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Polarizing optical microscopy is used to investigate the isothermal and non-isothermal crystallization of
the 3F6FPhF6 compound, which exhibits the smectic C* and smectic C} phases. A large hysteresis of
above 20 K in the smectic C* /smectic C phase transition is reported. The kinetics of non-isothermal
crystallization is analyzed by means of the continuous cooling transition diagram. The cooling rate
necessary for at least partial vitrification of the smectic C% phase is estimated. The relationship between
the thermodynamic driving force of crystallization and thermal energy of the translational degrees of

(2023)

freedom is shown to have a strong impact on crystallization.
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1. Introduction

Polarizing optical microscopy (POM) is an ex-
perimental method frequently applied in the inves-
tigation of liquid crystals, which also includes the
study of the kinetics of their crystallization [1-8].
The fraction of the crystal phase as a function of
time or temperature can be obtained as an area
of the POM texture covered by the crystal phase.
Moreover, the POM method enables the study of
the nucleation process, as the number of nuclei in
an observed area can also be determined from the
textures, as long as the size of separate nuclei is
not too small. It is important to understand the re-
lationship between the crystallization kinetics and
molecular structure of liquid crystals, as for practi-
cal use, one looks for compounds that are unlikely
to crystallize. For the 3FmFPhF6 homologous se-
ries (Fig. 1), changes in the length of the -C,,Ha,,-
chain have a significant impact on the tendency to
crystallization. The homologue with m = 5 crystal-
lizes upon slow cooling [9], but during faster cooling
with the rate of at least 10 K/min, it forms the glass
of the anticlinic smectic C¥% phase [8]. Meanwhile,
for m = 4 [6] and 7 [10], even the fast cooling at
20 K/min leads to crystallization.
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2. Experimental details

The synthetic route of the (S)-4’-(1-methyl-
heptyloxycarbonyl)biphenyl-4-yl 4-[6-(2,2,3,3,4,4,4-
heptafluorobutoxy )hexyl-1-oxy]-2, 3-difluoroben-
zoate compound, denoted as 3F6FPhF6, is
described in [13, 14]. The POM observations were
carried out with the Leica microscope for the
3F6FPhF6 sample in the AWAT electro-optic cell
with a thickness of 5 ym and with the polymer layer
providing planar alignment in the smectic phases.
Data analysis was performed in the TOApy [15]
and ImageJ [16] programs. The published results
for m = 6 [11, 12] imply that this homologue is
also unlikely to be a glassformer. Nevertheless,
the detailed study of crystallization of 3F6FPhF6,
presented in this paper, is necessary for comparison
with previously studied 3FmFPhF6 homologues
with m =4, 5, 7 [6-10].

3. Results and discussion

The POM textures collected during cooling and
subsequent heating at the 2 K/min rate were an-
alyzed using the “gray” algorithm of the TOApy
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Fig. 2. Selected POM textures collected during

cooling at 2 K/min (a) and results of the numerical
analysis of POM images for cooling (b) and subse-
quent heating (c) at 2 K/min. The scale bar denotes
100 pem.

program [15]. In this method of numerical analy-
sis, the textures are converted to grayscale, and the
average luminance of all pixels in each texture is cal-
culated. The luminance spans between 0 and 255.
The obtained phase sequence is Iso (387 K) SmA*
(385 K) SmC* (338 K) SmC% (316 K) Cr dur-
ing cooling and Cr (337 K) SmC?% (361 K) SmC*
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COOCOOC*H(CH3)CGH13 (S)

Molecular formula of the 3FmFPhF6 homologous series.

(385 K) SmA* (388 K) Iso during heating (Fig. 2),
where Iso is isotropic liquid, Cr — crystal, and
Sm — smectic A*, C*, or C%. The measurement
has been performed twice, and the average tem-
peratures are given. The differences between the
two cooling-heating runs are smaller than 0.5 K.
The exception is the temperature of crystallization,
which is 314.5 K for the first run and 317.5 K
for the second run. Despite the low 2 K/min rate,
the SmC*/SmC?* and SmC? /Cr transitions during
cooling are strongly shifted towards lower tempera-
tures compared to results from heating, by 23 K and
21 K, respectively. The supercooling of the SmC%
phase below the melting temperature of a crys-
tal is a common observation [5-8], while, to our
knowledge, such a strong hysteresis of the transi-
tion between SmC* and SmC? was apparently not
reported before for compounds with similar molec-
ular structure.

