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Dielectric relaxation processes in the supercooled antiferroelectric smectic C,* phase and crystallization
kinetics of two chiral fluorinated 5HF6 and 6HF6 compounds from the same homologous series are inves-
tigated. Fragility parameters are determined from the relaxation time of the a-process, including tyy
from the Havriliak-Negami formula and 7,.« denoting the position of the absorption peak. The coupling
coefficient ¢ between the characteristic time of isothermal cold crystallization and relaxation time of the

o-process is obtained. Despite similar values of the fragility index, the even 6HF6 homologue undergoes
cold crystallization much faster than the odd 5HF6 homologue, with significantly different ¢ coefficients.
Influence of the relaxation time of the Py process (anti-phase phason) in the smectic Co* phase on the
crystallization kinetics is presumed.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Compounds which have in their phase sequence the smectic C,*
(SmC,*) phase with a high tilt angle of 42-45°, named the ortho-
conic antiferroelectric liquid crystals (OAFLCs), are suitable for LC
displays because of their optical uniaxiality leading to a good qual-
ity of the dark state [1-3]. In order to find the optimal components
of the OAFLC mixtures, systematic studies of the chiral smecto-
genic compounds have been performed over years to find correla-
tions between their molecular structure and properties [4-10]. The
best choice are these compounds which exhibit the SmC,* phase in
a broad temperature range and which do not crystallize in the
room temperature.

This study includes two homologues, 5HF6 and 6HF6, from the
mHF6 series of fluorinated chiral liquid crystalline compounds
[5,6,10] (abbreviated also as 3FmHPhF or 3FmHPhF6), see Fig. 1.
The mHF6 compounds were used to prepare several orthoconic lig-
uid crystalline mixtures [6,11]. It has been also shown [10,12] that
mHF6 homologues with m = 5, 6, 7 exhibit the vitrified SmCy*
phase even for slow cooling. The kinetics of the cold crystallization
of 7HF6 was studied in details [13] and the dielectric spectroscopy
results for this compound enabled determination of the fragility
index my ~ 100 [12]. For 5HF6 and 6HF6, the dielectric spectra col-
lected down to 219 K did not permit determination of m; with a
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reasonable certainty. The aim of this paper is the study of the
dielectric relaxation processes in mHF6 (m = 5, 6) in low tempera-
tures, down to 173 K, including the o-process in the SmCa* phase
and the B-process in the SmC,* glass. We are going also to present
results regarding the crystallization kinetics of 5HF6 and 6HF6, and
discuss the influence of the -C,,H,,,- chain length on the glassform-
ing properties of these compounds.

Broadband dielectric spectroscopy (BDS), the main experimen-
tal method of this study, is used frequently in investigations of
the glass transition. From the BDS spectra one can determine the
temperature dependence of the relaxation times of various molec-
ular and collective processes in a studied material [14-18]. For the
liquid crystals with para-, ferro- and antiferroelectric properties,
the BDS method is helpful in identification of particular phases
[19-21]. Relaxation processes can be described by the Havriliak-
Negami formula in the frequency domain [22] or by the
Kohlrausch-Williams-Watts function in the time domain [23].
The relaxation process characteristic of glassformers is the o-
process [14-18]. The dielectric absorption peak of the o-process
plotted as a function of Inf has in most of cases an asymmetric
shape, wider at the high-frequency side. The temperature depen-
dence of its relaxation time 7, is usually non-Arrhenius and it is
described by the Vogel-Fulcher-Tammann formula
T4(T) = toexp(B/(T — Ty)) [14-18]. Based on the 1,(T) dependence,
one can determine the fragility index m; of the glassformer:
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COOCOOC*H(CH3)CGH13 (S)

Fig. 1. Molecular formula of the mHF6 compounds (m = 5, 6 in this study).
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where the glass transition temperature T, is defined as
T4(Tg) = 100 s [24]. Glasses with low my (strong glasses) are
expected to have a smaller tendency to crystallization than fragile
glasses with large my [25]. Experimental fragilities of the liquid
crystalline glassformers cover a wide range [12,26-34], from
mg = 16 (Arrhenius behavior of 7,) [26] to large fragilities up to
150 [30,31,33].

On the high-frequency side of the a-process, there is in some
materials the secondary B-process. The dielectric absorption peak
related to the B-process is very wide and usually symmetric in
the Inf domain. The relaxation time 7, has the Arrhenius depen-
dence on temperature [15-18]. The B-process can arise from the
movements of the whole molecules (genuine Johari-Goldstein pro-
cess) or from intra-molecular rotations (pseudo-JG process)
[35,36]. If the B-process is a genuine JG process, then the pre-
exponential factor 7o in the Arrhenius dependence of 7; and its
activation energy Ejg, as well as the n’ parameter of the KWW func-
tion describing the o-process, are expected to fulfill the equation
[37]:

E

R, 23032~ 13.70 — logy4To) )

In this paper, the BDS method is used to investigate the relax-
ation processes in the supercooled SmC,* phase and during the
cold crystallization of 5HF6 and 6HF6 in non-isothermal and
isothermal conditions. The characteristic time of isothermal cold
crystallization, determined using the Avrami model [38-40], is
compared with the relaxation time of the a-process to obtain the
coupling coefficient between them [41,42]. The BDS results are
completed with the X-ray diffraction (XRD) results which facilitate
the observation of transitions between the crystal phases after
non-isothermal cold crystallization.

