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The nature of the nematic-nematic phase transition in the liquid crystal dimer 1”,9”-bis(4-cyanobiphenyl-
4’-yl) nonane (CB9CB) has been investigated using techniques of calorimetry, dynamic dielectric response
measurements, and “H NMR spectroscopy. The experimental results for CBOCB show that, like the shorter
homologue CB7CB, the studied material exhibits a normal nematic phase, which on cooling undergoes a transition
to the twist-bend nematic phase (Ntg), a uniaxial nematic phase, promoted by the average bent molecular shape,
in which the director tilts and precesses describing a conical helix. Modulated differential scanning calorimetry
has been used to analyze the nature of the Ntg- N phase transition, which is found to be weakly first order, but close
to tricritical. Additionally broadband dielectric spectroscopy and H magnetic resonance studies have revealed
information on the structural characteristics of the recently discovered twist-bend nematic phase. Analysis of the
dynamic dielectric response in both nematic phases has provided an estimate of the conical angle of the heliconical
structure for the Ntp phase. Capacitance measurements of the electric-field realignment of the director in initially
planar aligned cells have yielded values for the splay and bend elastic constants in the high temperature nematic
phase. The bend elastic constant is small and decreases with decreasing temperature as the twist-bend phase is
approached. This behavior is expected theoretically and has been observed in materials that form the twist-bend
nematic phase. ’H NMR measurements characterize the chiral helical twist identified in the twist-bend nematic
phase and also allow the determination of the temperature dependence of the conical angle and the orientational

order parameter with respect to the director.
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I. INTRODUCTION

During the last few years interest in liquid crystal dimers
has experienced an extraordinary growth due to the observation
of nematic-nematic transitions for relatively simple materials
where two mesogenic units are linked by methylene chains
having odd numbers of carbon atoms [1-5]. Although the
high temperature nematic mesophase of these materials is a
conventional nematic phase, its elastic and dielectric properties
are far from typical [2,6-8]. In contrast to normal low
molecular weight nematic liquid crystals, odd dimers possess
a bend elastic constant (K3) significantly smaller than the
splay elastic constant (K;) [6,9,10]. Moreover, K3 reduces
with decreasing temperature reaching remarkably low values
[7,9,10]. Such behavior has been successfully explained in
terms of the effect the molecular shape exerts on elastic
constants [11], the preferred averaged bent molecular shape
promoted by the odd spacers being responsible for the low or
possibly negative bend elastic constants [12]. This is especially
the case when the spacer is linked by methylene groups to
the mesogenic groups [13]. According to Dozov’s predictions
[12], a negative bend elastic coefficient [14] would give rise
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to a nematic ground state where the director, instead of being
uniformly aligned, spontaneously bends. This state of bend
deformation would have to be accompanied by a splay or twist
deformation in order to be stabilized. In the latter case, the
induced twist could be left- or right-handed, and thus, even
though molecules are achiral, the sample would be expected
to form a conglomerate of domains having opposite chirality,
that is, a nematic phase where the directors arrange themselves
into a helix with the director making a constant angle with
respect to it [12]. Recently we have reported [15] a twist-bend
nematic (Ntg) mesophase for ether-linked dimers formed at
low temperatures from the nematic-isotropic transition: Other
authors have also claimed to have observed the twist-bend
nematic phase with ether-linked dimers, but no results to
support this claim are given in their paper [16].

Following a detailed investigation of the liquid crystal dimer
1”7,7"-bis(4-cyanobiphenyl-4'-yl) heptane (CB7CB) [2] it was
proposed that the low temperature nematic phase observed
for such odd dimers is indeed the Ntg phase predicted
by Dozov [12]. This study has been followed by intense
research activity focused on the structure and properties of the
Nt phase. Different authors have described a characteristic
ropelike texture with stripes parallel to the alignment axis
for thin films of planar aligned samples [1,2,9,16,17]. With
the sample between a cover slip and microscope slide,
focal-conic-defect and parabolic-defect textures have been
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FIG. 1. Chemical structure of the methylene-linked dimer 1”,9"-
bis(4-cyanobiphenyl-4'-yl) nonane (CB9CB).

observed [2,16], both indicative of a periodic modulation of
the refractive indices. However, the possibility of smecticlike
order was initially excluded by careful x-ray experiments,
which showed no Bragg reflections [2,4,7,9]. This observation
rules out long-range translational order in the phase, but
does not exclude the possibility of other structural order
characterized by appropriate order parameters. Through *H
NMR investigations, the chiral character of this nematic
phase has been unambiguously confirmed in agreement with
Dozov’s predictions [18-21]. Recently, nanoscale helix pitch
periodicities of 8—10 nm have been measured in the Nrg
phase using freeze fracture transmission electron microscopy
(FFTEM), and similar values have been obtained from a
theoretical analysis of quadrupolar splittings measured for
8CB-d, dissolved in CB7CB [7,21,22]. Interestingly, although
composed of nonchiral molecules, electroclinic effects typical
of chiral systems have been also reported [23-25]. Broadband
dielectric studies of this compound [2,8] show that both
nematic mesophases have a very similar dielectric behavior. An
interesting question concerns the character or the Ntg-N phase
transition. Although some theoretical approaches [12,26] seem
to predict a second-order phase transition, calorimetric results
point to a first-order phase transition although with a strength
that changes with the molecular structure, such as the spacer
length [2,8].

The current paper focuses on the liquid crystal dimer
17,9”-bis(4-cyanobiphenyl-4’-yl) nonane (hereafter referred to
as CBICB; see Fig. 1) that belongs to the same homologous
series of methylene-linked cyanobiphenyl-alkane dimers as
the first reported [2] example of a twist-bend nematic phase,
CB7CB. High-resolution adiabatic scanning calorimetry mea-
surements, miscibility studies, and x-ray investigations of
CBY9CB by Tripathi et al. [4] have demonstrated that, similar
to its shorter-chain homologue CB7CB, CB9CB exhibits two
nematic phases. However, in that study no mention is made
concerning the nature of the low temperature nematic phase.
In this paper we present a comprehensive experimental study
of both nematic phases of CBICB that allows us to identify the
low temperature nematic phase as a twist-bend nematic phase.
The static dielectric permittivity measurements presented here
constitute direct evidence of changes in the conformational dis-
tribution in the mesophases, while studies of the dynamics of
the dipolar groups at the N-Ntp transition provide clear proof
of the tilt of the director in the lower temperature mesophase.
Since it has been proposed that elastic constants contribute
to the stability of the Ntg phase [12], K; and K3 have
been determined using Fréedericksz-transition experiments.
The chiral structure associated with the heliconical twist-bend
nematic phase is established by *H NMR experiments using
CB7CB-d, as a spin probe which allows a measure of the phase
chirality to be established, together with the orientational order
and the director tilt. Additionally, by means of high-resolution
calorimetry experiments we present a detailed description
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of the N-I and Nyg-N phase transitions. Finally, our study
reveals the existence of a glassy state linked to the twist-bend
nematic phase.

