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Abstract: The S-(4-pentylphenyl) 4-(pentyloxy)benzothioate, forming the nematic phase, is inves-
tigated by X-ray diffraction in temperatures between 263 K and 365 K, with the support of differ-
ential scanning calorimetry and polarizing optical microscopy. The microscopic observations show
changes within the solid state, while X-ray diffraction does not indicate any transitions between the
crystal phases. The Rietveld refinement shows that the crystal phase formed from the melt is the
same monoclinic crystal phase with the P2i/c space group as reported for a single crystal grown
from an ethanol solution. The temperature dependence of the unit cell parameters in the 263-335 K
range is determined and the coefficients of thermal expansion are obtained. The unit cell expands
on heating along the longer ac-diagonal and b-axis while, along the shorter ac-diagonal, a very
small shrinkage occurs. The diffraction patterns of the liquid crystalline nematic phase indicate the
formation of dimers via hydrogen bonding. Density functional theory calculations (def2TZVPP
basis set, BSLYP-D3(B]) correlation-exchange functional) are applied for geometry optimization of
an isolated molecule and selected dimers.

Keywords: nematic liquid crystal; thermal expansion of crystal; X-ray diffraction

1. Introduction

The nematic phase is the simplest liquid crystalline phase, which possesses only the
long-range orientational order. The long axes of molecules are oriented on average in a
common direction, denoted by the director versor # (Figure 1a). The nematic phase does
not show long-range positional order, but short-range positional order is present [1,2].
Compounds forming the nematic phase have an important place in the display technol-
ogy, which is continuously developed [3-5]. They are also subjects of ongoing basis
studies, as new types of the nematic phase are searched for, e.g., biaxial or twist-bend
nematics [6-8]. S-(4-pentylphenyl) 4-(alkyloxy)benzothioates (Figure 1b) are the homol-
ogous series known from their mesomorphic properties, which depend on the length of
the CaHznv1 chain [9-19]. They were tested as components of mixtures with other liquid
crystals, e.g., [19]. Homologues with n = 4-6 show only the nematic phase and longer
homologues with n =7-12 exhibit also the smectic C phase (n=7) or a few smectic phases
(n = 8-12) [9-19] with the lamellar order [1,2]. For the homologues with n = 4-7, crystal
structures were solved by single-crystal X-ray diffraction (XRD) [14-17]. While, forn=7,
the crystal phase and both liquid crystalline phases (nematic and smectic C) were inves-
tigated by XRD at various temperatures [14], for n = 4-6, as far as we are aware, only the
XRD results at room temperature were published [15-17]. Herein, we present the struc-
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tural investigations by XRD for the S-(4-pentylphenyl) 4-(pentyloxy)benzothioate com-
pound, with n = 5, abbreviated either as 555 or 50S5 (used in this paper). The phase se-
quence of 50S5 on heating is crystal (335 K) nematic (353 K) isotropic liquid [18]. These
three phases are abbreviated further as Cr, N and Iso, respectively. The crystal structure
obtained at 295 K for the 50S5 single-crystal grown from an ethanol solution is mono-
clinic (@ # b # ¢, p # 90°, a = y = 90°), with the P2i/c space group. The molecules are ar-
ranged parallel to each other, which corresponds well to the N phase observed above the
melting temperature. Weak hydrogen bonds of the C-H...O type exist in the Cr phase
[17]. Our aim is to examine whether 5055 shows polymorphism in the solid state, as well
as to investigate the short-range positional order in the N and Iso phases. Although the
main experimental method is XRD, the results of differential scanning calorimetry (DSC)
and polarizing optical microscopy (POM) are also presented for comparison.
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Figure 1. Scheme of the nematic phase (a) and the molecular formula of S-(4-pentylphenyl)
4-(alkyloxy)benzothioates (nOS5) (b). For the homologue in this study, n=>5.

CSH11

0
\S—< >—
(b)

2. Materials and Methods

Polycrystalline S-(4-pentylphenyl) 4-(pentyloxy)benzothioate was synthesized ac-
cording to the method described in [13].

