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Broadband dielectric spectroscopy spanning frequencies from 1072 to 1.9 x 10° Hz has been used
to study the molecular orientational dynamics of the glass-forming liquid crystal 1”,7”-bis (4-
cyanobiphenyl-4'-yl)heptane (CB7CB) over a wide temperature range of the twist-bend nematic
phase. In such a mesophase two different relaxation processes have been observed, as expected theo-
retically, to contribute to the imaginary part of the complex dielectric permittivity. For measurements
on aligned samples, the processes contribute to the dielectric response to different extents depending
on the orientation of the alignment axis (parallel or perpendicular) with respect to the probing electric
field direction. The low-frequency relaxation mode (denoted by 1) is attributed to a flip-flop motion
of the dipolar groups parallel to the director. The high-frequency relaxation mode (denoted by 1) is
associated with precessional motions of the dipolar groups about the director. The w-and p;-modes
are predominant in the parallel and perpendicular alignments, respectively. Relaxation times for both
modes in the different alignments have been obtained over a wide temperature range down to near
the glass transition temperature. Different analytic functions used to characterize the temperature
dependence of the relaxation times of the two modes are considered. Among them, the critical-like
description via the dynamic scaling model seems to give not only quite good numerical fittings, but
also provides a consistent physical picture of the orientational dynamics on approaching the glass

transition. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4733561]

. INTRODUCTION

Liquid crystal dimers are a type of liquid crystal in which
two semi-rigid terminal groups are linked via a flexible spacer.
The terminal groups can be different or identical giving rise
to two broad classes of dimers, the non-symmetric and sym-
metric, respectively. Initially, among the semi-rigid units, the
most used were calamitic mesogens' though combinations of
disc-like and bent-core mesogens with calamitic units, or even
only bent-core units are currently being explored.> In the
vast majority of systems the flexible spacers are alkyl chains,
whose length and parity determine the properties and phase
behavior of the materials.®

Liquid crystal dimers have attracted considerable atten-
tion during recent years, mainly due to new exciting findings
on the fundamental level as well as possibilities for new ap-
plications such as flexoelectric-based electro-optic displays’
due to the magnitude of the electro-optic response.® Novel
features identified in liquid crystal dimers include alternating
and modulated smectic mesophases,s’9 the existence or not of
the elusive biaxial nematic mesophase'® and the new type of
twist-bend nematic phase.'!'=!3 It is the behavior of this new
nematic phase which forms the focus of our paper. According
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to predictions by Dozov'? a negative value of the bend elastic
constant can lead to a twist-bend nematics in which the di-
rector is no longer uniform but has a conical twisted and bent
director distribution. It has recently been suggested by Panov
et al."? that the periodic deformations in such mesophases ex-
hibit potential applications in diffraction gratings and photon-
ics. The possibility that the dynamic disorder of this phase
could be frozen leading to a glassy state open new potential
applications.

Extensive studies based on a range of techniques of the
two nematic phases formed by the odd liquid crystal dimer
1”7,7"-bis (4-cyanobiphenyl-4’-yl)heptane (hereafter denoted
by the acronym CB7CB) have provided strong evidence that
this does indeed form the twist-bend nematic phase.!' This
symmetric liquid crystal dimer has a simple molecular struc-
ture schematized as follows:

where two cyanobiphenyl groups are linked by an alkyl chain
of seven methylene groups. Each mesogenic group has a
dipole moment along its long axis associated with the nitrile
group.

Despite the fact that the synthesis of CB7CB was re-
ported in the 1990s,'* little about its liquid-crystal behavior
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has been known so far. This particular dimer had been syn-
thesized to test the prediction that the presence of methylene
links linking two mesogenic groups to an odd spacer would
lower the orientational order in comparison with that for the
corresponding dimer with say ether links.'"* This prediction
results from the greater biaxiality associated with the more
bent conformers (the most energetically favored molecular
shapes) and is found to be in good accord with experiment.'*
It was reported'* that two mesophases existed below the
isotropic phase (I), that at higher temperatures was identified
as a nematic (N) and the other at lower temperatures was ten-
tatively identified as a smectic A (SmA). New experimental
work combining many techniques, published very recently,'!
shows that CB7CB exhibits a uniaxial nematic mesophase
over the ranges ca. 390-377 K despite its bent molecular
shape. At about 377 K the dimer undergoes a weakly first-
order phase transition to a second disordered mesophase, de-
void of long-range translational order that has been identified
as another nematic mesophase. However, deuterium nuclear
magnetic resonance (DNMR) measurements show that this
phase must necessarily be chiral either globally or locally in
domains. By combining measurements from other techniques
and theoretical calculations, the study'' concludes that this
nematic mesophase is characterized by a local, probably pe-
riodic, bend in the director and is designated as a twist-bend
nematic mesophase (Ny). The phase appears to be relatively
viscous and the viscosity seems to increase significantly on
cooling, but no detailed measurements have been carried out
so far. In a previous preliminary study,'> by means of mod-
ulated differential scanning calorimetry (MDSC), it has been
shown that the Ny, mesophase can be supercooled leading to
a glass transition at about 277 K.