The layout of the paper is as follows. In Sec. IT we describe
the experimental details. In Sec. III we present and discuss our
results concerning the heat capacity data, optical microscopy,
dielectric permittivity, splay and bend elastic constants, and
the quadrupolar splittings from “H NMR spectroscopy. Our
concluding remarks are summarized in Sec. V.

II. EXPERIMENTAL DETAILS
A. Material

The symmetric liquid crystal dimer CB9CB was synthe-
sized using the methodology previously reported for CB7CB
[13]. The liquid crystalline behavior was characterized us-
ing its optical textures and modulated differential scanning
calorimetry (MDSC). The phase sequence obtained (as de-
tailed in Sec. IIT A) is in good agreement with earlier studies
that noted a nematic-nematic phase transition in CB9CB
[4], but did not identify the low-temperature phase or give
any indications of its structure. Recently, Hoffmann ez al.
[27] have used “H NMR to study CB9CB and found that
the deuterium quadrupolar tensor in the twist-bend nematic
phase was uniaxial which is in accord with the global
symmetry of the phase. Their results are consistent with earlier
measurements made on CB7CB-d, [2]. Hoffmann er al. [27]
argue that the lack of local biaxiality shows that the phase does
not have the structure proposed for the twist-bend nematic.
However, it has been pointed out [28] that sufficiently rapid
translational diffusion along the helix axis will average out the
local biaxiality, as happens with conventional chiral nematic
phases. Proton NMR measurements have indeed shown that
translational diffusion parallel to the helix axis is fast enough
to remove the biaxiality of the quadrupolar tensor, which as a
result appears to be uniaxial [28].

The *H NMR studies were performed on a sample of the
dimer CB9CB doped with 2 wt% of CB7CB-ds [2]. This
particular spin probe was chosen as the deuterium source
because of its structural similarity to the host, CBICB; the
transition temperatures of CB7CB are just a few degrees lower
than those of CB9CB; as a result the transition temperatures of
the doped samples are depressed by about 1 K by the addition
of the probe.

B. Experimental techniques

Heat capacity measurements at atmospheric pressure were
made using a commercial differential scanning calorimeter
DSC-Q2000 from TA Instruments working in the modulated
mode (MDSC). Like an alternating current (ac) calorimeter, the
MDSC technique, besides providing heat capacity data, simul-
taneously gives phase shift data that allow the determination of
the two-phase coexistence region for weakly first-order phase
transitions. In our work, experimental conditions were adjusted
in such a way that the imaginary part of the complex heat
capacity data vanished. The MDSC technique is also suitable
for quantitative measurements of latent heats for first-order
transitions, even if they are weak. A more detailed description
of the MDSC technique can be found elsewhere [29].
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The MDSC measurements were made following different
procedures. For a standard study of the overall thermal
behavior of the sample, heating runs at 1 K min~! from room
temperature up to the isotropic phase and cooling runs at
several cooling rates were performed. Additionally, in order to
study the nature of the Nyg-/N and N-I phase transitions, high-
resolution heating and cooling runs at a rate of 0.01 K min~!
were performed in a temperature interval of about 5 K around
the transition. Modulation parameters (temperature amplitude
and oscillation period) were 0.5 K and 60 s in the standard
mode and +0.07 K and 23 s in the high-resolution mode.
Sample masses (between 2 and 3 mg) were selected to ensure
a uniform thin layer within the aluminum pans.

Static dielectric permittivity measurements at 5 kHz were
performed on an Instec cell of 8 ;um thickness with antiparallel
planar rubbing and a pretilt of between 1° and 3° (specified by
Instec). The empty cell capacity was carefully calibrated before
filling, and sealed afterward to prevent bubble formation. The
experiment includes an Agilent Precision LRC meter E4890A
that allows for the application of ac fields from 20 Hz to
2 MHz with probe voltages up to 20 V. Samples were
held on a hot stage (TMSG-600) with a temperature controller
(TMS-93), both from Linkam. The hot stage was placed on
a polarizing microscope (BH2 Olympus) equipped with a
camera (Olympus C5050) for the observation and recording
of optical textures. This setup was also employed for the
measurement of the splay and bend elastic constants from
the voltage dependence of the capacitance of the sample
through the Fréedericksz transition. The electric-field strength
was varied from 0.1 to 16 Vs, with a waiting time of 30 s
between the application of the field and the acquisition of
the capacitance value to guarantee the achievement of the
equilibrium director distribution. Details of the data analysis
are given in Sec. [IIB 1.

The complex dielectric permittivity &*(w) = &'(w) —
ie"(w) was measured over the frequency range 10°—1.8 x
10° Hz by combining two impedance analyzers: HP4192A and
HP4291A. High-frequency dielectric measurements require
the utilization of cells with untreated metal electrodes. In our
setup the cell consists of a parallel plate capacitor made of
two circular gold-plated brass electrodes 5Smm in diameter
separated by 50-pum-thick silica spacers. It was placed at the
end of a coaxial line and a modified HP16091A coaxial test
fixture was used as the sample holder and then held in a
Novocontrol cryostat, which screens the system. Dielectric
measurements were performed on cooling with different
temperature steps being stabilized to +20 mK.