DSC measurements were performed with the PerkinElmer DSC 8000 calorimeter in
the 263-373 K range in two cycles of heating and cooling with a 5 K/min rate. The results
from the second cycle were used in analysis. The calibration was based on the melting
points of indium and water. The sample weighting 3.10 mg was sealed within an alu-
minum pan. Data analysis was carried out using the PerkinElmer software. The phase
transition temperatures and enthalpy changes were determined with uncertainties of 0.5
K and 0.08 kJ/mol, respectively.

The POM measurements were carried out with the Leica DM2700 P microscope in
the 263-365 K range in three cycles of cooling and heating with a 5 K/min rate. The tem-
perature was controlled by the Linkam attachment. The phase transitions in the vicinity
of the clearing temperature were additionally observed during cooling with a 1 K/min
rate from 363 K to 343 K. The transition within the solid state was investigated in iso-
thermal conditions for temperatures of 280, 282 and 284 K. The sample was heated to 365
K and cooled down to 263 K at 20 K/min, then heated to a selected temperature, also at 20
K/min, and observed at a constant temperature. The sample was placed between two
glass slides not covered by any aligning layer. The average luminance of recorded tex-
tures as a function of temperature was calculated using the TOApy program [20,21].

The XRD measurements were performed with the X'Pert PRO diffractometer
(PANalytical) using the CuKa radiation with the Bragg-Brentano geometry in the 20 =2-
30° or 2-8° range. The temperature in the 263-365 K range was controlled by the TTK-450
stage (Anton Paar). The sample in polycrystalline form was placed into a flat sample
holder and pressed with a glass slide. The diffraction patterns were collected during
different temperature programs:

(a) first heating of a pristine sample which was not melted after synthesis,
(b) heating after direct cooling with a 5 K/min rate from 365 to 263 K,

(c) cooling from 365 to 298 K,

(d) cooling from 365 to 298 K in the low-angle region only.



Crystals 2024, 14, 367

3 of 12

In programs (a—c), the measurements were carried out in the 20 = 2-30° range with a
rate of 0.078°/s, the 0.033° step and 4 diffraction patterns collected for each temperature.
In program (d), the measurements were carried out in the 20 = 2-8° range with a rate of
0.046°/s, the 0.017° step and 24 diffraction patterns collected for each temperature. The
data analysis was performed in FullProf [22], PASCal [23,24] and OriginPro.

The DFT calculations for an isolated molecule and dimers were carried out in
Gaussian, version 16.C.01 [25], with the def2TZVPP basis set [26], B3LYP correla-
tion-exchange functional [27,28] and Grimme’s D3 dispersion with Becke-Johnson
damping [29]. The optimized models were visualized in Avogadro [30].

3. Results
3.1. DSC Thermograms

The DSC results are presented in Figure 2 and Table 1. During cooling, 50S5 shows
the N phase at the wide temperature range and crystallization is observed at room tem-
perature. The large supercooling of the nematic phase is likely to be caused by too low a
nucleation rate above room temperature, which prevents crystallization [31]. Supercool-
ing is commonly reported for liquid crystals [32-34]. No transition between the crystal
phases is observed during cooling down to 263 K and during heating. However, the ab-
solute value of the enthalpy change during crystallization, 14.6 kJ/mol, is much smaller
than the enthalpy of melting, 33.2 kJ/mol. This indicates that the recrystallization effect
occurs in the sample before melting, but its rate is too slow to be visible as an anomaly in
the DSC curve. The anomaly between the N and Iso phases has an irregular shape both
for cooling and heating, which can be interpreted as two overlapping anomalies. The
unknown phase, present in a narrow temperature range between N and Iso, is denoted as
X. In some chiral compounds, the blue phase is present between N* and Iso [35], but this
is not the case for 50S5, which is achiral. Another explanation is the presence of two
types of the nematic phase, e.g., regular N at higher temperatures and twist-bent Nt at
lower temperatures [6,7]. On the other hand, the N8 phase is formed by molecules with a
bent shape, while 5055 molecules are rather rod-like and are expected to form only a
regular N phase.
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Figure 2. DSC thermogram of 50S5 registered during the second heating/cooling cycle at a 5 K/min
rate. The inset shows the enlarged region around the clearing temperature.