2. Experimental details

The synthesis route of the mHF6 compounds is described in
other publications [5,6].

XRD patterns in the 20 = 2-30° range were collected for the sam-
ples in capillaries (borosilicate glass, diameter of 0.3 mm) with
Empyrean 2 (PANalytical) diffractometer using CuKo radiation
and Debye-Scherrer geometry. Temperature was controlled by
Cryostream 700 Plus (Oxford Cryosystems) attachment. The sam-
ples were heated to the isotropic liquid and cooled down to
173 K at 6 K/min, then the measurements were done on heating.
The collection of one diffraction pattern lasted ca. 14 min, includ-
ing temperature stabilization, and the rate of temperature change
between measurements was 6 K/min. Data analysis was done in
WinPLOTR program [43]. The systematic error in 20 was corrected
on the basis of the positions of the 1st, 2nd and 3rd order peaks
from the smectic layers at 173 K.

XRD pattern of the 6HF6 sample after melt crystallization at the
room temperature was collected for the flat sample with X'Pert
PRO diffractometer using CuKo radiation and Bragg-Brentano
geometry.

BDS measurements in the 0.1-107 Hz range were carried out on
Novocontrol Technologies spectrometer. The samples of ca. 70 pm
thickness were contained between gold electrodes. Dielectric spec-
tra were registered on heating to 333 K after fast cooling from the
isotropic liquid phase to 173 K. Afterwards, the isothermal cold
crystallization kinetics was investigated by cooling the melted
samples down to 173 K, heating up to a selected crystallization
temperature T, (251, 253, 255 or 257 K) and collection of the
BDS spectra in this temperature during crystallization. In all mea-
surements, the collection of a single BDS spectrum lasted ca. 6 min,
including the temperature stabilization, and the rate of tempera-
ture change between measurements was set to 5 K/min.

3. Results and discussion
3.1. Non-isothermal cold crystallization

3.1.1. XRD patterns

Diffraction patterns of 5HF6 and 6HF6 (Fig. 2) were collected on
heating after cooling the sample from 393 K (isotropic liquid) to
173 K (SmCp* glass). The characteristic distances d determined
from the low-angle diffraction peaks are presented in Fig. 3 (see
Fig. S1 in Supplementary Material for details). For both com-
pounds, a low-angle peak at 20 = 2.8-3.0° is related to the smectic
layer order [44]. This peak is visible between 173 K and the cold
crystallization temperature, and also above the melting tempera-
ture of a crystal. The glass softening at Ty ~ 230 K is very weakly
visible in the dependence of the integrated intensity of the peak
at 20 = 2.8-3.0° on temperature (Fig. 3). The beginning of the cold
crystallization of 5HF6 is observed at 253 K as arising of a sharp
diffraction peak at 20 = 17.2° (Fig. 2a). At 278 K, the Cr3 phase
melts and another crystal phase appears, denoted as Cr2, which
is indicated e.g. by arising of a peak at 20 ~ 4.1° (Fig. 2a, the trian-
gles in Fig. 3a). The peak at 20 = 2.9-3.0° increases in intensity dur-
ing the development of the Cr3 and Cr2 phases. The d value slightly
decreases in the temperature range of the Cr2 phase and increases
to the previous value in the Cr2 phase (the circles in Fig. 3a). It indi-
cates that the characteristic distance in the crystal structures of Cr3
and Cr2 is similar to the smectic layer spacing. In the XRD patterns
collected at 293 K and 298 K, another low-angle peak at 26 = 2.8-2.
9° appears, which is a sign of another crystal phase, Cr1, which co-
exists with Cr2 until melting (the rhombs in Fig. 3a). In the whole
temperature range of 253-298 K, where the crystal phases of 5HF6
are observed, there is a wide diffuse maximum at 20 ~ 19° related
to a short-range order in the smectic layers [44]. It means that the
crystallization of 5HF6 is not completed and some fraction of the
sample stays in the SmC,* phase. For 6HF6, the signs of cold crys-
tallization are also observed at 253 K. The characteristic peak of the
Cr3 phase is located as 20 = 5.7° (Fig. 2b). The low-angle peak at
20 = 2.8-2.9° increases in intensity in the temperature range of
the Cr3 phase (the circles in Fig. 2b), indicating that the character-
istic distance in the crystal structure of Cr3 is the same as the
smectic layer spacing. Another crystal phase, Cr2, has the charac-
teristic peak at 20 = 3.0°, observed in the 268-278 K range (the
rhombs in Fig. 3b). Finally, the Cr1 phase, with the characteristic
peak at 20 = 4.2°, develops at 278 K and the sample stays in the
Cr1 phase until melting.
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Fig. 2. Selected diffraction patterns of 5HF6 (a) and 6HF6 (b) collected on heating in the 173-333 K range. The temperature scale on right applies to both compounds.

