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Comparative dielectric and thermally stimulated-depolarization-current studies of the liquid
crystal dimers 1”7,9”-bis(4-cyanobiphenyl-4’-yl) nonane and heptane and a binary mixture
between them, close to the glass transition
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We have performed dielectric spectroscopy and thermally stimulated-depolarization-current experiments to
study the molecular dynamics of the twist-bend nematic phase close to the glass transition of two members of
the 1”,7-bis(4-cyanobiphenyl-4’-yl)alkane homologous series (CBrnCB): the liquid crystal (LC) dimers CB9CB
and CB7CB, as well as a binary mixture of both. By doping CBOCB with a small quantity of CB7CB, the
crystallization is inhibited when cooling the sample down, while the bulk properties of CBICB are retained and
we can investigate the supercooled behavior close to the glass transition. The study reveals that the inter- and
intramolecular interactions of the mixture are similar to those of pure CB9CB and confirms that there is a single

glass transition in symmetric LC dimers.
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I. INTRODUCTION

Liquid crystal (LC) dimers are compounds formed by two
rigid moieties, linked by a flexible spacer [1,2]. Even though
LC dimers were reported by Vorldnder almost one century
ago [3], it was not until the works by Griffin and Britt in
the early 1980’s that they attracted the interest of the liquid
crystal community [4,5]. In these works, LC dimers were
shown to be the fundamental units of semiflexible LC poly-
mers, in order to facilitate the study of these high molecular
weight compounds [4,5]. With time, research on LC dimers
has become more and more important within the field of
liquid crystals, as their chemical and physical properties make
them optimal candidates for many technological applications
[1,2,5-23]. In the present work, we are specifically interested
in three specific properties of LC dimers: (1) the ability of
bent achiral molecules to form chiral structures, in particular,
the twist-bend nematic (Ntg) phase, which has been the sub-
ject of intense research effort during the last decade [15,19,
23-37]; (2) the interesting molecular dynamics of these com-
pounds, as the flexible spacer introduces a coupling between
the rigid cores that induces the existence of additional di-
electric relaxation modes, in comparison to LC monomers
[9,13,15,30,33,37—42]; (3) the glassy behavior of the
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mentioned dielectric relaxation modes in mesophases that can
be supercooled and, ultimately, vitrified [8,18,21,23,43,44].

The Nrg mesophase was predicted by Meyer [24] and
Dozov [25]. In such a phase, achiral molecules with intrinsic
curvature (bent-shaped molecules) arrange in a chiral heli-
coidal structure, with the nematic director exhibiting periodic
bend and twist deformations. This has been an absolute hot
topic in the LC community for more than a decade now since
it was experimentally discovered in the LC dimer 1”7,7'-bis(4-
cyanobiphenyl-4'-yl)heptane (CB7CB) by some of the authors
of this work, among others [15], and it remains an open field
of research. Furthermore, there still is some controversy and
extensive debate concerning the design of materials exhibiting
the Nyg mesophase, as well as its structure and properties
[20,22,45].

Mesogenic molecules have polar groups and, therefore,
molecular dynamics can be analyzed by dielectric spec-
troscopy measurements. Taking the Nordio-Rigatti-Segre
theory for calamitic LC [46] as a basis, together with some
experimental results [13], Stocchero et al. [9] developed a
theory for the dielectric relaxation of LC dimers, that has been
proven valid several times [33,37-42]. They predicted that a
symmetric LC dimer (where both rigid moieties are the same
ones) would exhibit two dielectric relaxation modes in the
nematic phase: the low-frequency one due to coupled flip-flop
reorientations of the rigid units (mode m;) and the one at
high-frequency due to a mixed mechanism of reorientations
of the rigid units around their long axes and of precessions

©2022 American Physical Society
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around the molecular director of the mesophase (mode m,).
When the rigid units are not equal (nonsymmetric LC dimer),
the high-frequency mode, m;, remains unaltered, but there are
two low-frequency modes, corresponding to flip-flop reorien-
tations of both rigid units: one at lower frequencies (m;; ) and
the other one at intermediate frequencies (m;yg). These relax-
ation modes of LC dimers are transmitted from the nematic
phase, through the phase transition, to the smectic-A phase
[40,42-44] and, also, to the twist-bend nematic phase, when
present [15,18,30,33,37,42].