The change of the crystallization degree with time
is often described by the Avrami model, which in-
volves such parameters as the initialization time tg,
characteristic crystallization time 7, and the dimen-
sionless n, which depends on the rate of nucleation
and shape of crystallites [17-19],

X(t)=1—-exp (— (t_to)n). (1)

-
The Avrami model is appropriate for crystalliza-
tion that occurs at constant temperature (isother-
mal crystallization), although it often describes well
the degree of crystallization occurring during the
cooling or heating of the sample (non-isothermal
crystallization) [20]. In the second case, it can still
be used to obtain a reliable interpolation between
experimental X values and also to detect changes in
the crystallization mechanism [2]. The crystalliza-
tion rate is obtained by differentiation of (1) over

time,
o ((52)). o

dX(t)  n(t—to)" !
e
For non-isothermal melt crystallization, t —tg in (1)
and (2) has to be replaced by (To —T') /¢, where Tj
is the beginning temperature of crystallization and
¢ is a cooling rate [20]. Therefore,

X(T)=1-exp (— (T‘;_TT)”) : (3)

S E () e ()

n

n

dt

o



Application of Polarizing Optical Microscopy. . .

r[ @ o 309K B -
A A 311K 8
0.8 - g
o
06 2
) o/’
X e
04} o,
X
o s
’
02} ° X
o ¥
o Wy
" _
1 1 1 " 1 1 1
0 10 20 30 40 50 60 70
t[s]
Fig. 3. POM images collected during crystalliza-

tion in 309 K and degree of crystallization vs time
in 309 and 311 K. The uncertainty of crystalliza-
tion degree is estimated to be 0.01. The scale bar
denotes 200 pm.

In some cases, the crystallization process has two
stages [21, 22], characterized by different ¢y (or Tp),
7, and n. The overall crystallization degree is then
a sum [21]

X(t) = AX1(t) + (1 — A)Xao(2), (5)

where A is the fraction of a crystal that develops in

the 1st stage of crystallization. As the derivative of

a sum is a sum of derivatives, a similar formula can

also be applied to the crystallization rate, i.e.,
dX(t) dX;(t) dXs(t)

D ar +(1-A)———.

=A dt

(6)

In order to investigate the kinetics of crystalliza-
tion in isothermal conditions, the sample was cooled
with the 20 K/min rate from 393 K, i.e., from the
isotropic liquid phase to a given temperature T,
where the POM images were collected every 5 s
(Fig. 3). The observation of the isothermal crys-
tallization in various T, from the 309-315 K range
shows that 3F6FPhF6 crystallizes very quickly in
these conditions, as the total time of crystallization
is 45-195 s. For each temperature, the measurement
was performed twice. The number of crystallites in
the observed area is small: 3 or 5 in 309 K, 4 in
311 K, and 1-2 in 313, 315 K. When only 1-3 crys-
tallites are visible in the investigated area of the
sample, the results may not be representative for
the whole sample, therefore only one of the results
from 309 K and both from 311 K were analyzed with
the Avrami model. The initialization time was set as
to = 0. The characteristic time equals 7 = 26.7(2) s
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Fig. 4. POM textures during cooling with the 30
K/min rate. The scale bar denotes 200 pm.

in 309 K and 42.3(2) s or 38.8(4) s in 311 K. The ex-
ponent n equals 3.3(1) and 3.5(1), 3.4(2) for 309 and
311 K, respectively, which corresponds to isotropic
growth of crystals [19].

The beginning of crystallization is already ob-
served after cooling down to 309 K, therefore the
isothermal crystallization was not studied for lower
temperatures. To investigate the kinetics of crys-
tallization at larger undercooling, non-isothermal
POM observations were performed during cooling
from 393 K, with the 10-30 K/min rates, until
the complete crystallization was visible. For 10, 20,
and 30 K/min, the measurement was performed
twice. The textures collected during cooling with
the 30 K/min rate (Fig. 4) show the two-staged
character of crystallization. In the initial stage, the
number of observed crystallites IV is small and in-
creases to 5 between the beginning of crystallization
at ca. 311 K and 301 K. In the texture registered
at 298 K, the number of nuclei is already 18, and
in the next texture, from 296 K, there are 40 visi-
ble nuclei. Eventually, by the end of crystallization
in 286 K, 51 nuclei are counted. In the second run
with the 30 K/min rate, most of the crystallization
occurs in the second stage, and the final number of
nuclei is even larger, i.e., 72. The N(T) plots for
all cooling rates (Fig. ba) show that the increase in
the nucleation rate occurs below 300 K. The final
number of developed nuclei decreases with decreas-
ing cooling rate, as during slower cooling the crys-
tallization degree below 300 K is already high and
formation of new nuclei is less probable than for fast
cooling. Two stages of crystallization are also notice-
able in the temperature dependence of the crystal-
lization degree X (Fig. 5b) and crystallization rate
dX/dt (Fig. 5¢). As the separation of two crystal-
lization processes is easier for the dX/dt vs tem-
perature plot, where they are visible as two maxima
instead of two steps, (6) in temperature scale was
used to fit the experimental data. The fitting results
in Fig. 5b were then obtained by integration of the
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Fig. 5. Number of nuclei (a), crystallization de-

gree (b), and crystallization rate (c) vs temperature
during non-isothermal crystallization of 3F6FPhF6
for different cooling rates. For clarity, the uncer-
tainty bars (0.01 for crystallization degree and
0.004 s~! for crystallization rate) are drawn only
for 30 K/min, and in the (c) panel only the results
for representative cooling rates are shown. The lines
are the fitting results of the Avrami model.