Intensities are in the logarithmic scale.
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Fig. 3. Characteristic distances d (solid symbols) and integrated intensities I (open
symbols) determined from the low-angle peaks in the XRD patterns of 5HF6 (a) and
6HF6 (b). The glass transition temperature T, ~ 230 K was determined from the BDS
results.

3.1.2. BDS spectra
Analysis of the BDS spectra of 5HF6 and 6HF6 (Fig. 4) was done
by fitting the Cole-Cole [45] or Havriliak-Negami [22] formulas:
. Ag; iS
€ (f) =&x + Z ) ! a\b - (27Tf)n] (3)
j (l + (27‘51frHNj) 1)

where the shape parameters g;, b; between 0 and 1, dielectric
strength A¢; and relaxation time tyy; describe each relaxation pro-
cess, &, is the dielectric dispersion in a high-frequency limit and
the S, n; parameters describe the conductivity contribution at
low frequencies. While fitting the cr-I process in a crystal phase
of 6HF6 in the 283-309 K range, the contribution from the elec-
trodes’ capacity C/(27f)™, where C and n, are fitting parameters,
had to be included as well [14]. For b = 1 (Cole-Cole formula), the
distribution of tyy is symmetric in the Inf domain and its width
increases with increasing a. For b < 1 (Havriliak-Negami formula),
the distribution of tyy is asymmetric in the Inf domain, and the
relaxation time Tpeqx = 1/27f (€},,,), related to the maximal dielec-
tric absorption, is related to tyy obtained from fitting by formula
[15]:

e (50) () e

For b = 1, Tpeax = Tun. Most of the relaxation processes observed
for 5HF6 and 6HF6 are described by the Cole-Cole model (Figs. 5,
6). The only process with a significant asymmetry is the o-
process in both homologues and the fragility index can be derived
either from Tyy O Tper. When one uses the Havriliak-Negami for-
mula, it is more convenient to use tyy, however, in some compli-
cated BDS spectra it can be easier to determine T Moreover,
the Tpeq value always corresponds to the local maximum in &,
therefore it is not affected by the shape of the absorption peak,
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Fig. 5. Dielectric absorption of 5HF6 (points) and fitting results of Equation (3) (lines).

while tyy is. In this study, we are going to obtain m; from both
these characteristic times of the a-process and check to which
extent it affects the final result.

5HF6 and 6HF6 cooled down to 173 K after previous heating to
isotropic liquid are in the vitrified SmC,* phase. In the 173-230 K
range, the B-process is observed, which has a small dielectric incre-
ment of 0.4-0.5 (Fig. 4b) and a wide, symmetric shape of the
absorption peak. The relaxation time of the B-process decreases
with increasing temperature in the Arrhenius manner and the acti-
vation energy is equal to 81(2) kJ/mol and 73.7(5) kJ/mol for 5SHF6
and 6HF6, respectively (Fig. 4c). Similar activation energy values of
the B-process were obtained for the 5SHH6 compound [32] and also
for the W-1000 and W-356 mixtures containing 5HF6 as one of the
main components [34]. According to density functional theory
(DFT) calculations [32,34] (Table 1), one can assume that the B pro-
cess is not a genuine Johari-Goldstein process for the mX;X,6 com-
pounds and instead it is connected to correlated intra-molecular
rotations of the benzene ring and biphenyl, each of them with the
conformational energy barrier of 35 kJ/mol (results for 5SHF6) [34].

Above ca. 230 K, the a-process appears in the investigated fre-
quency range (Fig. 5a, 6a). Detailed analysis of the a-process was

done only for the BDS spectra collected below the temperature of
the beginning of cold crystallization: in the 235-253 K range for
5HF6 and 235-251 K for 6HF6. Fitting of the VFT formula to the
relaxation time of the o-process gives parameters presented in
Table 2. As it is shown in Fig. 4c, the relaxation time of the o pro-
cess obtained as tyy is longer than 7, at the maximum of the
dielectric absorption calculated using Equation (4). It leads to dif-
ferent fitting parameters of the VFT equation, especially B and
T~. However, the Ty and T, temperatures are not significantly
affected by the choice of the relaxation time. The glass transition
temperature of ca. 230 K agrees with the glass softening tempera-
ture determined by differential scanning calorimetry [10]. The dif-
ferences in my obtained from Tyy and Tpeq are at the level of 4 % for
5HF6 and 13 % for 6HF6. The fragility calculated from 7y is signif-
icantly smaller for 5HF6 than for 6HF6, which implies that 6HF6
should crystallize easier [20]. It agrees with the DSC results pre-
sented in Ref. 10, as 6HF6 exhibited cold crystallization during
heating with 3-20 K/min rates while 5HF6 remained in the super-
cooled SmC,* phase in the same conditions. On the other hand, the
my values obtained from 7, are equal within uncertainties for
both homologues, therefore the further analysis of 7, and the crys-
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Fig. 6. Dielectric absorption of 6HF6 (points) and fitting results of Equation (3) (lines).