Table 1. Thermodynamic parameters of the phase transitions of 5055 determined by the DSC
method (5 K/min): onset temperature, peak temperature, enthalpy change and entropy change.

Transition T, (K) T, (K) AH (kJ/mol)  AS (J/(mol-K))
Cr—N 333.6 335.1 33.2 99.1
N — X 352.0 352.6 0.2 0.6
X —Iso 352.8 353.3 0.6 1.8

Iso — X 353.1 352.7 -0.7 -1.9
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X—N - 352.1 -0.3 -0.7
N — Cr 287.0 286.6 -14.6 -

3.2. POM Observations

The POM measurements at the 5 K/min rate (Figure 3) confirm the presence of the
nematic phase with a schlieren texture during cooling [2]. After cooling to 288-289 K, the
transition to the crystal phase denoted as Cr2 is observed. The transition occurs via a
single front of crystallization. During heating, the Cr2 phase transforms to another crystal
phase, Crl. The new crystal phase is formed by gradual growth of crystallites, instead of
the single front of crystallization. In isothermal conditions at 260-264 K, the Cr2 — Crl
transition lasts for a few minutes (up to 440 s). After melting of the crystal phase, the
texture of N resembles that of Crl. The phase transition temperatures, obtained as an
average over three cooling/heating cycles, are Iso (355 K) N (288 K) Cr2 during cooling
and Cr2 (287 K) Crl (337 K) N (356 K) Iso during heating. The results from three cycles
agree with each other within 1 K, except for the Cr2/Cr1 transition temperature, which is
291, 282, 288 K for the first, second and third cycle, respectively. The melt crystallization
and Cr2/Crl transition occur at the same temperature region close to room temperature.
The schlieren textures collected during slow cooling at 1 K/min in the range of the Iso —
X — N transitions (Figure 4) show only changes in color, while observed defects are the
same. The four-brush disclination, indicated by an arrow in the top-left corner of a tex-
ture collected at 355.4 K, is visible down to 343 K, which is well below the X — N transi-
tion. Such a defect indicates uniaxiality of the N phase [8]. Thus, the X — N transition
cannot be the transition between the uniaxial and biaxial nematic phases.
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Figure 3. POM textures of 50S5 collected during cooling (a) and heating (b) at a 5 K/min rate, with
the corresponding results of numerical analysis in the TOApy program. Each texture shows an area
of 622 um x 466 um.
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Figure 4. POM textures of 50S5 collected during cooling at a 1 K/min rate, with the corresponding
results of numerical analysis in the TOApy program. Each texture shows an area of 622 pm x 466
pm.

3.3. Structural Study by XRD

Only one crystal phase is observed in the XRD patterns of 50S5 (Figure 5), as the
positions of the diffraction peaks are the same both for the pristine sample and for the
crystal grown from melt. The differences in the relative intensities of the peaks are caused
by the effect of the preferred orientation of crystallites. The Rietveld refinement [36],
performed for the patterns of the crystal phase grown from melt (Figure 6), shows that
the observed crystal phase is the same as the monoclinic one reported for a single crystal
in [17]. The coordinates of non-hydrogen atoms and their isotropic thermal coefficients
were fixed to values from [17]. The hydrogen’s coordinates were generated in the Avo-
gadro program [30] and their isotropic thermal coefficients were assumed to be the same
as the corresponding carbon atoms. The fitting parameters were the lattice constants,
angle, scale factor, zero of diffractometer (systematic shift in 20), half-width of the peaks
and preferred orientation (selection of the [101] direction gave the best fitting results). For
the pristine sample, the preferred orientation, probably in the [100] direction, was so
strong that we were unable to perform a satisfactory Rietveld refinement. Instead, the Le
Bail fitting [37] was applied, where the peak intensities are treated as fitting parameters
and are not calculated from the atomic coordinates. The determined parameters of the
monoclinic unit cell are presented in Figure 7. Although the values obtained by the Le
Bail fitting have smaller uncertainty bars, the results of the Rietveld refinement are
treated as more reliable because in the latter method, the peak intensities are based on the
experimental crystal structure. This is supported by the fact that the unit cell parameters
reported for a single crystal in 295 K in [17] are in better agreement with the results of the
Rietveld refinement than with the Le Bail fitting (with the exception of the § angle).