fitting results for crystallization rate. For 12 K/min,
the beginning temperatures of both crystallization
processes were fixed to be equal, Ty; = Tpo, because
otherwise large uncertainties were obtained for some
parameters. For 10 K/min and 17 K/min, only one
crystallization process was clearly visible, thus (3)
was fitted for one-step crystallization. The exponent
n in all cases was fixed to 3, as it corresponds to
the symmetric shape of the dX/dt vs temperature
function for each crystallization process.

Next to the temperatures of the beginning of each
step of crystallization, Tp; and Ty, the character-
istic temperatures determined by fitting (3) or (6)
are the temperature T axrate, cOrresponding to the
highest rate of crystallization, and Tx—¢.9, which
is the temperature where the degree of crystalliza-
tion reaches 0.9. The latter temperature can be
determined with more precision than the temper-
ature at which the crystallization is completed. The
To1, T2, and Tx—_gg9 values for the cooling rates
of 10-30 K/min are inserted into the so-called con-
tinuous cooling transition diagram [23, 24|, which
shows the relationship between the temperature and
time during the experiment (Fig. 5). The beginning
of cooling from 393 K was chosen as the moment
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when t = 0. Regardless of the cooling rate, the
crystallization begins at roughly the same tempera-
ture; the Tp; values are scattered around 313.5(7) K,
while Tys, Timaxrate, and T'x—g.9 temperatures shift
to lower values with the increasing cooling rate.

The kinetics of crystallization depends on two
main factors: thermodynamic driving force, which
influences nucleation, and diffusion rate, which
influences crystal growth [25]. In the case of
3F6FPhF6, the crystallization process is investi-
gated in temperatures above 280 K, therefore it can
be assumed that the diffusion of molecules is fast
enough not to hinder the crystallization, and the
crystallization kinetics is controlled mainly by the
rate of nucleation. It is confirmed by the increase in
both the number of nuclei and the maximal crys-
tallization rate with the decrease in temperature
(Fig. 5). The thermodynamic driving force of crys-
tallization is related to the difference in the free en-
ergy AG of the SmC? and crystal phases, given
by the approximate formula AG = (T, — T)AS,,,
where T,, is the melting temperature of a crystal
phase, and AS,, is the entropy change upon melt-
ing [25]. The melting temperature of 3F6FPhF6 is
T,, = 335.8 K, and the enthalpy change upon melt-
ing is AH,, = 32.2 kJ/mol [14]. The correspond-
ing entropy change can be obtained as AS,, ~
AH,, /Ty, 69.1 J/(mol K). The free energy
AG increases with the lowering of the tempera-
ture, which facilitates the formation of stable nu-
clei. A decrease in temperature also corresponds to
a decrease in the thermal energy of translational de-
grees of freedom. In the isotropic liquid state, there
are three translational degrees of freedom, and ac-
cording to the equipartition rule, they are related
to the thermal energy equal to 3RT/2, where R is
the gas constant. In the smectic C* and C¥ phases,
there are only two translational degrees of freedom
— within the plane of smectic layers — because the
molecules are unlikely to travel from one layer to
another [26]. The (T}, — T)AS,, and RT/2 func-
tions intersect at 317 K, if one includes the T}, and
AS,,, values of 3F6FPhF6, which is only a few de-
grees above the average Ty, temperature. It suggests
that when the thermodynamic driving force exceeds
the thermal energy of one of the translational de-
grees of freedom, it “unlocks” the nuclei formation.
The intersection of AG and RT occurs at 300 K,
and below this temperature a rapid increase in the
number of nuclei is observed. Thus, if AG exceeds
the thermal energy of both translational degrees of
freedom, it leads to a significant increase in the nu-
cleation rate of 3F6FPhF6.