Table 1

Experimental activation energy Ej; of the f-process compared with summed energy barriers for rotation of the benzene ring AEp, and rotation of biphenyl AEp,_p; obtained from
DFT calculations for the mX;X,6 compounds. The W-1000 mixture contains 5HF6 and 7FH6 in the weight proportions of 0.53: 0.47 [34].

Eg[k]/mol] AEpy[K]/mol] AEpy,_pp[k]/mol] AEpy + AEpy_py[K]/mol]
5HF6 81(2) 35 [34] 35 [34] 70 [34]
6HF6 73.7(5) - - -
5HH6 74.9(7) [32] 46.3 [32] 35 [32] 81.5
7FH6 - 40 [34] 35 [34] 75
W-1000 79.1(8) [34] - - -
Table 2
Fitting parameters of the VFT formula to the relaxation time of the a-process and the glass transition temperature T, and fragility index m; derived from them.
compound Ty 10g10(T/S) B[K] Tv[K] T¢[K] mg
5HF6 Tun(T) -8.9(3) 583(33) 206.7(6) 230.1(2) 107.1(1.0)
Tpeak(T) -10.1(1) 701(13) 204.0(2) 229.1(1) 111.0(4)
6HF6 Tun(T) -7.3(4) 359(36) 215.0(7) 231.7(4) 129.3(2.7)
Tpeak(T) —11.2(4) 817(56) 203.1(8) 230.1(3) 112.1(1.0)

tallization time is necessary. Regardless of the definition of 7,, the
fragility of 5SHF6 and 6HF6 is>100, thus they are classified as rather
fragile glassformers.

Using the shape parameters a and b in the Havriliak-Negami
formula (Equation (3)), one can estimate the n’ parameter of the

KWW function ¢(t) = exp(—(t/t,)' ™) [18] from the formula [46]:

)'* =1 -ab (5)

which gives the average value of n’ equal to 0.37(2) for 5HF6
and 0.35(4) for 6HF6. Recently, Rams-Baron et al. [47] have shown
that increasing n’ value is accompanied by the increasing correla-
tion length of the short-range order. The previous XRD study [10]
has shown that correlation length within the smectic layers is only
slightly smaller in 6HF6 than in 5HF6 (difference smaller than 1 A
in a wide temperature range), which agrees with similar n’ values.
After calculation of r’, it is possible to check whether the Equation
(2) is fulfilled for the studied compounds. The E,/RT, value equals
42.4 for 5HF6 and 41.6 for 6HF6, while the right-hand side equals
45.5-48.6 for 5HF6 and 43.1-47.8 for 6HF6, thus it is larger than
the left-hand side of Equation (2), which indicates again that the

B-process in this case is more probably a pseudo-JG process [36].
Relaxation processes observed in the SmC,* phase at higher tem-
peratures are in-phase phason P, with lower frequency and anti-
phase phason Py with higher frequency (Fig. 5b,c and 6c¢). These
relaxation processes, as well as the processes in the SmC* and
SmA* phases, were investigated in details and identified in [10].
The last process which requires interpretation is the o-process.
As it was shown in [20], the relaxation process arising from the
reorientations around the short molecular axes in the SmCa* phase
overlaps with the Pp process, therefore is has much lower fre-
quency than the a-process. It implies that the a-process in the
SmC,* phase is the more likely related to reorientations around
the long molecular axes. The origin of the a-process in the SmCx*
phase was discussed also in our earlier paper [34].

The cold crystallization of 5HF6 begins above 253 K, which is
visible as the decrease of A¢ of the a-process (Fig. 4b). The A¢ val-
ues of both processes reach a minimum at 267 K and at further
heating up to 279 K they increase to values observed before cold
crystallization. Such results are interpreted as partial cold crystal-
lization to the Cr3 phase, followed by melting of Cr3 to the meta-
stable SmC,* phase, as observed also in XRD results. Above
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281 K, dielectric increment of the a-process decreases again with
increasing temperature, which indicates the beginning of the
SmCa* — Cr2 transition. Similar evolution of A¢ with temperature
is observed for the Py process. The Cr2 — Cr1 transition, occurring
around 290 K according to the XRD results, is not visible in the BDS
spectra. The decrease of A¢ values is observed up to 300 K, above
this temperature Cr1 melts and the sample is in the stable SmC,*
phase. During melting, the dielectric increment of the Py process
increases while the a-process is not observed anymore as it shifts
above the upper frequency range. The only relaxation processes
appearing in the dielectric spectra of 5HF6 are these characteristic
of the SmC,* phase, no additional processes originating from the
crystal phases are visible.