The H NMR spectra were measured on a Varian Che-
magnetics CMX Infinity spectrometer which has a magnetic
field strength of 9.40 T. In the nematic phase the director
is aligned parallel to the field and in the twist-bend nematic
it is the helix axis that aligns parallel to the magnetic field
[18]. The sample was placed in a short NMR tube S mm in
diameter and the tube was arranged orthogonal to the magnetic
field. The sample temperature is controlled by a Chemagnetics
temperature controller; it is stable to +£0.3 K during the
spectral measurements and the transition temperatures of the
doped mesogen were used to calibrate the controller to about
40.5 K. The spectra were measured using a single pulse
sequence with a pulse width of 5 us. The relaxation delay
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between the end of the acquisition of the free induction decay,
FID and the pulse was set at 0.05 s. Typically 10000 FIDs
were acquired into 4096 words of computer memory with a
spectral window of 250 kHz.

III. RESULTS AND DISCUSSION
A. Mesophase behavior and calorimetry

The phase sequence of CB9CB was studied in the past by
means of high-resolution adiabatic calorimetry and conven-
tional DSC [4] revealing only two mesophases. By means of
x-ray investigations the high temperature phase was identified
as a conventional uniaxial nematic phase, and a second
unidentified nematic phase appeared at lower temperatures [4].
Our studies of CBOCB show that on cooling from the isotropic
phase, a nematic phase is formed at about 394 K, as can
be clearly identified from the characteristic uniform nematic
texture obtained in planar cells, and the Schlieren texture
formed in cells with no alignment treatment. Further cooling
reveals another mesophase, which propagates along the cell
leading to an initial quasiuniform texture [see Fig. 2(a)] that
develops systematically into a striped texture [see Fig. 2(b)].
The stripes grow slowly parallel to the surface easy axis with a
periodicity of the order of twice the cell thickness as reported
for other twist-bend nematic forming dimers [1,17]. For slow
cooling rates, the stripes are totally developed showing tilted
bands across them, as in a ropelike texture, characteristic of a

FIG. 2. (Color online) Optical textures obtained in 8-um-thick
cells (antiparallel alignment, from Instec). (a) At the Nyg-N transi-
tion; width of the microphotograph 575 um. (b) Ropelike texture;
width of the microphotograph 300 pm.
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FIG. 3. (Color online) Heat capacity data as a function of tem-
perature on heating at | Kmin~! after cooling the sample from the /
phase at 30 Kmin~' (open symbols) and 1 Kmin~! (full symbols).
Inset shows a zoom on the Nyg-N and N-I transitions for both
conditions.

twist-bend nematic phase [2], while for faster cooling rates a
less uniform texture with regions of focal conics is observed.
When rotating the sample with respect to the crossed polarizers
bright and dark states are revealed which suggest that there are
optical extinction positions that make an angle with the axis
of the stripes.

Measurements of the heat capacity as a function of temper-
ature over a wide temperature range are given in Fig. 3. Black
and red symbols correspond to data recorded on heating at
1 Kmin~' from 260 K with the sample in two different states:
after cooling the sample from the isotropic phase at 30 K min~!
(black symbols) and after slow cooling at 1 Kmin™' (red
symbols). The fast cooling rate of 30 Kmin~! is sufficiently
high to prevent crystallization and the twist-bend nematic
phase becomes a glassy state ([Ntglg). It should be stressed
that for slower cooling rates (for example, 20 Kmin™'), the
sample partially crystallizes giving rise to a coexistence of a
crystalline state with a glassy state. Figure 3 clearly shows
the characteristic heat capacity jump assigned to the glass
transition and how the sample in the supercooled Ntg phase
crystallizes irreversibly on heating at about 285 K (black
symbols). The crystalline state obtained in this way has the
same heat capacity value as the crystalline state obtained
by slow cooling (red symbols) but both crystalline states
are clearly different as can be inferred from the separation
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of about 15 K of their melting points. Irrespective of the
initial crystalline state, once the phase transition to the lower
temperature nematic phase takes place, both the Ntg-N and
the N-I phase transitions are observed to be identical as is
shown in the inset of Fig. 3. The characteristic temperatures
corresponding to the different phase transitions are listed in
Table I.

The MDSC technique through the heat capacity data allows
us to obtain the latent heat associated with the first-order phase
transitions. The total enthalpy change associated with any
transition (A H™°T) can be written as

AH™T = AH + / AC,dT, (D)

where the second term on the right-hand side of Eq. (1)
is the pretransitional fluctuation contribution (AC, being
the difference C, — Cp packgrond due to the change in the
orientational order intrinsic to this transition) and AH is
the latent heat which vanishes for second-order transitions.
In strongly first-order phase transitions, the second term of
the right-hand side of Eq. (1) can be neglected and the total
enthalpy change is identified with the latent heat associated
with the phase transition. This applies to the latent heat
obtained for the Cry-Nrg transition (considering the crystal
phase formed by slow cooling), and the result is listed in
Table I. The results are in quite good agreement with the
value reported by Tripathi et al. [4]. The latent heat associated
with the N-I and Nyg-N phase transitions deserves a special
mention and will be analyzed in the following sections:
Secs. IIIA 1 and IITA 2.

1. The N-I phase transition

The theoretical description of the uniaxial N-I phase
transition through the Landau-de Gennes theory is similar
to the mean-field Landau model, but in the free energy density
expansion of the nematic phase in terms of the scalar order
parameter Q ,, identified with the average value of the second
Legendre polynomial (P,(cos 6;)) with 6; the angle of the ith
molecule with respect to the nematic director, a cubic term B
is needed:

Fy=F +AQ%y +BQy +CON+DOS+---. (2

The B parameter is the so-called cubic invariant and is
responsible for the first-order character of the N-I phase
transition. If B is very small and the other parameters A
and C become simultaneously zero, the N-I phase transition

TABLE I. Transition temperatures (Tcrynyg» Tg, T n, and Tyy) and transition entropies (AScryng, /R, ASyn /R, and ASy;/R).

TCryNTB (K) ASCryNTB/R Tg (K) TNTBN (K) ASNTBN/R T}v[ (K) ASNI/R Reference

- - - 377.22 0.037 £ 0.002 392.92 0.18 £0.02 Ref. [4]*
380.45 - 395.90 - Ref. [4]°

357.6° 10.6° 277.2¢ 379.09 0.038 £ 0.006° 394.92 0.16 £ 0.02° This work

aData from adiabatic scanning calorimetry (ASC) at 0.15 Kh~!.
®Data from DSC traces.