Molecular (and intramolecular) reorientations are the con-
sequence of an existing molecular dynamic disorder. These
reorientations are possible as long as molecules (or their re-
orienting parts) have enough “free” volume at their disposal
and they appear in fluid phases, such as the isotropic, liquid
crystalline mesophases, or orientationally disordered ones. In
some cases, when a compound in a phase showing molecu-
lar dynamic disorder is cooled down fast enough, the phase
can be supercooled and, ultimately, vitrified at the so-called
glass transition temperature, 7, [47-52]. As the compound is
cooled down, the “free” volume of the molecules gets smaller
and, at the glass transition, the reorientations are hindered,
their relaxation time being quite long. This means that the
molecular dynamic disorder is frozen. It may be the case when
several different molecular reorientations are present in a fluid
phase, that not all of them are frozen at the glass transition
[53-55] and that two different molecular reorientations lead
to two different glass transition temperatures [21,43,44]. This
last result has been found in some nonsymmetric LC dimers,
where the glass transition with the lowest temperature is due to
the freezing of the reorientations of the smaller rigid moieties
and the highest temperature one is due to the freezing of the
reorientations of the bulkier rigid ones. At the glass transi-
tion temperature, the heat capacity of the compound shows a
jump, as some disorder that does not contribute to the heat
capacity below T, gets activated at this temperature. There-
fore, calorimetric measurements allow the determination of
T,. Also, as the molecular dynamics becomes frozen, the
glass transition temperature can be determined by dielectric
spectroscopy, with the convention that the relaxation time
of the “frozen” reorientations at T, is ~100 s. A third and
very powerful technique in studying the glass transition is
thermally stimulated-depolarization currents (TSDCs), with
which a usually complex dielectric relaxation mode can be
separated into its several elementary contributions. TSDCs are
somewhat equivalent to dielectric spectroscopy measurements
at very low frequencies (<1 mHz) [56]. They are, therefore,
complementary techniques. According to Stocchero’s theory
[9] and some experimental results, it seems that for symmet-
ric LC dimers just one glass transition temperature should
be present. Nevertheless, TSDC measurements are the most
suitable to confirm this assumption.

The glassy behavior study through dielectric spectroscopy
has already been performed in CB7CB [18]. Other LC dimers
exhibiting the Nt phase do not vitrify at accessible cooling
rates to develop a dielectric analysis [30,33]. Specifically,
CBOICB crystallizes about 80 K above T, if it is not cooled
down fast enough [33]. One way to overcome crystallization
and allow the glassy behavior study is by doping the material
with nanoparticles [21]. Another possibility is to prepare bi-

nary mixtures of compatible compounds, one of them showing
a glass transition when cooling at slow rates. We have re-
cently shown, by calorimetric experiments, how some binary
mixtures CB9CB + CB7CB, with different relative concen-
trations of both pure compounds, vitrify at slow cooling rates
[57], which allows the present study of the molecular dy-
namics of these mixtures close to the glass transition. Static
dielectric properties and elastic constants of one of such mix-
tures (0.46 mole fraction of CB9CB) have also been studied,
yet far from the glass transition [42].

The first goal of the present work is to study the molecular
dynamics close to the glass transition of a CB9CB-like com-
pound by dielectric spectroscopy. For this purpose, we have
prepared a binary mixture of CBOCB with a small quantity
of CB7CB. The second goal is the analysis of this mixture
as well as of the pure compounds, CB9CB and CB7CB, by
TSDC measurements. The Ny glassy state is experimentally
studied, and with the help of the TSDC technique, we will
confirm if there is just one glass transition temperature.

The paper is organized as follows: We start presenting the
experimental methods before exposing and analyzing the re-
sults of both dielectric spectroscopy and TSDC measurements
and, finally, we summarize the main conclusions of the work.

II. EXPERIMENTAL SECTION
A. Materials

Three different compounds were measured: CB7CB,
CB9CB, and a binary mixture of 0.96 mole fraction of
CBI9CB. Pure CB9CB and CB7CB liquid crystal dimers were
synthesized and purified according to the methodology re-
ported in the work by Barnes et al. [58]. The binary mixture
was prepared in sealed aluminum pans and heated to the
isotropic phase in an ultrasonic bath [36].