For 6HF6, interpretation of the BDS spectra during cold crystal-
lization is more complicated, as there are two processes present in
the crystal phases. The beginning of cold crystallization is visible
above 251 K, where A¢ values of the o- and Py processes decrease
with increasing temperature (Fig. 4b) and at the same time two
new processes denoted as cr-I and cr-II appear (Fig. 6b). Above
267 K, the reappearance of the o- and Py processes is observed,
although their intensity does not reach the values obtained before
cold crystallization, which suggest only a partial melting. Accord-
ing to the XRD results, the cold crystallization of 6HF6 results in
co-existing Cr3 and Cr2 phases, with the Cr3 phase melting at ca.
268 K. Above 277 K, the a- and Py processes disappear and the
dielectric increment of the cr-I process increases, which is inter-
preted as the further development of the Cr2 phase. The
Cr2 — Cr1 transition may be related to a slight decrease of the
Ag of the cr-I process at 290 K. The relaxation time of the high-
frequency cr-II process is weakly dependent on temperature, while
for the low-frequency cr-I process, the relaxation time decreases
with increasing temperature (Fig. 4c). The relaxation processes
observed in the crystal phases of similar compounds were inter-
preted, based on DFT calculations, as intra-molecular rotations
(e.g. rotation of the benzene ring in the molecular core or bending
of the terminal chains) [32,33] and probably the same situation is
for 6HF6. The assignment to the particular conformational changes
cannot be done as the 7(T) dependences of the cr-I and cr-II pro-
cesses are too scattered and deviate too much from the Arrhenius
dependence to determine their activation energies.

During melting of the Cr1 phase at 317 K (Fig. 6e), two relax-
ation processes denoted as X-I and X-II are visible with relaxation
times 9.1-10 s and 8.7-107 s, respectively. Both processes disap-
pear after the Cr1 — SmC,* transition is completed. The X-I process
resembles the low-frequency processes observed previously for
pure mX;X;6 compounds and their mixtures [32,34], related prob-
ably to the inhomogeneities in the sample [48], in this case at the
crystal/smectic interface. The X-II process appears in the similar
frequency region as the Goldstone mode in the ferroelectric SmC*
phase of 5HF6 and 6HF6 in higher temperatures [10]. We suppose
that during melting of the crystal phase, where the interactions at
the crystal/smectic interface contribute significantly to the molec-
ular ordering, some fraction of the sample might exhibit a synclinic
order of the molecular tilt in the neighbor smectic layers (typical
for the SmC* phase), which would enable the appearance of the
Goldstone mode. After the thermodynamic equilibrium is set, the
whole sample exhibits the anticlinic order and only the P, and Py
processes characteristic of the SmC,* phase are observed (Fig. 6f).

3.2. Isothermal cold crystallization

3.2.1. Kinetics of crystallization

Crystallization degree X(t) is a fraction of a sample which is in a
crystal phase at time t. The X(t) dependence can be calculated from
the BDS spectra (Fig. 7a,b and Fig. S2 in SM) as [49]:
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g(t) — &, (6)

/ /
gstart - gend

X(t)=1-

where ¢'(t) is a dielectric dispersion at time t at a selected fre-
quency and &, &,,, is a dielectric dispersion at the same fre-
quency in the beginning and after crystallization, respectively.
For 5HF6 and 6HF6, the ¢'(t) values at f = 0.1 Hz were selected.
Next, the Avrami model [38-40] was used to describe the experi-

mental X(t) dependence:

X(t)=1—exp <— <t ;crt(’) n) (7

where n is the Avrami exponent and ty, T is the initialization
time and characteristic time of crystallization, respectively. To ana-
lyze the X(t) values from the BDS results (Fig. 7c), the Avrami for-
mula was used in the form:

In(—In(1 - X)) =nln(t —to) —nin e (8)

which enables determination of n from a slope and 7. from an
intercept of the line fitted to In(—In(1 — X)) vs In(t —t,) plot
(Table 3).

For 6HF6, the linear dependence in the Avrami plot for X
between 0.1 and 0.9 was obtained for all considered T. with
assumption of t, = 0. For 5HF6, a method presented by Avramov
et al. (2005) [40] was used to determine the initialization time.
In this method, t, is obtained as the initialization time for which
the derivative dX(t—to)/dIn(t —t;) has a peak value when
X=1-1/e =~ 0.632 [40]. The representative Avramov plot for
To = 257 K with the correct t, is presented in Fig. 7d, while
Fig. 7e shows the crystallization degree at the peak value of
dX(t —to)/dIn(t — to) for various choices of t,. The correct t, can
be determined from the parameters of the fitted line. The respec-
tive plots for other T, are shown in Fig. S3 in SM.