Although the vitrification of the SmC? phase of
3F6FPhF6 was not observed, one can use the CCT
diagram to estimate the cooling rate necessary to
obtain the glassy liquid crystalline state in the sam-
ple [23, 24]. For 3F6FPhF6, it is unlikely to obtain
the pure SmC?, glass because the first crystals are
observed at ca. 314 K regardless of the cooling rate.
However, one can consider the cooling rate neces-
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Fig. 6. Continuous cooling transition diagram of

non-isothermal crystallization of 3F6FPhF6.

sary to obtain at least a partially vitrified sample.
The Tyo and Thaxrate temperatures have a roughly
linear dependence in the CCT diagram, but their
values are too scattered for any extrapolations to
higher cooling rates. The situation is different for
Tx—0.9, which is very weakly scattered around the
linear fit (Fig. 6) and therefore can be used for re-
liable extrapolation. The glass transition temper-
ature T, of 3F6FPhF6 is unknown, and instead,
T, =~ 240 K for the neighbor 3F5FPhF6 homo-
logue [8] was used. It is assumed that T, does not
depend on the cooling rate because for 3F5FPhF6
no trend was observed [8]. The occurrence of crys-
tallization exactly at T, is unlikely due to the slow-
ing of the molecular movements, and for 3F5FPhF6
crystallization was observed at no lower tempera-
tures than about 10 K above T}, [8]. Taking it into
account in the extrapolation made for 3F6FPhFG,
one seeks the cooling rate for which the Tx—_gg
temperature is shifted down to 250 K. The esti-
mated cooling rate is 1000 K/min, which is one or-
der of magnitude higher than the rates applied in
the experiment. Because of that, the uncertainty of
this rate is significant, which is visualized by the
95% probability band drawn around the fitted line
(Fig. 6). Note that 1000 K/min corresponds to the
situation when the crystallization is stopped for the
crystallization degree equal to 0.9, therefore, even
for such fast cooling, 3SF6FPhFG6 is expected to crys-
tallize in most of the sample volume.

To seek for causes why the 3FmFPhF6 homo-
logues with m = 4, 6, 7 show a higher tendency to
crystallization than that with m = 5, one can calcu-
late at which temperatures the AG = (T,,,—T)ASy,
function intersects with the thermal energy of one
(RT/2) and two (RT) translational degrees of free-
dom (Fig. 7). The T}, and AS,, values from [14]
are used. The intersection points for m = 4,6 are
located at higher temperatures than for m 5,
which is in accordance with the observed slower
crystallization for m = 5. However, for m = 7, the
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Fig. 7. Comparison of AG = (T, — T)ASm [25],

with thermal energy of two translational degrees
of freedom within the smectic layers. The T}, and
ASy, values were taken from [24].

intersection points are located at an even slightly
lower temperature than for m = 5, which does not
agree with easier crystallization for m = 7. On the
other hand, the thermodynamic driving force is only
one of the factors contributing to the crystalliza-
tion kinetics. The relationship between the struc-
ture of the crystal and the preceding SmC?¥ phase
is also important [27], and at the same time, this
contribution cannot be simply predicted. The crys-
tal structures of 3SFmFPhF6 compounds have not
been solved yet, and even the arrangement of such
types of molecules in the smectic phases is a matter
of ongoing consideration [28]. Still, some structural
differences in the SmC? phase among 3FmFPhF6
homologues are visible in the temperature depen-
dence of the helix pitch: for m = 4,5 its value in-
creases with increasing temperature, for m = 6, it
is almost constant, while for m = 7, the decrease of
helical pitch is reported [14]. The same changes in
intra-molecular interactions, arising from changes in
the -C,,Ho,,- chain length, which lead to a differ-
ent helical structure of the SmC?% phase, may also
influence the formation of the crystal phase.

4. Conclusions

The smectic C% — crystal transition in the
3F6FPhF6 liquid crystal was investigated under
the polarizing optical microscope under constant
temperature conditions and during cooling with
the 2-30 K/min rates. The degree of crystalliza-
tion and number of nuclei were derived from the
POM images. The intersection temperatures of the
difference of the free energy between the smec-
tic and crystal phases AG with the thermal en-
ergy of the translational degrees of freedom in the
smectic phases were determined, and their impact
on the crystallization process was underlined. The
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nuclei formation was shown to occur faster when
AG exceeded the RT value, contributing to two
translational degrees of freedom, the third one hin-
dered by the presence of the smectic layers. It was
also shown, by comparison of the intersection tem-
peratures obtained for other homologues from the
3FmFPhF6 series (m = 4,5,7), that not all differ-
ences in their crystallization tendency could have
been explained by terms of the thermodynamic
driving force. The structural relationship between
the crystal and smectic C% phase was presumed to
be another cause of the observed difference in crys-
tallization kinetics of the 3FmFPhF6 compounds.
The interesting property observed for 3F6FPhF6 is
a significant hysteresis of the SmC*/SmC?¥ transi-
tion, which is shifted during cooling almost below
the melting temperature of a crystal phase. Thanks
to that, SF6FPhF6, although it easily crystallizes in
a pure form, may be considered as a component of
liquid crystalline mixtures intended to exhibit the
vitrified synclinic SmC* phase instead of anticlinic
SmC?.
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