B. Methods

Modulated differential scanning calorimetry (MDSC) mea-
surements were made for a standard study of the overall
thermal behavior of the mixture. Measurements were made
on heating, at 1 K min~!, from room temperature up to the
isotropic phase. Modulation parameters (temperature ampli-
tude and oscillation period) were £0.5 K and 60 s. A sample
mass of ~3 mg was selected to ensure a uniform thin layer
within the aluminum pans.

Measurements of the complex dielectric permittivity were
performed with an Alpha impedance analyzer from Novocon-
trol, the frequencies ranging from 10~ to 10® Hz. The cell
consists of two gold-plated brass electrodes (diameter 5 mm)
separated by silica spacers, making a plane capacitor about
50 pm thick. The sample is held in a cryostat, and the tem-
perature is controlled via a System Quatro from Novocontrol.
Additional details of the experimental technique can be found
elsewhere [54,59]. Dielectric measurements were performed
on cooling with stabilization at different temperature steps and
temperature control on the order of 20 mK.

Thermally stimulated-depolarization-current (TSDC) ex-
periments were performed on commercial Linkam cells filled
with liquid crystals by capillarity. The inner side of the cell
had 1 cm? indium tin oxide (ITO) coated electrodes at a
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Scheme 1: CB9CB molecule.

distance of 5 um. These cells were placed in a custom-
built experimental setup where the temperature was controlled
with a Eurotherm 904P temperature controller and registered
with an accuracy of 0.1 K using a PT-100 thermoresistance
thermometer located near the sample. A Heinzinger LNC
6000 voltage source was used to apply an electric field of
2.4 kV/mm to the samples. The depolarization currents were
recorded using a Keithley 6512 electrometer.

III. RESULTS AND DISCUSSION

The liquid crystal dimers CB7CB and CB9CB consist
of two cyanobiphenyl groups attached by a flexible alkyl
chain with seven and nine carbons, respectively, as shown in
Schemes 1 and 2.

The dielectric behavior of CB7CB, both far from the glass
transition and close to it, has already been published [15,18].
Concerning CB9CB, the dielectric study has been made far
from the glass transition, as the compound crystallizes ~80 K
above T, [33]. In order to avoid crystallization, binary mix-
tures of CBO9CB with CB7CB, with different proportions of
each pure compound, have been prepared. A preliminary
thermal analysis of some mixtures has been reported [57].
They show the Ntg mesophase, which can be supercooled and
vitrified ([N1lg) at slow cooling rates (<1 K/min). For the
present work, we have selected the binary mixture 0.96 mole
fraction of CBI9CB, as it is the closest to pure CBOCB we
have been able to get in which the Ntg mesophase vitrifies at
slow cooling rates. The analyzed mixture can be considered
as CB9CB doped with a very small quantity of CB7CB, being
an optimum candidate to study the dielectric behavior of a
CBICB-like material close to the glass transition. The phase
sequence of the mixture, measured by MDSC on heating, is
[57]

[Ntglg — 277.4K — Cry — 351.1K — Nrg
—378.1K —N —3942K —I.

After the glass transition, when the sample is heated from
[N1Blgi, there is an irreversible crystallization, showing a
typical phase sequence on heating, similar to that of pure
CBY9CB [33].

Scheme 2: CB7CB molecule.

A. Dielectric spectroscopy

We begin the discussion of the results with those from
dielectric spectroscopy measurements of the mixture and the
comparison with the published results of pure CB7CB [15,18]
and CBI9CB [33]. As the aim of the present work is to focus on
the glassy behavior of the compounds, we have just performed
these measurements, for the mixture, in the frequency range
from 1 mHz to 1 MHz.