Next, the 7. and n values were obtained from the linear fits to
the Avrami plots (Fig. 7f). For 5HF6, the Avrami plots deviate from
the linear dependence in the beginning of crystallization, which
indicates that the mechanism of crystallization changes during
the development of a crystal phase. The Avrami exponent
n = 2.6-2.9 for 6HF6 is larger than n ~ 1.2 for 5HF6 and does not
depend significantly on T.. For the three-, two- and one-
dimensional growth of crystallites, the Avrami exponent is
expected to be 3-4, 2-3 and 1-2, respectively. In each case, the
upper value refers to the situation with the constant nucleation
rate and the lowest value - to the constant number of nuclei
[40]. During cold crystallization, it can be assumed that a consider-
able fraction of nuclei is already formed below T, therefore their
number at T, can be treated as approximately constant or increas-
ing very slowly during crystallization [50]. It means that for 6HF6,
the obtained n values can be interpreted as growth of anisotropic
crystallites (faster growth in two dimensions due to the flattened
shape of a sample), while for 5HF6, the n value close to 1 implies
1-dimensional growth of needle-like crystallites. 6HF6 crystallizes
faster than 5HF6 in the investigated T, range. As it is seen in
Table 2, 7, of 6HF6 (0.8-2.5 h) is much shorter than t, (1.7-
2.7 h) and 7 (2.4-4.3 h) of 5HF6 in the same T...

3.2.2. Evolution of BDS spectra

Collection of the BDS spectra during isothermal cold crystalliza-
tion was carried out until they were not changing anymore with
time. However, even in the last registered spectra some relaxation
processes are visible (Fig. 8 and Fig. S4, S5 in SM). For 5HF6 (Fig. 8,
upper panel), the dielectric strength of the o-process decreases
during cold crystallization but does not reach zero, therefore there
is still a remaining fraction of the SmC,* phase even after the crys-
tallization process slows down after several hours (Fig. 7c). The Tyy
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Fig. 7. Isothermal cold crystallization of 5HF6 and 6HF6 investigated by BDS: dielectric dispersion of 5HF6 (a) and 6HF6 (b) vs time during cold crystallization in 257 K;
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Table 3
Parameters of the Avrami model describing the isothermal cold crystallization of
mHF6 (m =5, 6).

values of the a-process increase with an increasing crystallization
degree but the 7,.q values decrease for X > 0.85, which is caused by
the increasing asymmetry of the absorption peak. For X > 0.5-0.8,

compound Te[K] to[s] Ter[s] n depending on T, a new process appears on the high-frequency
5HF6 257 6110(430) 8810(430) 1.18(1) side of the a-process. This new process is denoted as cr-process
255 6000(410) 11270(410) 1.22(1) and originates from the crystal phase. It was not observed during
253 7350(380) 12810(380) 1.17(1) non-isothermal cold crystallization (Fig. 4) probably because the
e ;g; 3860(400) ;ggg?](;l)cm) ;;gg;; fraction of a crystal phase in the sample was too small. The dielec-
255 0 4027(14) 2:83(3) tric increment of the Py process increases slightly during the initial
253 0 5993(18) 2.70(3) stages of crystallization (maximal A¢ for X = 0.1-0.2, Fig. 8b, upper
251 0 9093(28) 2.56(3) panel). Afterwards, the Py process decreases in strength but does
not disappear completely. The relaxation time of the Py process
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increases during the whole crystallization process (Fig. 8c, upper
panel). It might be related to the spatial confinement caused by
low-dimensional crystallites because it is not observed for 6HF6,
where the Avrami parameter is larger.

Different evolution of the BDS spectra occurs for 6HF6 (Fig. 8,
bottom panel). Although the Py process can be still noticed in the
last registered spectra for each T, its A¢ decreases by more than
two orders of magnitude during crystallization, therefore the frac-
tion of the remaining SmC,* phase is negligible. The relaxation
time of the Py process is constant during the almost whole crystal-
lization, except the last stage (X > 0.95) when 7 slightly decreases.
The diminishing a-process is strongly overlapped with the arising
cr-1I process, therefore they were fitted as a single process, which
led to the inflection in the Ag¢(X) and t(X) dependences for
X = 0.8-0.85. The cr-II process can be included in fitting only for
X > 0.9, as for the earlier stages of crystallization it is hidden in
the conductivity contribution.

