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Abstract Molecular dynamics (MD) simulations com-
bined with temperature-dependent IR spectroscopic mea-
surements were used to study phase transitions in molec-
ular crystals of the mesogenic diol 4,4’ -bis(11-hydroxy-
1-undecyloxy)biphenyl. DSC measurements revealed
four phase transitions in this molecular crystal at
~327.1K, 389.8K, 419.1 K and 431.9 K. Analysis of the
dynamic tragjectories at temperatures of 300 K, 360 K,
400 K and 480 K revealed changes in conformation of
the mesogenic diol molecules and consequently changes
in crystal packing and crystal structure in the tempera-
ture range 300480 K and enabled us to understand the
mechanism of the phase transitions.
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Introduction

Liquid crystalline polymers can be obtained from specif-
ic monomers containing mesogenic rigid segments.
However, the problem in processing such polymersisthe
high melting point, sometimes exceeding the decomposi-
tion temperature. To decrease the phase transition tem-
perature, flexible chain spacers between the rigid meso-
genic segments are inserted. For more details about the
design of thermotropic liquid crystalline polymers see,
for example. [1, 2, 3, 4, 5, 6, 7, 8] Each modification of
the monomers leads to changes in the thermal and me-
chanical properties of the polymer systems. The investi-
gation of the structure and properties of monomers is
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therefore important for understanding the thermal and
mechanical behavior of the derived polymer systems.

Liquid crystalline polyurethanes based on mesogenic
diols and diisocyanates have been widely studied in the
literature. [5, 7, 8, 9] Recently, liquid crystalline (LC)
polyurethanes prepared from the mesogenic diol 4,4'-
bis(6-hydroxy-1-hexyloxy) biphenyl (D) and commercial
diisocyanates of various flexibilities were studied. [5, 8, 9]
In these polymers complex mechanical behavior, reflect-
ing the coupled response of the mesogenic groups to an
applied force, was found. Such behavior is interesting
from apractical point of view.

In the present work we investigate the mechanism of
the phase transitions in molecular crystals of the meso-
genic diol 4,4’ -bis(11-hydroxy-1-undecyloxy)biphenyl
(further denoted as D11), using a combination of molec-
ular dynamics simulations and temperature-dependent IR
spectroscopy. 4,4 -Bis(11-hydroxy-1-undecyloxy)biphe-
nyl is shown in Fig. 1 (atoms are labeled for analysis of
the bonding geometry at different temperatures). In are-
cent study the crystal structure of D11 was analyzed us-
ing a combination of X-ray powder diffraction, IR spec-
troscopy and molecular mechanics simulations. [10, 11]
The structure of molecular crystals of D11 is layered,
[10, 11] as one can see in Fig. 2a and b. Hydrogen bonds
between the OH groups mediate the interlayer bonding.
In contrast to similar molecules with shorter akyl
chains, 4,4'-bis(6-hydroxy-1-hexyloxy)biphenyl, in the
case of D11 (4,4 -bis(11-hydroxy-1-undecyloxy)biphe-
nyl) the interlayer network of hydrogen bondsis not reg-
ular because of the irregular C—-C-O—H torsion at the
ends of the alkyl chains. This irregularity leads to disor-
der in the layer stacking. [10]

An important finding was that DSC (differential scan-
ning calorimetric) measurements revealed four distinct
phase transitions (PT) in molecular crystals of D11 alone
[8, 9] (see Table 1): PT-I at ~327.1 K, PT-1I at ~389.9 K,
PT-11l at ~419.0 K and PT-1V at ~431.9 K. Qualitatively
similar thermal behavior observed for linear and cross-
linked polyurethanes prepared from diol D11 and molec-
ular crystals of D11 alone suggests that investigations of



Fig. 1 4,4’ -Bis(11-hydroxy-1-undecyloxy)biphenyl (D11)

Table 1 The temperatures of the phase transitions in molecular
crystals of 4,4’ -bis(11-hydroxy-1-undecyloxy)biphenyl deter-
mined by DSC measurements

Phase transition: PT-I PT-I1 PT-111 PT-IV

T(K) 327.1 389.9 419.0 431.9

structural changes in neat mesogenic diols can be impor-
tant for understanding the thermal properties of the cor-
responding polymers. Such an investigation has been
carried out in our recent study of the shorter D6 meso-
genic diol 4,4’ -bis(6-hydroxy-1-hexyloxy)biphenyl. [11]
Molecular dynamics simulations revealed the mecha-
nism of the phase transitions as a consequence of specif-
ic conformational changes dependent on temperature.