The main motivation of this paper is to analyze the
molecular orientational dynamics of the Ny mesophase
formed by the polar symmetric dimer CB7CB. To do so, di-
electric relaxation measurements have been performed over
the entire temperature range down to close to the calorimetric
glass transition. Preliminary dielectric relaxation studies'!>!>
of CB7CB were interpreted using different molecular motions
specified by theoretical models.!®!7 As stated,'! in both uni-
axial mesophases of CB7CB, N and Ny,, the dipolar moieties
associated with the terminal cyanobiphenyl groups lead to
two relaxation modes associated with the rotational dynam-
ics of the molecules. The low-frequency mode, indicated by
W1, is due to an end-over-end or flip-flop motion of the dipo-
lar groups parallel to the director. A high-frequency mode,
denoted as u,, is associated with precessional motions of the
dipolar groups about the director. These modes contribute to
the complex dielectric permittivity to different extents, de-
pending on the alignment of the director with respect to the
probing electric field.

An important part of the analysis described in this paper
is devoted to the exploration of the dielectric glass transition
identified in CB7CB on cooling from the twist-bend nematic
phase. A glass-transition can be characterized through a tem-
perature T, and the rate at which various properties change
with temperature on approaching the glass transition from a
fluid phase. For dielectric relaxation, a glass transition, also
denoted as dynamic glass transition, is defined when the as-

J. Chem. Phys. 137, 034502 (2012)

sociated structural relaxation time reaches 100 s, and for sys-
tems exhibiting a number of structural relaxations, it is pos-
sible to identify dielectric glass transitions corresponding to
each kind of molecular motion. The results presented here for
the liquid crystal dimer CB7CB are discussed to obtain in-
formation on which molecular motions are frozen on glass
formation.

The structure of the paper is as follows. First, in Sec. II,
a review of the functions most used to describe the tempera-
ture dependence of the dielectric relaxation time is given. In
Sec. I1I, experimental details are provided. Our results and the
procedure for data analysis are detailed in Sec. IV. Finally, a
discussion of the results and concluding remarks are provided
in Secs. V and VI, respectively.

IIl. NON-ARRHENIUS FUNCTIONS FOR THE
DIELECTRIC RELAXATION TIMES

The simplest model for the dielectric absorption exhib-
ited by many materials is that due to Debye of a simple first
order rate process for the randomization of an oriented dipole.
The temperature dependence of the relaxation time can then
be represented by the phenomenological Arrhenius equation,
which introduces an activation energy for reorientation of
the molecular dipole in its dielectric environment. While the
Arrhenius equation is adequate to describe the dielectric re-
sponse of many simple fluids, there are numerous materials
where it fails, and modified equations have been introduced
to fit the experimental results. Such fitting equations are use-
ful in the analysis of the experimental data, but the physical
significance of the parameters obtained from fitting data is
sometimes less than clear.

One of the phenomenological equations used most often
to describe the temperature dependence of the relaxation time
() data is the Vogel-Fulcher-Tammann (VFT)

B
r:roexp|:T T]’ (D)
— 1o

where 7 is the relaxation time in the high temperature limit,
B is an activation parameter and 7T, is the “ideal” glass
temperature, denoted as the Vogel temperature. In fact, the
VFT-equation establishes a dynamic divergence of the re-
laxation time at some finite temperature 7, but there are
no experimental results that conclusively prove the existence
of this divergence.'® The validity of the VFT-equation was
already questioned in the 1970s'%2° and also recently.'®?!
Despite these concerns, some theories have been based on
the VFT-equation such as the Adam-Gibbs entropy model
(AG),?? Cohen-Grest (CG),?* and some more recent theoret-
ical models.>*?> The underlying idea of such theories is that
the glass formation is linked to highly cooperative motions
in a heterogeneous (structurally fluctuating) sample, with in-
creasing cooperativity as T, is approached. It is proposed that
a virtual phase transition exists below the glass transition tem-
perature, which for VFT-equation is 7.

Combining the above ideas of glass formation with a
mean-field description of the virtual phase transition, the
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dynamic scaling (DS) model®®?” has been proposed such that

TP’
T=T1 |:—Cj| , @)

TDS
C

where the pre-factor 7 is defined as the relaxation time at
2T "%, the temperature T "% is the temperature of the virtual
phase transition (the critical temperature), usually located
slightly below T, but no more than 20 K below; the exponent
¢ ~ 9 was reported by Colby?® and suggested as universal
for glass-forming polymers. In spin-glass-like systems,?
¢ seems to range from 6 to 15 and liquid crystalline-glass
systems could be considered as the electric analog of the
magnetic spin-glass systems. Equation (2) seems to de-
scribe well the relaxation time data for glass-forming liquid
crystals?” in the low-temperature dynamic domain near 7,
and up to the caging temperature, denoted as T4. Such a
temperature is postulated as the temperature above which all
entities are moving without cooperative motions. It seems to
be verified that 1.37°5 <T,<1.8T P57

For the high-temperature dynamic domain (7 > Ty), well
above the glass transition where the coupling mechanisms can
be disregarded, Mode Coupling Theory (MCT) provides a
power law function similar to Eq. (2), but with fitting parame-
ters with different physical meanings to those reported by the
DS-model. The MCT critical-like equation®® is written as

|:T _ TMCT:|¢'
T=10 || - 3)
THCT

where TCM CT accounts for the crossover temperature from the
ergodic to the non-ergodic domain. The critical temperature
TMET seems to correlate with the caging temperature 7.
Equation (3) portrays quite well the relaxation time data of
glass-forming liquid crystals for 7> TMCT 420 K with ex-
ponents ¢ ranging from 1.5 to 4.3!