°From MDSC data on heating at 1 Kmin~'. The sample was previously cooled at 1 Kmin~!.
4From MDSC data on heating at 1 Kmin~'. The sample was previously cooled at 20 K min~".

°From MDSC data on heating at 0.01 Kmin™'.

1
1
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becomes strictly tricritical [30,31]. In such a situation the heat
capacity critical exponent « in both the N and I phases must
be % and the Qy critical exponent  must be i. From an
experimental point of view, such parameters can be obtained
from very accurate heat capacity data through the N-I phase
transition.

Figure 4 shows the heat capacity together with the ¢-phase

shift data around the N-I phase transition. The sharp peak in
|

T
Cp,] = BC + DC[F — 1i| +AC,I

T
Cp.Nn =Bc+ Dc[ﬁ - 1:| + Ac N

The exponent « (the same in the N and [ phases), both
spinodal temperatures 7** and T*, the B¢ and D¢ terms
corresponding to the so-called heat capacity background, and
the corresponding amplitudes Ac v and Ac; are found by
fitting the experimental data of Fig. 4 to Eqgs. (3a) and (3b).
In the methodology followed, the common parameters in both
phases (B¢, D¢, and o) have been simultaneously refined after
aprevious independent fitting. The most significant parameters
(Ac.n/Ac.1, T*, T*, and o) that characterize the nature of the
N-I phase transition are listed in Table II. All of the fitted
parameters represent well the measured heat capacity data as
is seen in Fig. 4 where both Egs. (3a) and (3b) are drawn.

The latent heat associated with the N-I phase transition is
calculated using Eq. (1) from the heat capacity data of Fig. 4.
Our value is listed in Table I and is in quite good agreement
with the value reported by Tripathi ef al. [4].

The critical behavior of the scalar order parameter Qy
around the N-I phase transition as a function of temperature
has been studied by calculating Q' = (ao/2T*pn)'? Q.
according to the methodology first used by others [34] and
successfully applied by us elsewhere [32,33,35]. The scalar

54

TNI‘/{) T~ T

Co(J g* K)

¢-Phase shift J \

2 L 1 L | f 1 L

390 392 394 396 398
T(K)

FIG. 4. (Color online) Heat capacity data as a function of tem-
perature near the N-/ phase transition. The limits of the heat capacity
coexistence region (delimited by the vertical dashed lines) are defined
by the phase shift angle data. Solid lines are fittings according
to Eqs. (3a) and (3b). The inset shows Q’, data as a function of
temperature together with the corresponding fitting to Eq. (5).

T*

T**
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¢-phase shift data at the transition temperature is a signature
of the first-order character of the N-I phase transition and will
be used to delimit the coexistence region by the dashed lines
in Fig. 4.

The critical behavior of the heat capacity around the
N-I phase transition follows the standard expressions
[15,30,32,33] in a region of no more than +3 K around
TN I

1| , for T > Ty; =T"+ AT™, (3a)
-1 s for T < TN] =T — AT, (3b)
[
order parameter Q n(7T) can be written as
28T [[Ter AC AH T AC
0%(T) = =X [/ 2AT + N’+/ ”dT},
ap T, T TN] Ten
4)

where py is the density of the liquid crystal in the nematic
phases and the constant a is the first coefficient in the Landau—
de Gennes expansion [A = ao(T — Ty)/Tp]. The integration
of Eq. (4) has been made numerically on cooling from 7; in
the isotropic phase, well above Ty, at which Oy could be
considered zero down to 7. Both temperatures, T¢y and Tey,
are the limiting temperatures of the coexistence region in the
isotropic and nematic phases, respectively. The terms A Hy,
and AC, are the latent heat and the difference between the
heat capacity and the heat capacity background, respectively.
The Landau—de Gennes theory provides the generic expression
(30]

Qy = Oy +KIT —T*P, for T <T*—AT.* (5)

The inset of Fig. 4 shows how well our calculated Q' data
are fitted by Eq. (5) with a g critical exponent of 0.25 and
the spinodal temperature 7** with the same value obtained
through Egs. (3a) and (3b) (see Table II).

2. The Ntg-N phase transition

Recently, some interesting models for the Ntg-N phase
transition according to the Landau theory have been published
[14,25,36]. In such models, the Oseen-Frank free energy is
taken as the starting point for the modeling of a twist-bend
nematic phase, but additional order parameters are required
to account for the heliconical structure (tilt and twist) of the
twist-bend nematic phase. Shamid ez al. [14] propose a detailed
approach based on the existence of polar order and bend
coupling, i.e., a coupling which favors polar order along the
bend. These theoretical approaches give rise to a second-order
Ntp-N phase transition that, to date, has never been found.
Experimental results for CB7CB, the most studied material
exhibiting a twist-bend nematic-nematic phase transition,
give a nonzero latent heat (AHy,,y) [2] and an apparent
discontinuity [37] of the conical angle, which, as in the Dozov
Landau like model and molecular-field theory [26], is one of
the possible order parameters characteristic of the Ntg phase.
The latent heat (A Hy,, y) for the Ntg-N transition of CBOCB
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TABLE II. Parameters of the fitting of the Ntg-N and the N-I phase transitions.

Nrg-N N-I
Physical property T, (K) T, (K) T (K) T* (K) Acn/Ac "
Heat capacity 379.3% 378.8° 395.1° 394.7° 1.6+0.4 0.50 £ 0.05
Order parameter - - 395.1% — _ B

®The error in temperature is of £0.1.

was measured by Tripathi et al. [4] using high-resolution
adiabatic calorimetry. In the present study, using the MDSC
technique, A Hy,,y is estimated using Eq. (1) from the heat
capacity data of Fig. 5, and our value, listed in Table I, is in
very good agreement with this. These results clearly indicate
the first-order character of the Nrg-N phase transition. In
addition, the datain Fig. 5 show an evident similarity to the heat
capacity data around the Ntg-N phase transition for CB7CB,
reported by us some years earlier [2]. At that time, the analysis
of the critical behavior in the proximity of the Ntg-N phase
transition was made by using the well-known and very simple
phenomenological mean-field Landau model.