The results of the linear fits to the lattice parameters are presented in Table 2. All
lattice constants 4, b, ¢ increase with increasing temperature; however, the  angle also
increases, therefore the coefficients of thermal expansion (CTEs) do not have to be posi-
tive in all directions. The PASCal program [23,24] was applied to calculate the relation-
ship between the principal strain axes x, y, z and the axes of the monoclinic unit cell 4, b, ¢,
as well as to obtain CTEs (Table 3):

a; = %(%:) - 1), @

where L; and L;, are lengths along the i = x, y, z directions at temperatures T and 0,
respectively. Only the results from the Rietveld refinement for the patterns collected on
heating from 263 K to 335 K were used. The x principal axis is approximately parallel to
the shorter diagonal of the ac-base ([110] direction) and the corresponding CTE is nega-
tive but very close to zero, a, =-7.5(6.5)-10/K. The y axis is oriented along the b crys-
tallographic axis and the CTE along this direction has an intermediate value, a, =
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75(3)-10¢/K. The largest CTE, a, = 226(5)-10/K, is along the z axis, which is approxi-
mately parallel to the longer diagonal of the ac-base ([110] direction). These results mean
that the increasing temperature leads mainly to increasing distance between long mo-
lecular axes in the 50S5 crystal, the same as for previously investigated 7OS5 [14].
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Figure 5. X-ray diffraction patterns of 50S5 collected during the 1st heating of a pristine sample (a),
heating after direct cooling at 5 K/min from 365 to 263 K (b), cooling from 365 K in the 20 = 2-30°
range (c) and slower cooling from 365 K in the 20 = 2-8° range (d). The wide maximum at 20 = 7° is
a background contribution. The 20 values were corrected by the zero of the diffractometer deter-
mined from the Rietveld refinement for the crystal phase.
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Figure 6. Example of the Rietveld refinement for the diffraction pattern of 50S5 collected after slow
cooling to 298 K.
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Figure 7. Monoclinic unit cell parameters of 50S5: lattice constants (a—c), volume (d) and the  an-
gle (inset in (b)) as a function of temperature. Open points denote results obtained by the Le Bail
fitting for the pristine sample, and solid points denote results obtained by the Rietveld refinement
for the crystal formed from the melt. The linear fits to the experimental points are shown. The en-
larged solid circles refer to the lattice parameters in 298 K after slow cooling and were excluded
from the linear fits.

Table 2. Results of linear fits to the monoclinic unit cell parameters of 50S5 as a function of in-
creasing temperature, determined by the Le Bail fitting for the pristine sample and by the Rietveld
refinement for the crystal grown from melt.

Pristine Sample Crystal Grown from Melt
Parameter
Intercept Slope Intercept Slope
a 18.61(5) A 0.0042(2) A/K 18.99(3) A 0.00279(7) A/K
b 5.32(6) A 0.0010(2) A/K 5.476(4) A 0.00041(2) A/K
c 19.6(2) A 0.0026(5) A/K 19.39(2) A 0.00290(7) A/K
B 98.8(4)° 0.021(2)°/K 102.0(2)° 0.0119(7)°/K
1% 1947(33) A3 0.8(1) A3/K 1974(5) A3 0.64(2) A3/K

Table 3. Matrix of transition between the unit cell axes 4, b, ¢ and principal axes x, y, z, and the
coefficients of thermal expansion along the principal axes calculated in PASCal based on results of
the Rietveld refinement for the crystal phase of 50S5.