The functions described by Egs. (1) and (2) introduce a
virtual phase transition below T, and a dynamic divergence of
the relaxation time is also required at this phase transition. Re-
cently, some authors'® 3233 have claimed that three-parameter
non-divergent functions, without virtual phase transitions, are
necessary to describe the relaxation time data over the full
temperature domain. One of the most often used was the so-
called Avramov equation®* but it has been considered only to
a limited extent to describe the dynamics of liquid crystalline
glasses.?® 3

An alternative non-divergent description that has recently
been claimed to be superior®® to the Avramov equation is
the Waterton-Mauro (WM)-parameterization, derived empiri-
cally by Waterton®’ in the 1930s and virtually forgotten un-
til now. After being theoretically obtained by Mauro and
co-workers,* it is currently considered as a promising non-
divergent function®® for portraying the relaxation time, de-
fined as follows:

T = 19 exp [? exp <%>:| s 4

where 7 has the same meaning as in the VFT-equation; K
and C are related with effective activation barriers, being both
defined as thermal activation fitting parameters.

J. Chem. Phys. 137, 034502 (2012)

lll. EXPERIMENTAL

The synthesis of CB7CB has been reported earlier'* and
has been synthesized accordingly. As previously stated,'! on
heating the Ny-N and N-I phase transitions have been ob-
served at 376.7 K and 389.7 K, respectively.

Measurements of the complex dielectric permittivity in
the range 1072—1.9x10° Hz were performed using three
impedance analyzers: Agilent 4294A, HP 4291A, and Schlum-
berger 1260 with a Novocontrol dielectric interface. The
cell consists of two gold-plated brass electrodes (diameter
5 mm) separated by thick silica spacers of the order of 50
um. A modified HP16091A coaxial test fixture was used as
the sample holder. It was held in a cryostat from Novocon-
trol and both temperature and dielectric measurements were
computer-controlled. Additional details of the experimental
technique can be found elsewhere.'®!!3 Experiments were
performed on cooling with different temperature steps.

Static heat capacity measurements at normal pressure
were obtained using a commercial differential scanning
calorimeter DSC-Q2000 from TA-Instruments working in a
modulated mode (MDSC). In our work, the experimental con-
ditions (temperature amplitude and oscillation period) were
adjusted to obtain only the real part (the static part) of the
complex heat capacity. A more detailed description of the
MDSC technique can be found elsewhere.'% !4 Experiments
were performed on cooling from the isotropic phase down to
the glassy state and on heating up to the isotropic phase, all
runs made at / K- min~'. The modulation parameters (tem-
perature amplitude and oscillation period) were +0.5 K and
60 s.

IV. RESULTS AND DATA ANALYSIS
A. Relaxation times

Dielectric results for CB7CB have been obtained for both
the parallel and perpendicular alignments. In metallic cells the
director of CB7CB spontaneously aligns parallel to the sur-
face resulting in a perpendicular alignment of the sample with
respect to the probing electric field. The fact that the dielectric
anisotropy of CB7CB at low frequencies is positive'' enables
the use of a dc bias voltage (35 V equivalent to an electric
field of 0.7 MV -m™") to generate parallel alignment of the
director with respect to the probing electric field. Saturation
of the alignment in the nematic phase was confirmed by mea-
suring the capacitance as a function of voltage. Figures 1(a)
and 1(b) show the imaginary part of the parallel and perpen-
dicular dielectric permittivities, respectively, as functions of
frequency and temperature in the isotropic phase and in both
the nematic and twist-bend nematic mesophases. The dielec-
tric relaxation results show only one mode in the isotropic
phase corresponding to the concerted rotation of the whole
dimer CB7CB (denoted as 1¢;-mode) as expected.'!-!”

Regarding the parallel component of the permittivity, in
the nematic mesophase the director is aligned parallel to the
electric field because the dielectric anisotropy, Ae, although
small, is positive.!' In the predicted conical twist-bend
nematic mesophase the director is tilted with respect to the
helix axis by the constant polar angle, 6y, and the rotating
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Log;lf (Hz)]
FIG. 1. Frequency and temperature dependence of the parallel component
(a) and perpendicular component (b) of the permittivity (¢” = imaginary

part) of CB7CB. In the nematic mesophases (either N or Ny,) two relaxation
modes, denoted as p1 and p2, are observed irrespective of the alignment. (c)
and (d) show the parallel and the perpendicular components of the permit-
tivity (¢/ = real part and ¢” = imaginary part) at two temperatures in the
N, respectively. The circles and squares represent experimental points for
¢” and ¢’, respectively, while blue lines are fits to Eq. (5). Solid red and black
lines correspond to the main contributing modes 1, and 2,1 , respectively.
Dashed black and red lines correspond to the contributing modes j and
11,1, respectively.

azimuthal angle, ¢, which varies linearly with the posi-
tion along the helix axis. One consequence of the Dozov
prediction'? is that since the bent molecules are achiral the
system will consist of two chiral domains having opposite
handedness. Provided Ae is positive and 6, is less than
54.5° then the dielectric anisotropy for these chiral domains,
Aegp, will also be positive. Accordingly, in the nematic
mesophase, the parallel component of the permittivity clearly
shows two relaxations (Figure 1(a)) as predicted:'"!'” one
at low-frequencies attributed to the flip-flop motions of the
dipolar units (denoted as j1 -mode) and another at higher
frequencies due to precessional motions of the dipolar units
around the director (denoted as p,-mode). The w; -mode
predominates over the u, -mode, even in the low temperature
nematic mesophase Ny, at high temperatures, as it is shown
in Figure 1(c) at 363 K (open circles). As the temperature is

J. Chem. Phys. 137, 034502 (2012)

reduced further in the Ny, mesophase, the amplitude of the
p1,)-mode decreases relative to the uo-mode. This fact can
be clearly shown in Figure 1(c) at 300 K (full circles), in
which both modes are overlapped and the j; -mode has a
smaller amplitude than p, -mode.