Figure 1 shows the real (filled circles) and imaginary
(empty circles) parts of the complex dielectric permittivity in
the supercooled twist-bend nematic phase at 303 K [Fig. 1(a)],
293 K [Fig. 1(b)], and 283 K [Fig. 1(c)] for the mixture with
a dc bias of 35V, the sample being homeotropically aligned.
The values of the imaginary part are represented in a log,,
scale. It must be noted that, as long as the sample approaches
the glass transition temperature, the high conductivity hides
the low-frequency mode if no bias is applied and it cannot
be analyzed. The mixture seems to have some amount of
crystallized material that induces a high conductivity. This
fact will be later confirmed when analyzing the TSDC results.

Solid lines in Fig. 1 correspond to the fittings of experi-
mental data to the empirical function:

@)=Y — 2% e %

= [+ (o)™ ™ weo’

where k accounts for all the relaxation modes in the Ntg
mesophase, and each one is fitted according to the Havriliak-
Negami function; Ag; is the dielectric strength of the k
relaxation mode and t; is its characteristic relaxation time,
related to the frequency of maximum dielectric loss; o, and By
are parameters that describe the shape (width and symmetry,
respectively) of the relaxation spectra; ., is the dielectric
permittivity at high frequencies (yet lower than those cor-
responding to resonance phenomena) and oy, is the electric
conductivity. The shape parameters (o and 8) are a measure of
the distributed nature of the relaxation mode. When they both,
o and B, are equal to 1, we obtain a simple nondistributed
Debye relaxation mode.

As shown in Fig. 1, there are two relaxation modes at tem-
peratures far enough from the glass transition (such as 303 and
293 K), as happens for the pure compounds CB7CB [15,18]
and CB9CB [33]. According to Stocchero’s model [9], the
low-frequency mode m; is associated with the flip-flop motion
of the cyanobiphenyl group, and the high-frequency mode m;,
is due to reorientations of the cyanobiphenyl groups around
their long axes and precessions of such rigid units around the
nematic director. The low-frequency mode m; is Debye-like
(¢ = B =1), while the high-frequency mode m,, is Cole-
Cole (¢« =0.6 and 8 =1). In pure CB7CB and CB9CB,
the low-frequency modes are both Debye-like, whereas the
high-frequency ones are Cole-Cole, with @ = 0.7 and 0.8 for
CB7CB and CBI9CB, respectively [18,33]. When approaching
the glass transition, both relaxation modes converge into one
single mode, m; + my, as we can see in Fig. 1 for 283 K.
This behavior is similar to that of pure CB7CB [18] and has
also been reported in nonsymmetric LC dimers [21,43,44].
We have kept the same shape parameters of m; (¢ = 0.6 and
B = 1) for the fitting to Eq. (1) for m; + m,, obtaining a very
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FIG. 1. Frequency (in log,, scale) dependence of the complex
dielectric permittivity for the mixture at (a) 303 K, (b) 293 K, and
(c) 283 K under a dc bias of 35 V. Filled circles account for the
experimental real part, empty circles for the experimental imaginary
part (in log,, scale); fittings to Eq. (1) are shown by the solid lines:
Black solid lines show the whole dielectric response and colored
solid lines represent the deconvoluted relaxation modes (just for
the imaginary part of the dielectric permittivity). Gray dashed lines
account for dc conductivity.

good fitting, as can be appreciated in Fig. 1. We will deepen
these results in the next Sec. III B.

The behavior of the characteristic time 7 of the relaxation
modes with temperature is represented in the Arrhenius plot of
Fig. 2. From dielectric spectroscopy measurements, we obtain
a single glass transition temperature T, at ~276 K, as can
be directly seen from experimental data. This glass transition
temperature is the same, within the experimental error, as that

| N N m+m, m\xt.ure
O "
t -'"z‘{.n‘l
6 _5 " Micsocs M, CBTCB '—".’/;‘fo
Q ml,cB7CB 'T/mQ e @M, e
_1 0 _m/ cB9CB M2cesce
26 28 30 32 34 36
1000/T [K]

FIG. 2. Arrhenius plot of the relaxation frequencies of the differ-
ent modes for the three compounds. Pink triangles account for the
isotropic mode (m;) of CB9CB, black circles for m; of CB7CB, red
and blue symbols for m; and m,, respectively (triangles for CBOCB,
squares for the mixture, and empty circles for CB7CB), and purple
squares for the m; + m, mode of the mixture.

for pure CB7CB obtained from dielectric spectroscopy [18].
We must note that a double glass transition has been detected
in some nonsymmetric LC dimers [21,43,44], each of the
glass transitions being due to the vitrification of one of the
rigid moieties of the dimer. In the present case, the symmetric
character of the dimer leads to a single Ty, as will be verified
in the next section.