In the present case of the longer mesogenic diol D11
(4,4 -bis(11-hydroxy-1-undecyloxy)biphenyl), the ther-
mal behavior is more complicated (four phase transition
temperatures have been found) and our present investi-
gation will be focused on the changes in crystal packing
and unit cell dimensions induced by changes in the con-
formations of D11 molecules in the temperature range
~327.14319K.

Experimental
Synthesis of 4,4’ -bis(11-hydroxy-1-undecyloxy)biphenyl
Molecular crystals of 4,4’-bis(11-hydroxy-1-undecyl-

oxy)biphenyl were prepared at the Institute of Macromo-
lecular Chemistry, Czech Academy of Sciences. The
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Fig. 2a,b View of the layered crystal structure of 4,4’-bis(11-hy-
droxy-1-undecyloxy)biphenyl. a Projection into ac plane. b Pro-
jection into bc plane

synthesis was carried out as follows: 4,4'-bis(6-hy-
droxy)biphenyl (0.03 ml) was added to a solution of
KOH (0.06 ml) in 200 ml of ethanol. After addition of
11-bromo-1-undecanol (0.09 mol) the mixture was
stirred for 72 h at 363 K. The product was filtered off
and the residue was recrystallized from a toluene/ethanol
mixture mixture (/2 by volume). After three re-
crystalizations a white solid product with an observed
melting point of 428429 K was obtained. Elemental
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Fig. 3 IR spectra at temperatures of 300 K, 380 K, 410 K and
441 K: a in the range 20004000 cm; b in the range 650—
1650 cm1

analysis for C;,Hz,0, showed found/cal culated values of
77.40/74.51 wt% C and 10.17/10.32 wt% H. 4,4’ -Bis(11-
hydroxy-1-undecyloxy)biphenyl is shown in Fig. 1.

IR spectroscopic measurements

Vibrational spectra represent a very useful tool for the
investigation of structural phase transitions in molecular
crystals. Analysis of changes in vibrational modes helps
to reveal the mechanism of phase transitions. (See for
example. [12]) In the present work we use the analysis of
vibrational spectra measured at different temperatures to
support the conclusions derived from DSC measure-
ments and modeling. The temperature dependence of the
absorption spectra of 4,4’-bis(11-hydroxy-1-undecyl-
oxy)biphenyl was measured in the range 300441 K, on
acommercial Fourier transform spectrometer Bruker |FS
66/S. All spectra in the range 5004000 cm! with
2 cml spectral resolution were obtained from com-
pressed KBr pellets in which the samples were evenly
dispersed. Two hundred scans were used to record each
FTIR spectrum. The spectra were corrected for the H,O
and CO, content in the optical path. The samples were
electrically heated in a vacuum chamber with KBr win-
dows. The pressure inside the chamber was 0.5 Pa. The
temperature was measured using a copper—constantan
thermocouple pressed against the sample.

The heating and cooling of samples was repeated
twice and all spectral changes observed as a function of
temperature were reproducible. The measured spectra for
four different temperatures, 300 K, 380 K, 410 K and
441 K, are shown in the Fig. 3a (in the range 2000~
4000 cmr1) and in Fig. 3b (in the range 650-1650 cm1).
The temperatures of spectroscopic measurements were
chosen to catch the changes during phase transitions
PT-1-1V (see above), where the phase transitions PT-111
and PT-IV are so close on the temperature scale that
neither spectroscopy nor molecular dynamics could dis-
tinguish between the processes accompanying this transi-
tion.