As for the perpendicular component of the permittivity,
the high-frequency relaxation (denoted as u, -mode) is
dominant over the temperature range of the N-mesophase,
with a very small contribution from the low-frequency
relaxation (i -mode)!! although this cannot be discerned
in Figure 1(b). Conversely, at the transition to the Ny,
mesophase, there is a sudden increase of the amplitude of the
wn1,1-mode, which persists to lower temperatures, although
its intensity decreases. In Figure 1(d) the relaxation spectrum
of the perpendicular component (open circles) at 333 K is
shown. However, at very low temperatures, at for example
280 K (full circles), the contribution of the g -mode
cannot be distinguished because it is merged with the peak
representative of the 11, ; -mode.

Experimental results of the complex permittivity have
been analyzed using the empirical function:

f@=Y Adk — % (5)

+¢
— 1+ (it N )™ 1P = T wep

where Ag; is the dielectric strength of each relaxation mode,
T gy 1s a relaxation time related to the frequency of maxi-
mum dielectric loss, ay and B are parameters which describe
the shape (symmetry and width) of the relaxation spectra («y
= Br = 1 corresponds to Debye relaxation) and o4 is the
dc conductivity. The summation is extended over the two re-
laxation modes, and each is fitted according to the Havriliak-
Negami (HN) function. For the purpose of the present study
we focus on the relaxation time (7 ,,,) at the frequency
of maximum dielectric loss of each relaxation mode,8:41-44
which can be easily obtained using®

. oI ~ e . O!k,BkT[ Ve
Tk,max — Tk,HN [sm 2T Zﬂk] [sm 2T Zﬂk:l ,
where T gy, 0k, and By are determined from the experimental
results using Eq. (5).

The 11, ;-mode is chosen as representative of the flip-flop
motions of the dipolar cyanobiphenyl units of CB7CB and the
associated [T 4] 1s followed over the complete temperature
range down to 288 K, the lowest temperature at which an opti-
mal analysis through Eq. (5) can be performed. The results are
shown in Figure 2 and the fitted values of | and 8, through
Eq. (5) are listed in Table L.

The 1,1 -mode is considered as representative of the pre-
cessional motions of the dipolar units around the local di-
rector of the CB7CB and the associated [T 4] is followed
over the entire temperature range down to 278 K. These re-
sults are shown in Figure 2 and the fitted values of «, and
B2 determined through Eq. (5) are listed in Table I. It should
be stressed that relaxation time data corresponding to the
p1,-mode are not reliable below 288 K and even at about
283 K, both relaxation modes (u1,-and-p, ) are nearly in-
distinguishable.
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FIG. 2. Relaxation times at the frequency of maximum dielectric loss for
both 1 and w1 modes as a function of the inverse temperature. Blue
circles indicate the representative data of 1(c) and 1(d).

B. Dynamic characterization

It has been proposed by Stickel et al*' that the
temperature-derivative analysis of dynamic data (the relax-
ation time data in the present study) constitutes a powerful
tool to obtain precise information of their variation with
temperature. The main idea®®2*3%:46:47 s to proceed with
derivatives of very accurate [n[ty,..] data with respect to
temperature to test the validity of the parameterizations
determined from Eq. (1) to Eq. (4).

By applying the temperature-derivative procedure pro-
posed by Drozd-Rzoska and Rzoska*® to Eq. (1), we find

[L}/ _ [HA <T>r” _p (1 - E) ,
d(1/T) R T
(7N

where H4(7) is denoted as the apparent activation enthalpy.*®
In the region of validity of the VFT-equation, Eq. (7) predicts
a linear dependence of the [H4(T)/R]~"? on inverse tempera-
ture.

The application of Eq. (7) to both 1 and u, ; modes
of CB7CB is presented in Figure 3. Focusing on the Ny,
mesophase at temperatures well below the N-Ny, phase tran-
sition it can be observed that the activation enthalpies associ-
ated with both modes merge at about 330 K and apparently
follow the same trend as the temperature decreases. In addi-
tion, this temperature seems to be either coincident or close to

J. Chem. Phys. 137, 034502 (2012)

3 | N 2
I
! =
i N} <
f g
| =
N =
= - | S
T 2 COH M 8
X I
~ I
= [me %@ -10 '
E. | QE; 2.7 [1000/T)(K') 3.8
(<)

3

N 2330k

|

i

|
0 1 L 1 L 1 L 1 L 1 | L
2. 26 28 3 32 34 36 38

[1000/T](K")

FIG. 3. Results of the temperature-derivative analysis [Eq.(7)] applied to
both 11, and uo,1 modes of CB7CB in which linear dependences indicate
domains of validity of the VFT-parameterization. The inset presents the relax-
ation time data for both modes as an Arrhenius plot. Solid and dashed lines
correspond to the dynamic domains for the py ) and po 1 modes, respec-
tively, according to Eq. (7) and Eq.(1) (in the inset) with parameters taken
from Table II.

the dynamic crossover exhibited by the 11 -data. At temper-
atures above this dynamic crossover, the dynamics of -
mode is more Arrhenius-like. The dynamics of ;| -mode
becomes more Arrhenius-like when temperature approaches
glass transition, a fact already observed in other materials.”!
Such data, according to Figure 3, seem to follow a linear de-
pendence from low temperatures (about 280 K) up to about
360 K (about 2.8 K~! scaled as 1000/T). Lines (dashed and
solid) in Figure 3 represent linear fits according to Eq. (7) for
the different dynamic domains. The VFT-parameters, after re-
fining through Eq. (1) to obtain the pre-factor 7, are listed in
Table II where the dynamic domains are identified. The inset
in Figure 3 shows the relaxation time data for both modes
in an Arrhenius plot, but only in the temperature range of
the Ny,-mesophase. Solid and dashed lines show VFT-fittings
with parameters taken from Table II.