In the Arrhenius plot (Fig. 2) we can observe that the
relaxation times of both the m; and m, modes of the mixture
at low temperatures are the extrapolations of the relaxation
times of the same modes for pure CBICB. Moreover, it can
be observed that, far from the glass transition, the modes of
CBI9CB and the mixture are faster (lower relaxation times at
a same temperature) than those of CB7CB. As the linking
chain is larger in CBO9CB than in CB7CB, the motions of
both cyanobiphenyl units in the former are less coupled (and,
therefore, freer) than those of the latter, allowing faster reori-
entations. From these results, it looks like the small amount
of CB7CB we dope pure CBOCB with to form the mixture is
sufficient to avoid crystallization of a large amount of the ma-
terial, but it does not seem to affect the molecular interaction
properties of the dominant compound in the mixture, which is
CB9CB-like. The value of T, for pure CBICB should be the
same as that for CB7CB and the mixture, that is, ~276 K.

As a final comment, it can be seen that the relaxation
modes have super-Arrhenius behavior and, so, their activation
energies are temperature dependent. We have estimated the
activation energy of the m; 4+ m; mode just when reaching the
glass transition, calculating the slope of the curve formed by
its relaxation time vs 1/T at Ty, obtaining E,I(Tg)fvlo6 kJ/mol
(~10 eV /molecule).

Further research must be made to confirm our suppositions
with respect to the CBO9CB-like behavior of the relaxation
modes of the mixture and the relative amount of crystallized
material between the three compounds. This research is pre-
sented in the next subsection.
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B. Thermally stimulated depolarization currents (TSDCs)

TSDC experiments allow us to obtain the glass transition
temperature not just of CB7CB and the mixture, but also
of CBOCB. CB9CB indeed crystallizes when cooling down
T E®

poling stage
Ti \\
Tp1 ———————

Scheme 3: Summary of TSDC experiment with NIW poling.

before reaching the glass transition, but just partially, and
the magnitude of the noncrystallized part of the compound
is enough to measure the value of 7, through TSDC. As we
have pointed out in the previous subsection, the CB9CB-like
mixture crystallizes, but its crystalline fraction is smaller than
that of pure CB9CB.

A relaxation mode can be described by the sum of sev-
eral elementary (Debye-like) contributions. This is habitual,
but not exclusive, in compounds where different mechanisms
are responsible for the same relaxation mode, like dimers or
polymers. The dielectric relaxation modes m; and m; of the
studied LC dimers can be considered as the sum of several
elementary processes, each of them with a characteristic re-
laxation time 7. The m; + m, mode close to T, is even more
complex than m; and m, separately. The separation of these
distributed modes into elementary processes cannot be done
directly using dielectric spectroscopy experiments. However,
one of the strengths of the TSDC technique is its ability to an-
alyze the elementary contributions of a distributed relaxation
mode [21,43,60-64].

TSDC measurements start with the material in the liquid
phase at 403 K. Then, the sample is cooled to 255 K at a
cooling rate of 20 K/min, which is the maximum cooling
rate allowed by our setup. Under these conditions, there is
always some fraction of the sample that vitrifies. Nonisother-
mal window (NIW) poling was used in the measurements,
as summarized in Scheme 3. Details of the experiments for
CB9CB, CB7CB, and their binary mixture are reported in the
Supplemental Material [65].