Strategy of dynamic simulations

The initial model for dynamic simulations was built ac-
cording to the crystal structure data for 4,4’ -bis(11-hy-
droxy-1-undecyloxy)biphenyl published by van Lange-
velde et al. (1999). [10] The crystal structure is triclinic,
space group P1, with unit cell parameters a=68.71 A,
b=7.43 A, c=6.36 A and 0=90.0°, B=88.53° and
y=89.57°. Dynamics simulations were carried out using
the Cerius2 modeling environment. Molecular dynamics
(MD) calculations were performed on a periodic model
(in the space group P1) and in an NPT ensemble (con-
stant pressure/constant temperature dynamics) for 100 ps
at four temperatures. 300 K, 360 K, 400 K and 480 K.
The temperature was kept constant by a Berendsen ther-
mostat. [13] The time step used in quenched dynamics
was 1 fs(0.001 ps). In quenched dynamics the periods of
the dynamics are followed by a quench period in which
the structure is minimized (1000 steps of dynamics be-
tween quenches and 100 minimization steps in quench-
es). The potential energy was calculated using the
pcff_300 force field, developed for polymers. [14]
Atomic charges were calculated using the Qeg method
(charge equilibrium approach). [15] The simulations
were carried out with complete translation freedom for
al atoms. MD tragjectories of the system were generated
with a time step of 0.001 ps over a period of 100 ps
under the conditions described above.

Gavezzotti recently described [16] the application of
MD simulations in the structural description of the melt-
ing process at a molecular level. The present analysis of
the dynamics simulations and the interpretation of the re-
sults followed the concept of Gavezzotti. However, in
addition to the structure of the molecules, we pay special
attention to the consequences of the conformational be-
havior for the crystal packing.

Results
Results of IR spectroscopy

The temperature dependence of the IR spectra (see
Fig. 3a and b) exhibits changes, which will be analyzed



Table2 Average values of the torsion angles & and the total
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on temperature; dy; is the basal spacing (periodicity in direction

length d(C,;—C';;) of the molecule characterizing the bonding ge-  perpendicular to the molecular layers), characterizing the thick-

ometry of 4,4'-bis(11-hydroxy-1-undecyloxy)biphenyl dependent

ness of molecular layersin the crystal

300K 360 K 400 K 480K
3(H-0,~C1,—Cy0) ~148(12) +139(18) ~161(25) —126(40)
3(Coyg-Ciy1-O1—Cy) ~26(13) -162(13) +23(20) —2.6(28)
d(C,—C1, 36.4 37.2 36.7 35.4
o 77.4 80.6 60.5 69-84
;;“P;ﬁggshg crysta Bviodl  Stuctureparameter 300K 360 K 400K 480 K
volume V and density p at
temperatures before and after g Eﬁg 722 823 Ggg 83—795
phase transitions PT-I-PT-1V c (&) 5:1 6:2 6:5 5:1
a (%) 89.9 89.7 90.6 90.3
B () 76.5 67.9 91.5 52-63
y(° 89.5 94.6 87.6 93.7
V (A3) 3380 3095 3247 -
p (g/lcmd) 1.033 1.132 1.042 -
with respect to the phase transitions in three temperature 300 K 360 K 400 K 480 K

ranges:

1. 300-380 K corresponding to the phase transition PT-I
at 327.1K

380410 K corresponding to the phase transition
PT-11 at 389.9 K

410441 K corresponding to the phase transitions

PT-111+IV at 419.0 and 431.9 K

2.
3.