A very recent theoretical study made by Kats and Lebedev
[38] argues that because of the short pitch of the helicoidal
structure [7,22] the description of the Ntp phase based on the
Oseen-Frank free energy requires modification and that the
polar order should not be included. The chosen order parameter
is a vector ¢ containing the conical angle and the pitch of
the heliconical structure. Minimizing the proposed Landau
functional with respect to the tilt angle and neglecting short-
range fluctuations of the order parameter leads to the standard
result of the mean-field Landau model. According to this study,
the heat capacity of the twist-bend nematic phase close to the
phase transition should be expressed as

CYm =) + A*[Tx — T2, (6)

where the heat capacity of the nematic phase (C [1,\’ )is described
by the linear function

C) = B*+C*[T — Ty]. (7)

Tk

~
>
2
5}
[N]
| ¢-Phase shift
21 ria— " A n 't -
375 377 379 381 383
T(K)

FIG. 5. (Color online) Heat capacity data as a function of temper-
ature near the N-N1p phase transition. The limits of the heat-capacity
coexistence region (delimited by the vertical dashed lines) are defined
by the phase shift angle data. Solid lines are fittings according to
Eqgs. (6) and (7).

The temperature Tk represents the temperature of the
metastability limit for the twist-bend nematic phase on heating.
The coefficients A*, B*, and C* and the temperatures Tk
and Ty of both Egs. (6) and (7) are obtained as fitting
parameters from the experimental results of high-resolution
heat capacity data in the vicinity of the Nyg-N phase transition,
but close to the phase transition. In fact, there are two
characteristic temperatures in the mean-field Landau model:
The temperatures T and 7} are those at which second-order
and first-order phase transitions take place, respectively. The
temperature Tk is related to both 7y and 7} by means of the
relationship

Tx = 3T — iTp. ®)

When the phase transition is considered tricritical, Ty is set
equal to 7 and coincides with Tk.

Figure 5 shows the heat capacity for CBOCB in the vicinity
of the Nyg-N phase transition (heating run: empty symbols;
cooling run: full symbols) and the ¢-phase shift data show
a sharp peak which is a signature of the first-order character
of the phase transition. This peak is used to determine the
coexistence region (indicated by dashed lines in Fig. 5). Our
heat capacity data have been fitted to Egs. (6) and (7) and
both equations are drawn (red lines) in Fig. 5. The two
characteristic temperatures, 7y and 77, are listed in Table II.
The key result from our fit is the value of Tk /Ty = 1.0018 and
using Eq. (8), T1/Ty = 1.0014. Both temperature ratios are
compatible with a first-order Ntg-N phase transition, but one
which is nearly tricritical. For the shorter-chain homologue,
CB7CB, this transition was analyzed according to the same
theoretical model and the results are similar [2], though the
longer spacer in CBO9CB will be expected to influence the
details of the transitional behavior. These results point to
a first-order phase transition although with a strength that
changes with the molecular structure, such as the spacer length
[2,8]. Thus, for CB9CB the associated latent heat of the Ntg-N
phase transition is about 125J mol! whereas for CB7CB it is
about 205 J mol™'.

B. Dielectric studies

In liquid crystal dimers, molecular flexibility provided by
the spacer, and the corresponding changing distribution of
conformers, has a major effect on the energetically favored
molecular shapes and thus, on the mesophase properties
[39,40]. The conformational distribution is also influenced
by the anisotropic nematic interactions, favoring molecular
geometries that can better adapt to the nematic ordering and
environment. The temperature dependence of the dielectric
response of a liquid crystal phase depends on the rotational
distribution of the molecular dipoles in the presence of an
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electric field and the orientational order of the phase. However,
the order parameter itself is temperature dependent, and,
as indicated previously, both the molecular dipoles, through
the shape, and the order parameter are affected by the
conformational distribution.

Calculations of the conformational energy as a function
of the angle between the two terminal mesogenic groups
have been carried out using a continuous torsional potential
for the flexible chain segments. The results have shown
that the CB7CB homologue has a temperature dependent
conformational distribution characterized by a strong, broad
peak centered around 120° (extended conformers) and a weak
peak at 30° (hairpin conformers) [2]. These calculations also
show that the increase of the orientational order parameter
is accompanied by the growth of the proportion of extended
conformers and in addition, by a slight increase of the angle
between mesogenic units; i.e., the average molecular shape is
adapting to the increased orientational order in the nematic
environment [41].

Electric dipoles can be used as effective molecular probes
to detect changes in molecular structure via dielectric mea-
surements. Dielectric permittivity provides a measure of the
averaged molecular mean-square dipole moment, which is
determined by the conformationally averaged vector sum of
the constituent dipoles and, hence, is directly related to the
distribution of molecular conformations [15,42—-44]. For the
dimers CB7CB and CB9CB, the mean-square dipole moment
is given by the averaged vector sum of the dipole moments
associated with the nitrile groups attached to the terminal
mesogenic units. The different molecular conformers will
contribute differently to the measured components of the
dielectric permittivity. Thus the extended conformers having
an angle between the terminal dipoles of around 120° will
have a zero mean-square dipole component contributing to the
parallel permittivity along the director. For such conformers
there will be a nonzero contribution (transverse) of the dipoles
to the perpendicular component of the permittivity, which will
depend on the angle between the terminal dipolar groups.
Hairpin conformers will have a large mean-square dipole
moment contribution to the parallel permittivity measured
along the director. Furthermore, the relaxation rates for the
transverse and longitudinal dipole polarizations are different,
and so changes of the conformational distribution of the
interarm angle should be clearly reflected by measurements
of the dielectric permittivity.