Two different typologies of poling windows were
employed. On the one hand, a broad poling window
(Tp1-T,, ~ 15 K) was applied to each sample to obtain an
overall view where as many as possible modes associated with
the glass transition are activated. This measurement is roughly
equivalent to a dielectric loss measurement at very low fre-
quencies (<10’3 Hz) [56]. With this kind of experiment, we
analyze the distributed relaxation modes and, consequently,
obtain the glass transition temperature of each one. On the
other hand, narrow poling windows (7, = T,1—1 K) were
used to perform a relaxation map analysis (RMA). In this
procedure, the poling electric field is applied just in a narrow

_12..
14+
_16_

_1 1 1 1 1 1 1
%2 264 266 268 270 272 214 276
TIK]

FIG. 3. Depolarization currents for broad poling window
experiments.

temperature window during the cooling stage. As a conse-
quence, only elementary modes with a single relaxation time
are activated. Repeating the experiment with different 7},
temperatures allows us to separate global relaxation modes
into their elementary contributions. Therefore, we can quan-
tify the relative contribution (weight) of each of these modes
and determine the distribution of relaxation times (DRT) of a
distributed relaxation mode.

We start the discussion with the broad window poling
measurements, which give an overall picture of the relax-
ation. These results are plotted in Fig. 3. The maximum value
of each peak is at the glass transition temperature for the
corresponding compound [60]. The glass transition temper-
atures 7, for both pure compounds and the mixture, obtained
from MDSC, dielectric spectroscopy, and TSDC, are listed in
Table I.

The difference between the values of 7, obtained from
different measurements comes from the fact that the glass
transition is time dependent and, therefore, it is sensitive to the
experimental procedure. TSDC measurements, that are able
to discern between close glass transition temperatures [21,43]
show that there is just one 7, for each compound and that the
values of the three compounds are very close to each other (the
three values are in a range of ~1.5 K), confirming the results
from dielectric spectroscopy.

Figure 3 also shows that the dielectric strength or polar-
izability (related to the area of the current peak) is greater
for CB7CB than for CBICB, the value for the mixture being

TABLE 1. Glass transition temperatures T, of the studied com-
pounds, obtained from MDSC, dielectric spectroscopy, and TSDC.
All temperatures are in K.

MDSC Dielectric spectroscopy TSDC
CB9CB 277 [33] 276" 271.5*
Mixture 277 [57] 276" 272.0*
CB7CB 277 [18] 276 [18] 273.0*

“Results obtained in the present work.
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267 268 269 270 271 272 273 274 275
TIK]

FIG. 4. Relaxation map analysis (RMA) of the three samples:
CB9CB (a), the mixture (b), and CB7CB (c). The curves are
numbered from (1) to (10), the number indicating the correspond-
ing poling temperature: (1) accounts for 7, = 275 K, (2) for T, =
274 K, (3) for T, = 273 K, (4) for T, = 272 K, (5) for T, = 271 K,
(6) for T, = 270 K, (7) for T, = 269 K, (8) for T, = 268 K, (9) for
T, = 267 K, and (10) for 7,, = 266 K.

intermediate. We can assume that the peak area mostly de-
pends on the amount of noncrystallized material. Therefore,
these results confirm that the crystalline fraction is larger for
CB9CB than for CB7CB, which we had already pointed out
in the previous section. This is explicit evidence that the small
amount of CB7CB in the mixture is capable of drastically
reducing the crystalline fraction with respect to pure CBOCB.
We can also note one of the strengths of TSDC: the small part
of the noncrystallized material of pure CBO9CB is enough to
analyze the compound at the glass transition, in contrast with
MDSC or dielectric spectroscopy measurements.

To analyze the different elementary contributions of each
of these peaks, we present the RMA of the three compounds
in Fig. 4. We can see how the global relaxation mode of each
compound is formed by several elementary relaxation modes,
centered at different temperatures. The weight of a single
peak, N, is proportional to its area multiplied by its poling
temperature [61]. This weight is the contribution of the corre-
sponding elementary relaxation mode to the entire mode [61].
The poling temperature for which the contribution (weight) is
maximum is called the optimum poling temperature (7},).

For the modeling, first-order dynamics is assumed for the
depolarization current J(7T') of the relaxation mode:

Py ex [—_I/T dT} @
)P Sy )

where P, is the initial polarization, 7(7") is the relaxation time,
T; is the initial temperature, and $ is the heating rate. A more
detailed explanation of this procedure can be found elsewhere
[62,63].