It should be stressed as can be observed in the inset of
Figure 3 and more precisely in Table II, that two different
dielectric glass transition temperatures are obtained, though
rather close one to another within about 5 K. It is also inter-
esting to note that the pre-factor 7 for the p, -mode is of
the order of 10~ !! s.

We now consider the temperature-derivative proce-
dure to be applied to the critical-like description through

TABLE 1. Fitting parameters (o and B) according to Eq. (5) for the p1 -and- u2 1 -modes.

11,)-mode 2,1 -mode
Phase o Bi Temperature range ar B2 Temperature range
N 0.92 1.0 All range of existence 0.70 1.0 All range of existence
Nip 0.97 1.0 377 K-288 K 0.67 1.0 377K-318 K
ar- B
0.65-0.47¢ 318 K-278 K

2The value decreases monotonically as temperature decreases.
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TABLE II. Fitting parameters according to Eq. (1) for the different dynamic
domains and the calculated glass transition temperature for the ), -and-
2,1 -modes.

J. Chem. Phys. 137, 034502 (2012)

TABLEIII. Fitting parameters according to Eqgs. (2) and (3) for the different
dynamic domains and the calculated glass transition temperature for the 11
and po, | -modes.

Mode  logio[zo(s)] B(K) To(K) Ta(K) Range[lOOO/T(K’l)] Mode logiolto(s)] TCX(K) ¢ Tu(K) Range[lOOOﬂ'(K’l)] Description

My —13.15 2702 168.1 . 2.7-3 iy —10.07 273.1 6.2 275.8 2.7-3.5 DS
—10.25 928.5 237.0 269.8 3-3.5 a1 —9.822 3180 1.6 ... 2.7-3 MCT

M2, —10.45 4749  259.1 275.2 ~2.8-(~3.6)* —12.87 2735 74 276.2 3-(~3.6) DS

4Dynamic crossover at about 280 K has not been taken into account.

Egs. (2) and (3). A linear dependence with temperature is ob-
tained in the region of validity of the critical-like descriptions
according to the relationship:

T2|:dlnti| =|:TR]=1(T—TCX), ®)
d(1/T) Hy (T) N
where 7Xaccounts for either 775 in the DS-model (Eq. (2)
and TPS <T,) or TMCT in the MCT-description (Eq. (3) and
TMCT >T,). Details for the derivation of Eq. (8) have been
given by Drozd-Rzoska and Rzoska.*

Experimental data for both modes of CB7CB are shown
in Figure 4 as a plot of [T>R/H4(T)] vs. temperature. It should
be stressed that the p-data exhibit a linear behavior (i.e.,
follow the DS-model) over the entire temperature range of the
Ny-mesophase, from low to high temperatures and even in
the N mesophase. However, i, | -data in the Ny,-mesophase
clearly show two linear domains, one at low temperatures
(DS-model) from T, up to about 330 K (denoted as Ty in the
figure) and another at high temperatures (MCT description)
from T up to the vicinity of the Ny,-N phase transition. In ad-
dition, the results for both modes seem to be indistinguishable
from low temperatures to about 7,4. The subsequent linear fit-
tings according to Eq. (8) yield the values of the parameters
for each mode and dynamic domain, namely 725, TM“T and
the exponent ¢. The final fitting of the relaxation data accord-

60 B
2 4‘ o
_ : | |
% ! 8
= | | |
- | S I
= 40 =) 0 TR : :
§ i ' oHr
- i N 5% o
f 10 L 11 19 | E@ I[N]I[l]
XL 2.7 [1000/TJ(K'") 38 1 LNT
R &

N
o

270 300 330 360 390

FIG. 4. Results of the temperature-derivative analysis [see Eq. (8)] applied
to both 1 and w21 modes of CB7CB in which linear dependences indi-
cate domains of validity of the critical-like description. The inset presents the
relaxation time data for both modes as an Arrhenius plot. Solid and dashed
lines correspond to the dynamic domains for 11 and u2 1 modes, respec-
tively, according to Eq. (8) and Egs. (2) and (3) (in the inset) calculated with
parameters taken from Table III.

ing to either Eq. (2) or Eq. (3) is focused on the pre-factor 7.
All these refined parameters are listed in Table III and results
of the fittings are drawn on Figure 4 and on the inset where
the relaxation time data are presented as an Arrhenius plot.