Principal Axis a b c a; [10-¢/K]
X 0.7298 0 0.6837 -7.5(6.5)
y 0 -1 0 75(3)
z -0.6880 0 0.7257 226(5)
\% - - - 295(8)

The short-range positional order in the N and Iso phases appears in XRD patterns as
a wide maximum with a center at 20 = 20°. If the patterns are plotted as a function of the
scattering vector g, the relationship with the 26 angle of which is as follows:
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a=—" )
then the wide maximum is described by the Lorentz function [1,38]:
A
1(q) = VT + Bq + C. 3)

The position of the maximum qo is inversely proportional to the average distance w
between molecules: go = 21t/w and the half-width of the maximum is inversely propor-
tional to the correlation length & of the short-range order. The A parameter is the height
of the maximum, while B and C are the slope and intercept of the linear background. The
w and & values obtained for 50S5 are shown in Figure 8. The w distance both in the N and
Iso phases increases slowly with increasing temperature in the 4.39-4.56 A range with the
slope of 0.00252(9) A/K and it is interpreted as the average distance between the long axes
of molecules (or the width of a molecule) [1,38]. There is no significant step in w at the
transition between N and Iso, while this is noticeable for the correlation length, which
decreases by ca. 0.4 A after transition to the Iso phase. Both in N and Iso, the & values
decrease with increasing temperature with slopes equal within uncertainties, —0.013(2)
A/K and -0.009(3) A/K, respectively. In the N phase, & has values in the 3.90-4.81 A
range, while in Iso it is only 3.55-3.72 A. The small correlation length indicates that there
are only next-neighbor positional correlations between molecules in a direction perpen-
dicular to their long axes.

In the nematic phase, the positional short-range order in the direction parallel to the
director results in a diffuse maximum in the low-angle region. The position of this peak is
related to the length of molecules and the half-width is inversely proportional to the
parallel correlation length, which is much larger than the previously discussed correla-
tion length in a direction perpendicular to the director [1]. In the XRD patterns of 50S5
collected in the 20 = 2-30° range (Figure 5a—c), this maximum was in general not visible.
Only in 303 K one could notice an additional intensity over the low-angle background
after comparison with the patterns of the Iso phase. This is why the slower XRD meas-
urement in the low-angle region, described as procedure (d) in Section 2, was necessary.
The representative patterns obtained in this measurement are shown in Figure 5d. The
low-angle peak in the N phase is much stronger than in the previous results because the
sample had more time to align. The high background at low angles was removed by
subtracting the pattern collected in the Iso phase, as it is presented for 345 K. The diffuse
maxima from the short-range order are described by the Lorentz function; however, the
fitting of Equation (3) to the low-angle maximum for 50S5 did not give proper agree-
ment. This indicates that the resolution of the diffractometer and the short-range order
give comparable contribution to the peak’s overall shape. Because of this, the low-angle
peak was fitted with the pseudo-Voigt function, which is a sum of the Lorentz and
Gaussian peaks, and the correlation length in the direction parallel to the director was not
determined. The parameter which was obtained from the peak’s position is the charac-
teristic distance [ (inset in Figure 8). The [ distance evolves with temperature: just be-
low the Iso/N transition, it decreases on cooling and has a minimum of 25.6 A at 340-343
K, then increases with decreasing temperature and has a constant value of 26.0 A below
323 K. The orientational order parameter in the N phase is expressed as [2,39]:

1
S = 5(3cosz<p —1), (4)

where ¢ is the angle between the long molecular axis of each molecule and the director,
and the averaging is over all molecules. As the orientational order parameter in the N
phase is lower than 1, the [ value is expected to be smaller than the molecular length.
Based on the crystal structure, the length of the 50S5 molecule is 25.22 A [17]. Mean-
while, the experimental [ distance is equal to 25.6-26.0 A, which exceeds slightly the
molecular length. The isolated molecule optimized by the DFT method (Figure 9) is
slightly longer, 27.0 A, where the molecular length is calculated as the maximal H-H
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distance plus the non-bonded H-H contact distance 2.2 A from [40]. Still, it leads to un-
usually high values of the order parameter in the N phase, S = 0.85-0.89. The possible
explanation is the presence of molecular associations [41]. For 50S5, these can be dimers
formed via weak hydrogen bonds, which was tested using molecular models optimized
by the DFT method. Two examples of dimers are presented in Figure 9. The starting
model was the 50S5 molecule with atomic coordinates determined from the sin-
gle-crystal X-ray diffraction results [17]. The numbering of atoms in Figure 9a is the same
as in [17]. The C(26)-H(26)...0(1) hydrogen bonds present in the crystal phase involve
neighbors in the b-direction, between the aromatic ring from one molecule and the C=O
group from another molecule. This was the basis for the optimization of the head-to-head
dimer (Figure 9b). During optimization, the C(26)-H(26)...0(1) bond was preserved and
another C(8)-H(8)...O(2) bond was formed between molecules. The length of the
head-to-head dimer is 28.5 A. This corresponds to the ¢ angle equal to 23.8-26.0° and
the orientational order parameter of 0.71-0.76, which is within the range of S = 0.3-0.8
obtained experimentally for other compounds in the nematic phase [1,42,43]. The in-
creased [ distance in 348-353 K indicates that other types of dimers may be present at
higher temperatures. It also suggests that the X phase may be a nematic phase, only
formed by other dimers than in lower temperatures. A head-to-tail dimer (Figure 9c) was
prepared based on the hydrogen bonds present in the crystal phase of the 70OS5 homo-
logue [14]. This dimer is formed by two C(27)-H(27)...0O(1) bonds between the alkyl chain
and the C=O group and after optimization it has a length of 34.5 A, which corresponds to
@ =41.0-42.1° and S = 0.33-0.36, close to the bottom value observed for other nemato-
genic compounds [1,42,43]. The energy of a dimer in Figure 9c is larger by 10.2 kJ/mol
(mol of molecules, not dimers) than the energy of a dimer in Figure 9b. The presented
dimers are only examples; however, based on the XRD results, it can be assumed that the
fraction of longer dimers decreases with decreasing temperature. It explains the initial
decrease of | just below the clearing temperature. The further increase of | below 340 K
is caused by an increasing order parameter.

48} : 148
1
46} : 14.6
1
1
441 : 144
1
— Azt | {42 _
z | Z
= gt : I
< 258 . A
38F= % | {38
- :
300 310 320 330 340 350 :
34b TIK] : {3.4

290 300 310 320 330 340 350 360 370
TIK]

Figure 8. Average distance w between long axes of molecules and correlation length & of the
short-range order in the N and Iso phases of 50S5 as a function of temperature. The inset shows the
average distance between short axes of molecules in the nematic phase. The solid lines denote the
results of linear fits and the dashed line indicates the Iso — N transition temperature.
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dimers formed via hydrogen bonds. The geometry optimizations were carried out with the
DFT/B3LYP-D3(B])-def2TZVPP method.

4. Summary and Conclusions

The phase transitions of  liquid crystalline S-(4-pentylphenyl)
4-(pentyloxy)benzothioate (50S5) were investigated by X-ray diffraction and comple-
mentary methods. The additional X phase was detected in a narrow temperature range
between the isotropic liquid and nematic phases. The achirality of molecules and their
rod-like molecular shape make the presence of the blue phase or the transition between
the regular and twist-bend nematic phases very unlikely. The texture observation ex-
cluded the transition between the uniaxial and biaxial nematic. For the temperature de-
pendence of the low-angle diffuse maximum in the nematic phase, let us hypothesize that
the X — N transition is related to the change in a building block, i.e., the types of dimers
present in the nematic phase. The X phase is likely to be a nematic formed mainly by
longer dimers, while the N phase is a nematic formed mainly by shorter dimers. The XRD
patterns confirmed the presence of one crystal phase, for which the coefficients of thermal
expansion were determined. In the POM observations, the transition between the crystal
phases was clearly visible during heating, which was not observed by any other method,
the DSC thermograms indicating only some recrystallization effects. Apparently, in the
thin sample placed between two glass slides, used in texture observations, the melt
crystallization leads to the metastable crystal phase, and transition to the stable crystal
phase investigated by XRD occurs via cold crystallization during heating.
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