Comparing the IR spectra at 300 K and 380 K in Fig. 3a
and b, one can see the shift of a broad band between
3000 and 3600 cm-1 corresponding to the v(OH) stretch-
ing vibrations of associated hydroxyl group to higher
wavenumbers. This shift indicates the partial release of
interlayer hydrogen bonds due to the increasing vibra-
tions and distortions of chain ends. This effect also leads
to broadening and profile changing of the bands corre-
sponding to the symmetric and anti-symmetric v(CH.)
stretching modes between 2800 and 2950 cm, the de-
formation &(CH,) and 8(O—CH,) vibrations of methylene
groups at 1463-1475 cm-1 and the rocking p(CH,) vibra-
tions between 720 and 730 cm-1. The increasing ampli-
tude of vibrations of the chain ends also results in a
change of intensity ratio of the split band at 1240
1280 cm-1 probably corresponding to the asymmetric
v(C,—0O-C) stretching vibration and in-plane deforma-
tion B(OH) and of the band at about 1050 cm! of the
v(C-OH) stretching vibration. [17] Comparison of the
IR spectra at 380 and 410 K shows the growing changes
described above, whereas the character of the changes
remains the same as in the previous temperature range.
The marked broadening and smoothing of vibration
bands at 441 K indicates the pre-melting stage. The ap-
pearance of a new maximum at about 3600 cm-1 corre-
sponding to the monomeric hydroxyl stretching band
strongly support this idea.

%é
:

Fig. 4 Four characteristic snapshots extracted from dynamics tra-
jectories at temperatures of 300 K, 360 K, 400 K and 480 K,
showing the main characteristic features of the conformations at a
given temperature

Results of MD simulations

The temperature dependence of the conformational be-
havior of D11 is illustrated in the Fig. 4, where one can
see the characteristic snapshots extracted from the equi-
librium part of the dynamic trajectory at temperatures of
300, 360, 400 and 480 K. Table 2 summarizes the most
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Fig. 5 Arrangement of the biphenyl rings of D11 in the unit cell
and the shape of the unit cell at the following temperatures:
a300K; b 360K; c400K; d 480 K

striking features of the temperature changes in the bond-
ing geometry. Changes in the crystal structure parame-
ters induced by the changes in the conformation of D11
are summarized in Table 3. The values in both tables
were calculated as average values over the equilibrium
part of the dynamic trgjectory. The values in parenthesis
represent the average vibration amplitude. The changes
in crystal packing during phase transitions are illustrated
in Fig. 5a-d, where one can see the position and mutual
orientation of the biphenyl rings in the unit cell at tem-
peratures of 300, 360, 400 and 480 K.

Comparing the first and second columns in Table 2,
one can see the significant change in the torsion angles
O(H-O0,—C;1;—C,p) and &(C,¢—C,10-0,—C,) during the
first phase transition PT-I (at 327.1 K). This means that
this phase transition is accompanied by the change in the
torsion angle of the chain end and in the mutual orienta-
tion of the biphenyl rings and aliphatic chains. These
changes in conformation result in changes in the molecu-
lar lengths measured as the distance between the termi-
nal carbon atoms C;; and C,;. The elongation of the

molecule length is accompanied by an increase of layer
thickness.

These changes (illustrated in Fig. 4) are in agreement
with the results of IR spectroscopy. As a result of the
increasing distortions of the chain ends, the network of
interlayer hydrogen bonds becomes partialy broken and
this effect is manifested by the shift of the band corre-
sponding to the v(OH) stretching vibration (3000—
3600 cml) to higher wavenumbers, i.e. to the band of
monomeric O—H groups. More evidence for the increas-
ing distortions in the C;;H,,0H chains is the broadening
and profile changing of al the bands corresponding to the
CH,, vibrations (see the results of IR spectroscopy). The
calculated changes in torsion angles d(H-O,—C;;—C,p)
and &(C,4—C,1-0,—C,) are observable in the IR spectra
as the changes in profile of the asymmetric v(C,—O-C)
stretching band and in-plane B(OH) deformation band
and of the band at about 1050 cm1 corresponding to the
v(C-OH) stretching vibration. The changes in molecular
shape during PT-1 result in the rearrangement of mole-
cules in the crystal structure and consequently in the
change in the structure parameters, cell volume and den-
sity, as one can seein the Table 3 and Fig. 5aand b.