One of the most noticeable results in Table III is related to
both the T”%and T, temperatures corresponding to the 1 -
and-po | -modes. It seems that a common critical temperature
(~273 K) for the virtual phase transition and also the same
glass transition temperature of about 276 K are obtained for
both modes. As for the exponent, in the DS-domain, ¢ is 6.2
(pe1)-mode) and 7.4 (u2, | -mode), typical values usually re-
ported for spin-glass-like systems.?® In the MCT-domain for
the w, 1 -mode, ¢ is within the usual range of values.3! Tt is
also found that 7,4 is about 1.04TCMCT, a value not too far
from that found in other glass-forming liquid crystals.?®

The application of the temperature-derivative procedure
to Eq. (4) does not allow a similar straightforward lineariza-
tion methodology as followed in Egs. (7) and (8). Instead an
enthalpy function is obtained with two uncorrelated linear
variables (K and C) in the form:

dint  Hu(T) C\ o
aT) - R _K<1+T>e . ©

As suggested recently,***3 to proceed further with a suc-
cessfully linearized expression, Eq. (9) can be written as:

HoT) 7 c

The procedure for fitting the relaxation time data of both
modes of CB7CB to Eq. (10) consists of a minimization
approach®® of the 3D-weighted square residuals surface merit
function x3 ,_3p = f(C, K) associated with the 3D-enthalpy
space’

X%[A_3D(C’ K)

_ 5 ( Hyi(T) )2
S N-2 i—1 "~ RK(1+4(C/T;))eC/T

an

The summation is extended over the number N of 7-
data. The minimization procedure embodied in Eq. (11) pro-
vides an easier and more accurate numerical solution than that
found by direct fitting to Eq. (4). It allows us to obtain K and
C parameters and, consequently, the glass transition tempera-
tures for both relaxation modes. It should be mentioned that
Eq. (11) has been successfully used for other more complex
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FIG. 5. Dielectric relaxation time for both w1 and w5 1 modes in the Ng,-
mesophase of CB7CB as a function of temperature presented in the form
of an Arrhenius plot showing regions of the validity of Eq. (4). The inset
shows the results of the temperature-derivative analysis that, according to
Eq. (9) and the parameters listed in Table IV, should exhibit nearly linear
dependences for each dynamic domain. Solid and dashed lines correspond to
the dynamic domains for the 1| and p2 1 modes, respectively.

problems as in the case of the secondary relaxation processes
in orientationally disorderd crystals.*®

The fitting procedure followed is unable to fit to
only one dynamic domain for each mode as observed in
Figure 5. The inset of Figure 5, in which [n[H(T)/R]
vs.(1000/T) is plotted, allows us to better distinguish the
different dynamic domains. It should be stressed that ac-
cording to Eq. (9) and the results of the fits for the C and
K parameters (see Table 1V), In[H4(T)/R] exhibits a nearly
linear dependence with the inverse of temperature. Different
crossover temperatures for each set of relaxation modes, one
at about 300 K for u, ; -data and another at about 330 K for
1,)-data, can be observed. The former has not been appreci-
ated for VFT or critical-like analyses of u, j -data. However,
the latter has already been observed in the VFT analysis of
w1,-data and apparently coincides with the estimation of the
caging temperature, T4, shown by the i, | -data.

The final fitting of the relaxation time data according to
Eq. (4) leads to the pre-factor 7. All the (WM)-fitting param-
eters C, K, and 7, for each dynamic domain and relaxation
mode, are listed in Table IV. The final fits are also drawn in
Figure 5.

If we focus on the results for 7 and T, (see Table IV),
a strong parallelism with the VFT-results can be observed.
Again, 7 for the p, | -mode is of the order of 1071g (high

TABLE IV. Fitting parameters of Eq. (4) for the different dynamic domains
and the calculated glass transition temperature for the 11, -and- 1,1 -modes.

Mode logiolzo(s)] K(EK) CK) Tg(K) Range[1000/T(K~1)]

JIAN —12.03 1162 459.3 — 2.7-3
—8.381 10.27 1717 267.0 3-3.5

2,1 —9.186 0.036 2667 — 2.7-(~3.37)

—8.453 0.011 3642 274.1 ~3.37-(~3.6)

J. Chem. Phys. 137, 034502 (2012)

temperature dynamic domain), far from 107! s. As for the
glass transition temperature, two different values are obtained,
ca. 7 K apart.

V. DISCUSSION

A. Glass transition temperature
and cooperative motions

The glass-forming liquid crystal dimer CB7CB exhibits
two dielectric relaxation modes, and so an important question
is whether the same dielectric glass transition temperature is
observed for both modes (w1 and u, 1) or if two different
glass transition temperatures are detected. One of the most
striking results from the detailed analysis presented in this
paper is that among the analyzed dynamic parameterizations,
only the critical-like description leads to a single glass transi-
tion temperature.

Let us consider the dielectric glass transition temperature
associated with the o | -mode: T, ranges from 274.1 K (WM
equation) to 276.2 K (DS-model), passing through 275.2 K
for the VFT-equation. Different dynamic crossover tempera-
tures are observed depending on the parameterizations, with
the exception of the VFT-equation for which the fitting was
made over the widest dynamic domain because the crossover
was not taken into account. However, it is important to realize
that the value of the pre-factor To~10~!! s (see Table II; the
value should be of the order of 10~'* s) represents a serious
concern in the VFT-description of such a mode. From this, we
consider that the preferred model is the critical-like descrip-
tion, although we are aware that all parameterizations provide
nearly the same result for the dielectric glass transition tem-
perature.

We now consider the dielectric glass transition temper-
ature corresponding to the ;) -mode. With the exception
of the critical-like description for which the full temperature
range is well described by the DS-model with a glass transi-
tion temperature of 275.9 K, the other parameterizations ex-
hibit a dynamic crossover at about 330 K. In this case, the
low temperature dynamic domain leads to a glass transition
of 269.8 K (VFT-equation) or 267.0 K (WM equation), the
latter is nearly 10 K lower than that of the DS-model. In our
opinion, the lack of relaxation time data for the ;) -mode
below 288 K may be responsible for such a difference.