3.2.3. Coupling between t, and T,

The characteristic time 7., of the isothermal cold crystallization
of 5HF6 and 6HF6 changes with the crystallization temperature T,
and the dependence is Arrhenius-like (Fig. 9a). The activation
energy determined for 6HF6 is equal to 106(3) kJ/mol. For 5HF6,
despite much larger 7 values, the activation energy is about two
times smaller and equal to 48(4) kJ/mol. As it was shown in Refs.
41 and 42, the crystallization rate/crystallization time is coupled
with the relaxation time of the a-process: T = 15, where ¢ is the
coupling coefficient. Such coupling is observed also for 5HF6 and
6HF6 (Fig. 9b). The slope of the In ., vs Int, plot does not depend
whether one chooses the Tyy Or Tpeq values of the a-process. The
coupling coefficient ¢ equals 0.64 for 6HF6, while for 5HF6 it is
much smaller and equals 0.26-0.27. The ¢ coefficient usually
increases with decreasing my; the empirical formula obtained in

95| 48(4) kJ/mol
w 20
Ny, 158
e
Cesl 106(3) kJ/mol
® 5HF6
e A BHF6

3.88 3.9 3.92 3.94 3.96 3.98 4
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Fig. 9. Arrhenius plot of the characteristic time 7., of cold crystallization (a) and
coupling between 7. and relaxation time 7, of the o-process (b).
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Ref. 41 based on numerous experimental data is
¢~ 1.1 —0.005ms. Using Equation (8) and the my values of 5HF6
and 6HF6 from Table 1, one obtains ¢ ~ 0.45-0.56 (with uncer-
tainty of 0.05 [41]), which, especially for 5HF6, differs from ¢ deter-
mined from the slope of the In 7., vs In 7, plot (Table 4). It can arise
from the fact that the empirical formula from Ref. 41 was based on
data for isotropic glassformers, while 5HF6 and 6HF6 form the
SmC,p* glass, which is anisotropic and possesses partial positional
ordering.

The obtained results show that the molecular mobility has a
more significant influence on the kinetics of cold crystallization
for 6HF6 than for 5HF6. Fast decrease of 7. with increasing T,
together with the coupling coefficient ¢ = 0.64 for 6HF6 imply that
the diffusion rate has a decisive role in the crystallization rate,
which is in agreement with an assumption of the constant number
of nuclei [49,50]. For 5HF6, both the activation energy and coupling
coefficient are smaller, indicating that the nucleation rate influ-
ences the crystallization kinetics more than for 6HF6, although
the diffusion rate has still a more prominent role. Nucleation rate
increases with the increasing thermodynamic driving force, which
can be estimated as AG =~ AS, AT, where AS,, is the entropy of
melting and AT = T,,, — T, is the undercooling [41,42]. Taking into
account the melting temperatures T, and enthalpy of melting AH,,
reported in Ref. [6] for the most stable crystal phases, we obtain
AG = 5.1-5.8 kJ/mol and 6.3-7.0 k]J/mol for 5HF6 and 6HF6, respec-
tively, in the 251-257 K range, and 8.3 kJ/mol and 9.3 kJ/mol at T,
=~ 230 K. Although cold crystallization in 251-257 K does not result
in the most stable crystal phases, their nuclei can be already
formed and serving as additional centers of heterogeneous nucle-
ation for less stable crystal phases. In that case, smaller AG for
5HF6 can result in the smaller number of nuclei during cold
crystallization.

At this point we would like to mention the previous results
[12,51] for the 7HF6 and 7FF6 compounds from the mX;X,6 family.
7HF6 is a glassformer while 7FF6 crystallizes on fast cooling of
20 K/min. Comparison of their BDS spectra revealed that the Py
process in the SmC,* phase (o-process was not observed for
7FF6) was characterized by the smaller relaxation time in 7HF6
than in 7FF6, which we suspected to be correlated with easier crys-
tallization of 7FF6. Fig. 10 shows the ratios of the relaxation times
of py and a-processes in 5HF6 and 6HF6. The relaxation time of the
Py process is smaller for 5HF6 than for 6HF6 and their ratio
decreases with decreasing temperature. Faster Py process in
5HF6 is correlated with larger crystallization time than for 6HF6,
which is in agreement with the previous observations for 7HF6
and 7FF6. At present it is not certain if this is a causal relation or
rather a correlation with a common origin, namely the intermolec-
ular interactions within the SmCx phase. However, our supposition
is that the faster Py process, which is a collective fluctuation of the
order parameter, decreases the probability of the formation of
stable nuclei of crystallization. The relaxation time of the o-
process, both Tyy and Tpea, is also smaller for 5HF6 at 245 K and
below, while above 245 K the results are scattered around 1. Faster
o-process in 5HF6 would be expected to increase the crystal
growth rate. However, from the results in Fig. 9b one can deduce
that the coupling between 7, and 7, is much weaker than for

Table 4
Coupling coefficient ¢ between 7., of the cold crystallization and relaxation time t,, of
the o-process.

compound Ty Intq vs Int, slope 1.1 - 0.005m;

5HF6 Tun(T) 0.26(4) 0.56(5)
Tpeak(T) 0.27(4) 0.54(5)

6HF6 Tun(T) 0.64(3) 0.45(5)
Tpeak(T) 0.64(2) 0.54(5)
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Fig. 10. Ratios of the relaxation times of 5HF6 and 6HF6 in the supercooled SmCp*
phase.