The second phase transition PT-I1 at 389 K exhibits
the following characteristic changes in molecular shape
(compare the columns for 360 K and 400 K). The torsion



angle 8(H-O,—C,;,—C,,) again exhibits dramatic changes,
showing large changes in the distortion of the chain
ends and in the positions and orientations of the OH
groups. The pronounced change of the torsion angle
0(C,5—C410-0,—C,) again indicates alarge change in the
mutual orientation of the biphenyl ring and C;;H,,0OH
chain. These changes are accompanied by a shortening
of the molecule (C,,—C ;; distance) and a decrease of the
basal spacing dy,,, which corresponds to decreasing the
layer thickness.

The snapshot of D11 in Fig. 4 shows clearly the large
distortions of the C;H,,0OH chains at 400 K after the
phase transition PT-11, which results in the shrinking of
the molecule and consequently in a decrease of the layer
thickness. On the other hand, the rearrangement of the
molecules leads to a less dense crystal packing with a
higher cell volume at 400 K. The character of the IR
spectra at 410 K confirms the calculated changes. The
V(OH) stretching band (3000-3600 cm) is again shifted
to higher wavenumbers, indicating a continuing release
of interlayer hydrogen bonds. The broadening and
smoothing of the CH, vibrational bands indicates larger
distortions in the Cy;H,,OH chains. The profile change
in the asymmetric v(C,—O-C) stretching and the in-
plane B(OH) deformation band and of the band of the
v(C-OH) stretching mode agree with the changes in tor-
sion angles d(H-O,—C;;—C;o) and d(C,5C,10:—Cy)-
The changes in crystal packing and crystal structure in-
duced by the changes in the molecular shape are summa-
rized in Table 3 and illustrated in Fig. 5c.

The phase transitions PT-111 and PT-1V cannot be dis-
tinguished in the molecular dynamic simulations, as the
temperature difference of 12.9 K is too small with re-
spect to the temperature fluctuations along the dynamic
trajectory. The changes in structure are therefore ana-
lyzed in the temperature range 400480 K, which in-
cludes both phase transitions. The large vibration ampli-
tudes of torsion angles and large fluctuations in basal
spacing dy,; and a parameter indicate the premelting
stage, which is confirmed by the character of the IR
spectrum at 441 K (the presence of the band of mono-
meric hydroxyl groups and possible anharmonicity of vi-
bration). In this case the calculation of the cell volume
would lead to an erroneous value.

Conclusions

Dynamic simulations in combination with temperature-
dependent IR spectroscopy revealed the changes in
molecular and crystal structure of 4,4’-bis(11-hydroxy-
1-undecyloxy)biphenyl dependent on temperature in the
range 300480 K. MD simulations showed that the time
averaged values of bond length and angles are rather in-
sensitive to temperature within the range 300480 K
(their variations of ~0.03 A and max. 4.0° are within the
range of thermal vibration amplitudes). The most signifi-
cant and interesting changes dependent on temperature
are observed for torsion angles in the Cy;H,,OH chains
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and the mutual orientation of chains and mesogenic
group. These changes in the conformation of the mole-
cules result in changes in crystal packing and crystal
structure during the phase transitions. A similar mecha
nism of phase transitions has been observed in molecular
crystals of 4,4’ -bis(6-hydroxy-1-hexyloxy)biphenyl, [11]
where the same combination of rigid and flexible parts
of the molecule results in a similar layered crystal struc-
ture. In both crystal structures, 4,4’ -bis(6-hydroxy-
1-hexyloxy)biphenyl and 4,4’-bis(11-hydroxy-1-unde-
cyloxy)biphenyl, the layers are bonded via a system of
hydrogen bonds, which undergoes significant changes
during phase transitions as a result of chain distortions.
These changes are clearly observable in the IR spectra.
The structural changes at a molecular level enable us to
explain the mechanism of the phase transitions and to
understand the thermal behavior of the crystal structure
of 4,4’ -bis(11-hydroxy-1-undecyloxy)biphenyl.
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