Figure 6 shows the heat capacity of CB7CB on heating
and on cooling over a wide temperature range. The glass tran-
sition is clearly seen in the figure and with more detail in the
inset in which both the jump in the heat capacity and the peak
in the MDSC-phase shift angle (¢, the phase lag between the
modulated temperature rate and the modulated heat flow) are
shown. The maximum in the phase shift angle at the given pe-
riod is assigned to the dynamic glass transition temperature.*
Such results argue unambiguously for a single dynamic
glass transition occurring at a temperature of about 277 K.
Among the different dynamic parameterizations used to fit
the dynamic data, only the critical-like description via the
DS-model in the ultraviscous domain predicts a single glass
transition temperature at about 276 K (see Table II), very
close to 277 K, for both molecular modes (g1, and o, 1 ).
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FIG. 6. Heat capacity measurements for CB7CB on slow cooling (black
symbols) and slow heating (red symbols). The inset shows, in detail, the
jump in the heat capacity (red symbols) as well as the peak in the ¢-shift
angle (blue symbols) as a signature of the glass transition experienced by the
twist-bend nematic mesophase. The crystal phase only appears on heating the
supercooled twist-bend nematic mesophase.

Considering the information contained in Figure 4,
molecular motions associated with the w; -mode, i.e., flip-
flop motions of the rigid mesogenic units of the dimer, can
be well-described by the DS-model over the full temper-
ature range of the Ny mesophase. According to the DS-
model, these molecular motions should be highly coopera-
tive or strongly correlated over the range of existence of the
mesophase, that is to say, they do not seem to have sufficient
free volume to be produced without cooperativity at any tem-
perature.

The nematic liquid crystal phases formed by the dimer
CB7CB should be regarded as a mixture of many conformers.
Calculations'! using the continuous torsional potential lead to
a distribution of conformers with two preponderant configu-
rations but with a wide distribution. These are identified as
molecular hairpins with angles between the two rigid cores
of about 30° and those considered as extended V molecular
shapes with angles between the mesogenic groups of around
120°. At higher values of the order parameter (lower values of
temperature) the extended V molecular shapes are stabilized
at the expense of the less extended conformers (hairpin). In
the nematic mesophases, either N or Ny, the population of the
extended conformers compared with the less extended (hair-
pin) ones is dominant at any temperature, and increases even
more as the temperature decreases. Cooperativity is said to
be favored by a strongly anisotropic environment*® that for
flip-flop motions seem to be enough at any temperature in the
nematic mesophases, either N or Ny,.

For the u, ; -mode shown in Figure 4, it is observed that
the DS-model is verified from low temperature up to 74 of
about 330 K (*1.257¢). In this temperature range, preces-
sional motions of the dipolar groups about the local director
should be strongly coupled, the activation enthalpies being
similar to that of the flip-flop motions (x,j-mode). Probably,
the coupling in both molecular motions is due to the strongly
anisotropic environment*’ as we have suggested above. But

J. Chem. Phys. 137, 034502 (2012)

for precessional motions, on increasing temperature up to
about Ty, the anisotropy caused by the population of the ex-
tended conformers seems not to be enough and a decoupling
phenomenon is observed. However, coupling of flip-flop mo-
tions remains and molecules never have sufficient free volume
to become decoupled.

A coherent physical picture of flip-flop dipolar dynamics
in the nematic phase of liquid crystal dimers was proposed by
Stocchero et al.'” who formulated a theoretical model based
on a simplified nematic potential that exhibits four-deep wells
(the so-called four-state model). The model only considers
the flip-flop motion of the dipolar end groups, and any dy-
namic processes associated with the motion of the connect-
ing, flexible, methylene chain are neglected. The justification
for this, at least in the nematic mesophases of CB7CB, is that
relaxations associated with the flip-flop mode (u,) and the
precessional mode (115, 1 ) occur at very different frequencies:
consequently a time-scale separation can be assumed. The
structural feature of the dipolar groups of CB7CB is that there
is a dipole moment along the axis of the mesogenic group,
and it is the rotational dynamics of this dipole in its environ-
ment, liquid crystalline or glass-like, which determines the
strengths and frequencies of any dielectric relaxation. Con-
sidering a single group dipole in its environment requires two
angles, polar and azimuthal, to specify its orientation. Thus
it is reasonable to suggest that there can be two relaxation
modes associated with these: precessional (azimuthal angle)
and flip-flop (polar angle). However in an ordered environ-
ment which becomes increasingly viscous, it is likely that the
modes will become mixed, i.e., they are no longer normal
modes. Furthermore, the frequencies of the two modes will
become closer as the dipolar groups interact more strongly
with their environment. This is what is observed experimen-
tally, and this supports strongly the proposal that there is only
a single glass transition temperature. Our interest in the glass-
forming properties of CB7CB has so far focused on a micro-
scopic approach to the rotational dynamics of the molecules.
An alternative perspective is to identify macroscopic features
of the properties of glass-forming materials which may corre-
late with the physical processes necessary for the formation of
the glassy-state. One such feature is the so-called “fragility”
of fluids and how it might relate to the ability for form a
glass.