We have tested two different models for evaluating the
relaxation time (7). If we assume that the relaxation time de-

J(T) =

TIK]

FIG. 5. Fitting results of the experimental peaks correspond-
ing to the optimum poling temperature 7, of CBICB (triangles),
the mixture (squares), and CB7CB (circles), using the Arrhenius
(straight lines) and TNM (dashed lines) models.

pends only on the temperature, we have the Arrhenius model,

o(T) = roexp[%], 3)

with E, being the activation energy.
An extension of the Arrhenius model is the Tool-
Narayanaswami-Moynihan (TNM) model [66],

xE, + (1 —x)E,
RT RTy ’

where the relaxation time depends on the temperature and,
also, on the memory effects of the structural conformation in
the system. Such memory effects are parametrized through
the fictive temperature 7y and the nonlinearity parameter x.
The Arrhenius model (x = 1) is linear in the sense that it
describes a linear relationship between In(t) and 1/T. When
such a relationship is not linear, the Arrhenius model is not
accurate and x < 1. The parameter x can be considered as a
measure of the dependence of the activation energy on factors
other than temperature. These factors are represented by the
fictive temperature of the nonequilibrium system, which is the
temperature of another system at equilibrium with the same
conformation. All the fitting results are summarized in the
Supplemental Material [65].

We can see from Fig. 4 that the optimum poling tem-
perature (7,,) is 272 K for the three compounds (from both
Arrhenius and TNM fittings). Figure 5 shows the fittings of
the peaks corresponding to 7, for the three compounds to the
Arrhenius (straight lines) and TNM (dashed lines) models.
The peaks are best fitted by the TNM model in CB7CB.
For CBICB, the difference between both fittings is small.
The mixture has an intermediate behavior between both pure
compounds in terms of the difference in fittings. The values of
the parameter x obtained from the fittings to the TNM model
at T}, are 0.90 for CB9CB, 0.81 for the mixture, and 0.71 for
CB7CB.

In glassy polymers, the nonlinearity parameter is represen-
tative of the structural state of the system. The structural state
can be related to the molecular free volume. Even if for LC

o(T) = roexp|: “4)
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dimers the frozen dynamic disorders are not structural, but
intramolecular [21], we can talk about the free volume. Thus,
the x parameter from the TNM model is related to the free
volume, which diminishes as the sample cools down. When
approaching the glass transition, nonlinear effects can arise,
leaving the free volume out of equilibrium. This is the case of
CB7CB and, to a lesser degree, of the mixture. In CBICB,
the crystalline fraction is high, so just a small part of the
material vitrifies. Spherulites are formed and an amount of
vitrified material gets trapped, leading to a saturation of the
free volume that translates into linear or quasilinear behavior
in terms of the x parameter.

We can make a simple qualitative study of the dis-
tributed character of the relaxation modes of CB9CB, the
CB9CB-like mixture, and CB7CB and also of some nonsym-
metric dimers of the series a-(4-cyanobiphenyl-4’-oxy)-w-
(1-pyreniminebenzylidene-4'-oxy)alkanes (CBOnO.Py) from
Refs. [21,43], withn =5, 7, 9, and 11. These nonsymmetric
LC dimers show three relaxation modes by dielectric spec-
troscopy and the two ones with higher frequencies (m, and
miyg) converge at, or close to, the glass transition. These
modes (m, and m;y) behave in a similar way to those of the
symmetric LC dimers we have studied in the present work
(my and m,). From dielectric spectroscopy measurements, it
is shown that they are non-Debye when fitting the relaxation
times to the Havriliak-Negami equation. Close to the glass
transition, the converging modes (my + m; or mp + my) are
Cole-Cole (Cole-Davidson in the case of CBO110.Py). From
TSDC, they show non-Arrhenius behavior, with x < 1 when
fitted to the TNM model.

The low-frequency mode of the nonsymmetric dimers
(mqy) vitrifies at a higher T,, compared with the other two.
When fitting the dielectric spectroscopy data to the Havriliak-
Negami equation they are shown to be Debye-like. Moreover,
the TSDC data are well fitted to the Arrhenius model. There
is an evident relationship between a Debye-like dielectric
mode and an Arrhenius TSDC mode. A future interesting
study would be to find a quantitative relationship between
the nonlinearity parameter x and the « and § parameters of
Eq. (1), but it is beyond the scope of the present work.