We have performed measurements of the parallel and
perpendicular static dielectric permittivity components of
CBO9CB on cooling from the isotropic phase. The perpendic-
ular component of the permittivity (e, ) was directly obtained
using harmonic probe fields of low amplitude (0.5 V,y,) well
below the threshold voltage of the Fréedericksz transition. On
the other hand, the parallel component (g)) was measured
by applying voltages well above the transition, which aligns
the director parallel to the field. Both components were
measured as a function of temperature at various frequencies.
Results show that capacitance measurements are significantly
influenced by undesired ionic effects for frequencies below
5 kHz, particularly for the parallel component, and so the
static dielectric permittivity was determined at 5 kHz as shown
in Fig. 6(a). This frequency is well below the characteristic
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FIG. 6. (a) Temperature dependence of the static permittivity:
(O) isotropic phase, (o) perpendicular component, and (¢) parallel
component. Open triangles (A) correspond to the parallel compo-
nent of the permittivity measured with dc bias in metallic cells.
(b) Temperature dependence of the (M) mean permittivity and (OJ)
dielectric anisotropy.

frequency of the lowest relaxation over the whole temperature
range as will be shown later. Additionally, the mean dielectric
permittivity [ = (¢ + 2¢)/3] and the dielectric anisotropy
(Ae, = g — &) are shown in Fig. 6(b) as a function of
temperature. Open triangles in Fig. 6(a) represent the static
dielectric permittivity obtained with metallic cells under dc
bias conditions. Static dielectric permittivity measurements
for CB9CB show a temperature dependence similar to that
reported for other symmetric dimers [2,6,42] and clearly reflect
the phase transitions detected optically and by calorimetric
studies. As expected for materials with positive dielectric
anisotropy, the value of the perpendicular component of the
permittivity decreases on cooling from the isotropic phase
while the parallel component increases at the isotropic-to-
nematic transition. For odd dimers, this increase can be
explained in terms of the slight stabilization of hairpin
conformers at the onset of nematic ordering. However, after
this initial growth the parallel permittivity starts to decrease
in the nematic phase on further reducing the temperature. As
can be observed in Fig. 6(b), this trend entails a progressive
increase of the difference between the mean permittivity and
the extrapolated isotropic value with decreasing temperature,
i.e., a significant reduction of the average molecular mean-
square dipole moment as the orientational order of the phase
increases. As mentioned before, this fact can be explained
satisfactorily by the progressive increase in the population of
extended conformers with zero longitudinal dipole moment,
which is driven by the increase of orientational order [41].
On entering the Ntg phase, the decrease with lowering tem-
perature of both components of the permittivity is accelerated,
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and at low temperatures there is a sign reversal in the dielectric
anisotropy from positive to negative.

1. Permittivity measurements as a function
of temperature and frequency

To gain insight into the rotational dynamics of the dipolar
groups, measurements of the frequency dependent dielectric
permittivity were made. The interpretation of the dielectric
absorption of dimers as a function of frequency has required
the development of a suitable theoretical model based on a
time-scale separation between the motion of the mesogenic
units and the fast relaxation of the flexible chain [41].
This model assumes that the molecular reorientation occurs
via the individual orientational relaxation of the mesogenic
units (end-over-end processes) and excludes whole molecule
reorientation, which would require the simultaneous reversal
of both terminal groups, for which the corresponding energy
barrier is too high. For symmetric dimers, such as CB9CB, a
single low-frequency absorption whose strength depends on
the population distribution of conformers is predicted.

The dynamic dielectric response of CB9CB was investi-
gated in 50-um-thick metallic cells under two dc bias condi-
tions (0 and 35 V). As will be shown later, in measurements
without dc bias, metal surface interactions induce planar
alignment allowing us to obtain the perpendicular component
of the permittivity. The application of a dc bias reorients the
sample and the permittivity saturates at high voltages. Results
obtained for the static permittivities of CB9CB using both
the 8-um glass Instec cell and the 50-um metal cell are
shown in Fig. 6. From the comparison of the parallel static
permittivity components given in Fig. 6(a), it is clear that
the alignment obtained in 50-um cells with dc bias is not
equivalent to that achieved in 8-pum cells with ac bias. Textures
observed when applying a dc bias in glass cells indicate that
the divergence between both alignments can be assigned to
director fluctuations caused by convective instabilities. For the
variable frequency measurements, it is only possible to obtain
values for the parallel component of the permittivity (¢}) from
50-pum metal cells with dc bias. The frequency dependence of
the real and imaginary parts of the perpendicular and parallel
dielectric permittivity components are given, respectively, in
Figs. 7 and 8 for temperatures in the nematic and twist-
bend nematic phases. The dielectric response of CB9CB in
the nematic phase, like that of its homologue CB7CB, is
characterized by two relaxation processes whose contribution
to the dielectric spectrum depends on the alignment of the
director in the measurement cell. These dielectric relaxations
can be associated with the rotational diffusion of the dimer
molecules: an end-over-end reorientation of the dipolar groups
parallel to the director at low frequencies (m), in agreement
with the theoretical model for dielectric relaxation in nematic
dimers [40], and the precessional motion of the dipolar groups
around the director for the high-frequency branch of the
spectrum (m;). The frequency and temperature dependences
of the dielectric absorption, represented as three-dimensional
plots, are given for both alignments in Fig. 7(a) (perpendicular
to n) and Fig. 8(a) (parallel to n).

For each temperature and director alignment the frequency
dependence of the permittivity has been analyzed by fitting
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FIG. 7. (Color online) Perpendicular alignment. (a) Three-
dimensional plot of the dielectric losses vs temperature and logarithm
of the frequency. Frequency dependence of ¢/ ((J) and &' (o) (b) in
the N phase, and (c) in the Ntg phase. In (b) and (c) solid lines are
fits to Eq. (9).

each relaxation mode according to the Havriliak-Negami
function through the empirical relationship

ORI pp——

S+ (o)™ we

where ¢, is the extrapolated high-frequency permittivity, Aey
is the strength of the corresponding relaxation mode, and
o4c 1s the dc conductivity. The relaxation time 1 is related
to the frequency of maximum loss through the parameters
oy and B, which describe the width and the asymmetry of
the relaxation spectra, respectively (¢ = 8 = 1 corresponds
to a simple Debye-like process). As an example, fittings for
both director alignments are given in Figs. 7(b) (Ln, N), 7(c)
(Ln, Ntg), 8(b) (||m, N), and 8(c) (||m, Ntg). Measurement
results were fitted by assuming two relaxation processes,
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FIG. 8. (Color online) Parallel alignment. (a) Three-dimensional
plot of the dielectric losses vs temperature and logarithm of the
frequency. Frequency dependence of SH (O) and e (o) (b) in the
N phase and (c) in the Nt phase. In (b) and (c) sohd lines are fits to
Eq. (9).

approximately a Cole-Cole shape, having o about 0.95 for
my and 0.75 for m, in both nematic phases.