B. Fragility

The fragility concept™ emerged to account for the man-

ner in which the dynamic properties of the glass forming ma-
terials change as long as the glass transition temperature is
approached. One of the formalisms most used to quantify
the fragility concept is the so-called m-fragility or steepness
index®! defined by the slope at T, for a plot of logo(t) vs.
T,/T (known as Angell’s plot). The minimum physically reli-
able value of m is considered to be 16 (estimated from a VFT-
equation with 7o = 107'* 5)! for the strongest glass-forming
material and the value of m increases with the fragility.
Initially, the fragility concept was applied to structural
glass-forming materials in which the liquid state can vitrify. It
was usual to associate the fragility concept to the material but
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FIG. 7. Results for the temperature dependent steepness index m(T) (see
Eq. (12)) for the w1, and w1 modes of CB7CB. Solid (i1, mode) and
dashed (u2,1 mode) lines correspond to the m(7) functions according to
the DS-model using the parameters given in Table III. The shadow region
corresponds to the change in the trend of the m(7)-data as the temperature
decreases.

there are materials that exhibit several dynamically disordered
phases which can alternately vitrify.3>>> In such cases, the
fragility concept was associated with every disordered phase
that becomes a glassy state, and so, a material can have dif-
ferent values of m. The Ny mesophase of the liquid crystal
dimer CB7CB exhibits two different kinds of molecular mo-
tions with their corresponding dynamic regimes that seem to
freeze at the same T, giving rise to the glassy N,-state. In this
case, how could the fragility of the nematic mesophase that
vitrifies be defined? At first glance (see Figure 2), it seems
that two different values of m, one for each relaxation mode,
should be obtained. To clarify this puzzle, it is convenient
to define the temperature dependent steepness index m(7)
(Ref. 46) as

_ Hy(T)logye

m(T) R T

(12)
Substitution of T = T, in Eq. (12) yields the m-fragility de-
fined by Angell er al. Equation (12) has the advantage of pro-
viding information about the dynamics not only at T, but also
as long as the material approaches the glass transition.

Figure 7 shows the temperature dependence of m(T) for
both relaxation modes f1; and w,; of CB7CB. It is ob-
served that the steepness index of both modes experience the
same sudden but continuous increase as the temperature de-
creases (see the shadow region of Figure 7). Despite the ap-
parent abrupt change, the DS-model follows quite well the
evolution of both steepness indices and for the w; -mode,
over the complete temperature range of the Ny, mesophase.
Solid and dashed blue lines have been drawn according
to the DS-model (Eq. (2)) using the parameters given in
Table II1.

The question now is: what happens just at the glass tran-
sition temperature? Or to be more precise: would the value
of m(T) be unique at 7,,? We think that at a low enough tem-

J. Chem. Phys. 137, 034502 (2012)

perature, both motions represented by w and i, are in a
strongly cooperative dynamic regime changing in a coordi-
nated fashion when the material approaches its glass transi-
tion temperature. Consequently, a unique value of m(T) at T,
should be obtained. However, it should be stressed that the
value of m(T,) obtained is very dependent on the dynamic
description used. In addition, as reflected in Figure 7, the
value of m(T) according to the DS-model tends asymptoti-
cally to infinity at the critical temperature which, in our case,
is very close to T, leading to a relatively high value of m(T).
The value of m(T) according to the VFT-equation also tends
asymptotically to infinity, but at 7 (nearly 30 K different from
T,, see Table II).

Finally, it should be mentioned that we only know of one
case, reported by Brés et al. * where two different kinds of
molecular motions with their corresponding dynamic regimes
were studied on approaching the glass transition. In such a
study, it was concluded that only one of these molecular mo-
tions, the dielectric tumbling mode |[...] is responsible for
glassy dynamics in the nematic liquid crystal E7 (liquid crys-
tal mixture). While this might be true for monomeric liquid
crystals, in the dimer CB7CB, results for which are reported
in this paper, the so-called dielectric tumbling mode of the
dipolar end groups can be coupled to the precessional mode
through the flexible methylene linking chain. As the glass
transition is approached, the flexibility of the methylene chain
is reduced to the extent that the precessional and flip-flop
modes become indistinguishable. At least that seems to be the
evidence of the experiments.

VI. CONCLUDING REMARKS

Recent studies of CB7CB (Ref. 11) have shown it to be
a remarkable liquid crystalline material because of the ex-
istence of an unconventional N-mesophase (the twist-bend
nematic-Ny,) characterized by a local, probably periodic, bend
in the director. However, we now know that the material is
also remarkable for the glassy behavior of the Ng,-mesophase.
The two different molecular motions detected for the glassy
dynamics of the mesophase appear to behave differently from
other calamitic nematics.** The question now is: how unusual
is the glassy behavior of the CB7CB liquid crystal dimer? Or
to be more precise: what should be expected for ordinary con-
ventional glass-forming nematic liquid crystal?

The critical-like description linked to dynamic domains
with cooperative motions is quite adequate to describe prop-
erly the dynamic regime associated with the two main molec-
ular motions in the Ny,-mesophase of CB7CB. Both kinds of
molecular motion seem to be strongly cooperative at low tem-
peratures changing in a coordinated fashion as the material
approaches its glass transition temperature. As a consequence,
both molecular motions are considered to be responsible for
the glassy dynamics with only one glass transition tempera-
ture and with only one value of the steepness index m at T, as
expected. The fact that the critical-like description represents
a model in which the relaxation time diverges at a temperature
(T¢) very close to the glass transition temperature gives rise
to a high value of the steepness index m(7Ty).
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