We can obtain further insight into the glassy behavior of
the compounds, by studying the relationships between the
poling temperature and the weights of the peaks, with their
activation energies. Figure 6 presents the activation energy E,
obtained by TNM, in front of the poling temperature 7. It can
be noted how the activation energy increases with the poling
temperature. It can also be observed how the activation energy
of the mixture is similar to that of CBOCB, which is indicative
of the CBICB-like character of the mixture.

The inset of Fig. 6 presents the DRT for each compound,
that is, the dependence of the weight of each elementary
mode N with the activation energy, both quantities obtained
by TNM. As mentioned before, these weights are obtained
by multiplying the area of the RMA peaks from Fig. 4, as
calculated from the fitting parameters, by the poling tempera-
ture [61]. It can be observed how the weight of the modes is
lower for CB9CB than for CB7CB, with the values of the mix-
ture being intermediate. As the amount of crystalline material
highly influences polarizability, the weight of the modes is a
measure of the amount of crystallized material in a compound.
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FIG. 6. Activation energy per molecule in front of the poling
temperature (main graph) and distribution of relaxation times, DRT
(inset), for CBOCB (triangles), the mixture (squares), and CB7CB
(circles), obtained from the TNM model.

These results confirm the already discussed differences in the
crystalline fraction of each of the samples.

It is important to note that the values of E, from TSDC
measurements are comparable to that estimated from dielec-
tric spectroscopy results (~10 eV), which shows once again
the complementarity between both experimental techniques.

As a final comment, it can be seen in the Supplemental
Material [65] that the TNM model gives higher values for the
activation energy than the Arrhenius one. This is a character-
istic feature of the TNM model, where the activation energy
accounts not only for the influence of temperature, as does the
Arrhenius model, but also for the nonlinearity of the mode.

IV. CONCLUDING REMARKS

We have investigated the behavior of the dielectric re-
laxation modes of the supercooled Nrg phase close to the
glass transition of a CB9CB-like compound. Dielectric spec-
troscopy and TSDC results show that CB9CB and CB7CB
form a mixture with a single glass transition temperature for
small concentrations of CB7CB (the mole fraction of CB9CB
being 0.96). From dielectric spectroscopy, it seems that at in-
termediate temperatures the relaxation modes of the mixture,
measured at low temperatures, meet those of pure CBOCB,
measured at high temperatures. Moreover, far from the glass
transition, the molecular reorientations of pure CB7CB are
slightly slower than those of CBOCB and the mixture: The
flexible linking chain is shorter in CB7CB and, thus, the rigid
cyanobiphenyl groups are more coupled and molecular reori-
entations are less free. These results seem to indicate that the
mixture is CB9CB-like in terms of inter- and intramolecular
interactions.

TSDC measurements are complementary to those from
dielectric spectroscopy, and improve the results of the latter
mainly in three aspects, for the dynamic analysis of vitri-
fying compounds close to the glass transition: (1) they are
more accurate when discerning between one or several close
glass transition temperatures; (2) they are able to analyze
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the elementary processes that contribute to each relaxation
mode, at the glass transition; and (3) they allow the study
of the glassy behavior of a compound (in the present case,
CB9CB) even when just a small part vitrifies. The obtained
results are comparable to those from dielectric spectroscopy
with respect to the values of T, and the (estimated) activation
energy. Also, it is confirmed that a small amount of CB7CB
in the mixture is able to make the material less prone to
crystallization. Therefore, we can conclude that differences
between the mixture and CB9CB in our results are due to
the different crystalline fractions when approaching the glass
transition, as is confirmed by the polarizability that can be
inferred from the weight of the peaks. On the other hand,
for properties that depend mainly on the interaction between

molecules (or parts of molecules), such as the activation en-
ergy, the mixture is similar to CB9CB, as could be expected
from its composition. This fact, advanced tentatively from
dielectric results, is corroborated by TSDC measurements.
Here, TSDC measurements confirm that the Ntg glassy state
of symmetric LC dimers has just a single glass transition, due
to the freezing of a single complex dielectric relaxation mode,
a product of the merge of the two relaxation modes of the LC
dimer.
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