Dielectric strengths for each relaxation are given as a
function of temperature in Fig. 9. As observed also in the
three-dimensional plot (see Fig. 7), for the perpendicular
component of the permittivity, the high-frequency mode (1, )
dominates over the temperature range of the nematic phase.
There is a minor contribution from the low-frequency mode
(my1), but its very low strength allows us to attribute it
to a very small amount of director misalignment in the
planar configuration. Conversely, for the parallel alignment
the dielectric spectrum is dominated by the low-frequency
relaxation (), end-over-end reorientation), with a smaller
contribution from the high-frequency mode (1)) (see Fig. 9).
Although this behavior would be expected for the parallel
director configuration, the rapid decrease of the low-frequency
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FIG. 9. (Color online) Dielectric strength of the relaxation modes
vs temperature: full symbols, parallel alignment, empty symbols,
perpendicular alignment; () isotropic phase, (W,0) low-frequency
mode in the N and Nrg phases, (4,2) high-frequency mode in the
N and Nrg phases.

mode strength (Ag,,1;) implies a much steeper reduction of
the static permittivity than that found in the glass cells [see
Fig. 6(a)]. As we have already indicated, this behavior is
attributed to the inhomogeneous director distribution caused
by electroconvective instabilities.

As already noted for CB7CB [2], at the N-Nyp transition,
on lowering the temperature, the contribution of the low-
frequency mode (m;,) to the perpendicular component of
the permittivity shows an abrupt increase. This is clear from
Figs. 7(a) and 9, where the strength of the low-frequency mode
(m 1) shows arapid increase below the N-Nrp transition. Such
a sharp growth can be explained by the sudden tilt of the aver-
age axis of the longitudinal dipole moment, compatible with
the heliconical director distribution. The dielectric strengths
are obtained from a deconvolution of the frequency dependent
dielectric response, as indicated in Fig. 7, and because of this
it is not possible to determine if the apparent change in the
strength is discontinuous or continuous, but the change in
the appearance of the spectra is dramatic. Meanwhile, the
strength of the predominant mode m,, undergoes a small
decrease at the transition and then reduces more slowly
at lower temperatures. Regarding the parallel configuration,
the low-frequency contribution experiences an increase at
the N-Nrp transition and the resulting value of the static
permittivity is almost the same as that obtained with glass
cells and ac voltages [see Fig. 6(a), full symbols]. A simple
and tentative explanation for this behavior can be given in
terms of the sharp decrease of the sample conductivity at
the transition to the twist-bend nematic phase, which will
hinder director fluctuations and allow for the realignment of
the director parallel to the field.

An Arrhenius plot of the temperature dependence of the
characteristic relaxation frequencies associated with each
mode is given in Fig. 10. The analysis of these relaxation
frequencies yields another interesting observation. While the
dielectric amplitudes of the relaxation processes experience
clear jumps at the N-Npg transition, the corresponding
frequencies remain almost unaltered showing a slight decrease
for the end-over-end rotation and a comparable increase for
the high-frequency mode. In addition, the activation energy
for the end-over-end process is found to be almost unaltered
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FIG. 10. (Color online) Arrhenius plot of the frequency of the
relaxation modes: full symbols, parallel alignment, empty symbols,
perpendicular alignment; (*) isotropic phase, () low-frequency mode
in the N and Nrpg phases, (4,2) high-frequency mode in the N and
Nrp phases.

at the transition, being about 76 kJ mol~! in both nematic
phases.

Recent studies on CB7CB [17,37] reported values of
the tilt angle of the director, estimated from birefringence
measurements. In the heliconical Ntg phase, the tilt angle
shows a very steep increase near the phase transition which is
followed by a less rapid increase when it reaches more than
35¢° at just over 50 °C below the N-Nrp transition [37]. Similar
values are estimated from “H NMR results for CB7CB [21].
However, more recent NMR studies of CB7CB using 129%e
as a spin probe based on a recently proposed model for the
analysis of the chemical shift shows that the conical angle
exhibits a less rapid increase on entering the Nyg phase [45].
This is a puzzling observation to which we shall return shortly.
In our dielectric characterization of the twist-bend nematic
phase, we claim that the observation of a sudden increase in the
contribution of the low-frequency (end-over-end) relaxation
m 1 to the measured perpendicular dielectric absorption at the
N-Nrp transition is consistent with the rapid development of a
director tilt, which would be expected and has been seen on the
formation of a heliconical phase. This, in principle, provides
a method to estimate values of the tilt angle for CBOCB from
our dielectric measurements.

For the purposes of estimating the tilt angle in the twist-bend
nematic phase, we assume that the dielectric strength (A1)
of m, in the twist-bend nematic phase is due only to the
director tilt (6y) with respect to the heliconical axis, and
that the order parameter does not change at the transition.
Then the value of Ag,;, in the twist-bend phase is the
appropriate component of the dielectric strength measured for
this relaxation in the absence of tilt Ag, ) rotated by the
tilt angle; Ae,) is the dielectric strength as measured in
the nematic phase (6y = 0), for the parallel component of the
absorption. Since the components of the dielectric strength
behave as second rank tensors, the relation between the value
Ag,,1. in the twist-bend phase measured perpendicular to the
heliconical axis and the value for zero tilt Ag,; measured
along the alignment axis is Ag,L = Asmwsinzeo. At 6 K
below the N-Ntg transition the value of Ag,,; is 1.1, while
the value of Ag,,) is 4. This value has been rescaled to take
account of the small misalignment in the 50-um metal cell
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due to convective instabilities in the nematic phase already
discussed. Neglecting any changes in the orientational order
parameter at the N-Nrp transition, this gives a tilt angle of
30° for CBIOCB in the twist-bend phase 6 K below the N-Ntp
transition, similar to that already reported for CB7CB [17,37].

