearly increase and the
thermal expansion of its crystal structure is anisotropic in
the observed temperature range (110-440 K). The maximal ex-
pansion is found along the b axis. Hydrogen bonding is prac-
tically perpendicular to this axis.*® In other words, hydrogen
bonding occurs mostly within molecular layers. Therefore,
the maximal thermal expansion takes place in the direction
of the weak intermolecular forces, i.e. in the direction which
is perpendicular to the molecular layers. This interpretation
agrees with our discussion of thermal deformations for dis-
crete compounds in the three chiral systems mentioned
above. Further, the volumetric thermal expansion value of o
=120 x 10® K for r-ascorbic acid*® is comparable to the
data provided for discrete compounds in Table 4.

Table 4 Coefficients of volumetric thermal expansion ay, (107° °C™) of the unit cells in crystal structures of phases in the systems of malic acid enantio-

mers, valine and isoleucine enantiomers, and threonine diastereomers>°

(S)-Malic acid—(R)-malic acid

L-Valine-i-isoleucine

t-Threonine-t-allo-threonine>®

Compound ay Compound oty Compound ay

S 282 1-Val 168 1-Thr 109
RSI 244 -Ile 120 (Lo.34y1720.66)-Thr 117
RSII 257 V,1 150 (Lo.90sL-80.10)-Thr 119
S3R 212 r-aThr 107

This journal is © The Royal Society of Chemistry 2018
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The extent of thermal expansion of the linear unit cell pa-
rameters and volume of inorganic crystal structures® is usu-
ally 1.5-2 times less than the corresponding values found in
organic compounds (including chiral compounds). This is
caused by the presence of hydrogen and van der Waals inter-
molecular bonds in the crystal structures of organic sub-
stances, which are significantly weaker than covalent, ionic,
and metal chemical bonding in the structures of inorganic
substances. The degree of anisotropy of the crystal structure
thermal expansion of organic compounds is governed by the
number and direction of hydrogen bonds. Thus, the value
and anisotropy of thermal expansion (or compression) are
general characteristics of crystalline materials and can be
used to derive correlations of the composition-structure-
properties type. Ascertainment of such correlations in chi-
ral systems 1is essential for crystal chemistry and
technology.
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