6HF6. Our interpretation is that a lower nucleation rate in 5HF6,
caused either by the smaller thermodynamic driving force and/or
by the faster Py process, leads to slower crystallization than for
6HF6, despite the slightly faster a-process in 5HF6.

The results for 5SHF6 and 6HF6 presented here together with the
previous results for the mHF6 series show that the length of the -
CnHom- chain influences strongly the ability of a given homologue
to form the SmC,* glass. 5HF6 and 6HF6 vitrify in the SmC,* phase
at low cooling rate of 3 K/min [10], as does the longer 7HF6 homo-
logue [12]. Among the homologues with the shorter -C,,H,,-chain,
2HF6 and 4HF6 show the crystallization during cooling at 3-20 K/
min (although for 4HF6, some fraction of the SmCx* phase vitrifies
during cooling at 15 and 20 K/min) [10]. 3HF6 is probably a glass-
former, as only a small fraction of the sample crystallizes during
slow cooling at 2.5 K/min down to ca. 263 K and a large exothermic
anomaly related to the cold crystallization is observed on heating
in the DSC scans [52]. The conclusion is that the tendency to form
the SmC,* glass by mHF6 homologues increases with the increas-
ing length of the -C,H;,- chain and, additionally, it is higher for
the odd homologues. The latter observation corresponds to the fact
that odd mHF6 homologues have a much wider stability range of
the SmC,* phase than even homologues [6].

3.3. Melt crystallization of 6HF6

The previous XRD results for 6HF6 [10] show that although this
compound exhibits the vitrified SmC,* phase on cooling, a small
fraction of the sample crystallizes when the cooling occurs very
slowly. It means that 6HF6 can undergo a melt crystallization. In
this study we show that 6HF6 crystallizes in isothermal conditions
after cooling to the room temperature. Fig. 11 shows representa-
tive photos taken during crystallization and the crystallization
degree, determined as the ratio of the sample area containing a
crystal phase and the total area of the sample [27]. The melt crys-
tallization was investigated for a substance in the sample holder
used in the XRD measurements, which enabled a visual observa-
tion. Analysis by the Avrami model, performed by fitting of the
Avrami formula in the form given by Equation (7), leads to values
n=2.7(1) and 7., = 3129(25) s. The initialization time was equal to
zero within the uncertainties of the fitting, therefore it was set to
zero before the final calculations. Optical observation of the whole
sample during crystallization allows to say undoubtedly that this is
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Fig. 11. Crystallization degree vs time for the melt crystallization of 6HF6 together
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Fig. 12. XRD pattern of 6HF6 after melt crystallization in the room temperature.

the 2-dimensional growth of crystals with a discoidal shape. Only
three crystallites are formed during crystallization, therefore the
nucleation rate is very low. It is in agreement with the correspond-
ing n value and it supports also the previous interpretation of the
Avrami exponent for isothermal cold crystallization. The XRD pat-
tern collected after the isothermal crystallization of 6HF6 in the
room temperature indicates the Cr1 phase (Fig. 12).

4. Summary and conclusions

Two mHF6 homologues (m = 5, 6), with different length of the -
CmHom- chain, were investigated with the BDS and XRD methods.
Both methods indicate the presence of three crystal phases for each
compound upon slow heating from the vitrified SmC,* phase. The
BDS method was applied also to compare the kinetics of isothermal
cold crystallization in 251-257 K. The characteristic crystallization
time of 6HF6 is much shorter than that of 5HF6, in the studied tem-
perature range. For both homologues the diffusion rate has more
impact on the crystallization kinetics than the nucleation rate,
however, for 6HF6 this impact is more significant than for 5HF6.
Additionally, the coupling between the characteristic crystalliza-
tion time and the relaxation time of the o-process in the SmCx*
phase is stronger in 6HF6 than in 5HF6. Both investigated homo-
logues have a high fragility index > 100. The fragilities of 5HF6
and 6HF6 are similar, therefore differences in their fragility cannot
serve as explanation of differences in their crystallization rates. It
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should be kept in mind that mHF6 compounds are not usual glass-
formers, where the vitrified phase is isotropic liquid. Instead, they
exhibit the glass of the liquid crystalline SmC,* phase, which pos-
sesses a quasi-long-range order in one dimension. This is why our
proposition is to pay attention to another relaxation process char-
acteristic of the SmC,* phase, which is the anti-phase phason Py.
Our BDS results suggest that the shorter relaxation time of the Py
process is correlated with slower crystallization. We observed this
for the 5HF6, 6HF6 pair investigated in this paper, and also for the
7HF6, 7FF6 pair from the previous study. Future investigations for
other mX;X,6 compounds will reveal whether this observation is
indeed a rule.
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