2. Elastic constants from electric-field induced realignment

As Dozov proposed theoretically [12], spontaneous stabi-
lization of the predicted lower local symmetry nematic phases
with splay-bend or twist-bend modulation can result from
a negative bend coefficient K3. In addition, it was shown
that the difference in the elastic free energy between the
two possible modulated nematic mesophases imposes the
inequality K; > 2K, for the splay and twist elastic constants
in order for the twist-bend distortion to be energetically
favorable with respect to the splay-bend phase. Therefore,
investigations of the elastic properties are directly related to the
experimental identification of such spontaneously modulated
nematic phases. In order to explore the possible stabilization of
atwist-bend nematic phase, a number of studies have examined
the elastic properties of the higher temperature nematic phase
[6,7,9,46] for materials that exhibit the twist-bend nematic
phase. These include (i) molecular-field calculations for the
shorter dimer, CB7CB, suggesting that the condition K; >
2K, is fulfilled [2] and (ii) experimental determination of
splay and bend elastic constants, but not the twist elastic
constant, for the nearest longer dimer CB11CB [6]. In Ref. [46]
measurements of K;, K,, and K3 for CB7CB in both the
nematic and the twist-bend nematic phases are reported. The
value they found for the ratio K, /K, was around 1.4 in the N
phase but the most intringuing result is the huge increase of
K5 and the decrease of K| on entering the Nt phase. This
is explained as being due to a different nature of the elastic
distortions near the Ntg-N phase transition [46].

We have determined the splay and bend elastic constants in
the nematic phase of CB9CB by measuring the change in the
capacitance when a variable voltage is applied to planar aligned
samples of the nematic director. The frequency of the applied
electric field was set equal to 5 kHz, as for measurements of
the static permittivity, to avoid undesired ionic effects. Careful
analysis of the data was performed at a series of temperatures
by fitting the capacitance vs voltage curve to the following
equations [47]:

. 12
2V /”/2 [ 1-+icnsinyr ]
V= 1+ . . dy,
T m ¥ (1+y nsin2y)(1—nsinZyr) v
(10a)
- o 12
fn/Z [(1+ynsm_x//)(.lj-xnsm l/f)] dw

C=cC 12 (1—nsin®yr) (10b)

+ > iz
/-Jr/2 [ 14k nsin“yr ] dw
o LA+ynsin?y)(1—nsin®y)

Here the parameter 7 is related to the maximum tilt angle
at the center of the cell ¢,, through the relation n = sin’(¢,,);
the parameters y and « correspond to the reduced quantities
y=C1/C)—1 and « = K3/K; — 1.The capacitance for
perpendicular director alignment, C, was deduced from the
capacitance of the cell before the onset of the Fréedericksz
transition, V;;,. The capacitance for parallel director alignment,
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FIG. 11. (Color online) (a) Voltage dependence of the capaci-
tance recorded at 5 kHz for the shifted temperature 7 — Ty, =
—13 K. Solid line shows the theoretical fit to Eqs. (10a) and (10b).
(b) Temperature dependence of the elastic constants K; and K3 in the
nematic phase.

C), was determined from the extrapolated capacitance in the
limit of a very large aligning field 1/V — 0 [48]. In order to
obtain the threshold voltage V;; and «, capacitance data above
the threshold voltage were fitted to Egs. (10a) and (10b) based
on a least squares minimization procedure. These values of
Vin and « were employed to calculate K; and K3 using the
relationship

K1 = (Va/7) 60 Aé. (11)

Before fitting over the entire temperature range, tests for
different values of the pretilt angle, «, in the range of 0°—3°,
were performed by introducing in Eqs. (10a) and (10b) the
integral limit value vy = arcsin[sina/,/n]. Even though not
too great a difference was observed, the best and final fittings
were performed for o = 2.2°. An example of the voltage
variation of the capacitance together with the corresponding
fitting is plotted in Fig. 11(a) for a temperature close to the
N-Nrp transition.

The splay and bend elastic constants are shown in Fig. 11(b)
as a function of temperature. The results show that the splay
elastic constant, K, increases with decreasing temperature
while the bend elastic constant, K3, which is significantly
smaller than K, decreases with decreasing temperature, after
an initial increase at the N-I transition, reaching values as
small as 0.43 pN, before increasing slightly as found for other
systems [9]. Such a decrease is in good agreement with earlier
theoretical predictions [11] and the results are comparable
to experimental determinations for other odd liquid crystal
dimers exhibiting a twist-bend nematic phase [9,10,15,49].
The results for CBOCB reported here, for both K; and K3,
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have slightly higher values than for the previously reported
homologue CB7CB [25,49], but for the longer analogue
CBI11CB [6] both K, but above all K3, are much higher.
This difference may be attributed to the effect the length of the
linking chain has on the molecular shape or also to a different
experimental methodology. The shorter chains for CBO9CB
and CB7CB would enhance the bent molecular structure of
the dimer with respect to that of the undecane homologue,
significantly reducing K3. Our measurements for CB7CB [49]
inthe N phase are comparable to those reported in Ref. [46] for
K, but our value for K3 near the Ntg phase is slightly larger
(0.43 pN vs 0.3 pN) and of the same order as for CBOCB. It is
important to note that in the analysis, the splay elastic constant
depends on the assumed value for the dielectric anisotropy
at the measurement frequency. This was carefully selected to
avoid spurious low-frequency ionic contributions that tend to
increase the permittivity and thus to overestimate K values.
The temperature dependence of K3, and in particular its
maximum near Ty, require further analysis. Similar behavior
has been found for liquid crystal mixtures of bent-core and
rodlike molecules with a sufficiently high concentration of
bent-core molecules [50,51]. As proposed in these cases, the
initial increase of K3 could be related to the increase of
the order parameter, whereas its further decrease would arise
from the better coupling of the bent shape of the molecules
to a bend distortion of the director, depending on the bend
angle. However, for liquid crystal dimers it is important
to recall that the internal flexibility of the molecules leads
to a temperature dependent conformational distribution. The
similarity between the dielectric anisotropy [Fig. 6(b)] and the
bend elastic constant [Fig. 11(b)] supports the assumption that
the temperature dependence of the conformational distribution
should not be disregarded when analyzing the behavior of K3.

C. 2H NMR spectroscopy: Chirality, order parameters,
and conical angle

The aim of the NMR experiments is to explore the orien-
tational order of both nematic phases, and for the twist-bend
nematic phase its chirality and conical angle, and how they
vary with temperature. A selection of deuterium NMR spectra
is shown in Fig. 12. In the nematic phase at 380 and 377 K
the spectra show a single quadrupolar doublet consistent with
the achirality of the phase and the alignment of the director by
the magnetic field. Careful examination of the spectra reveals
a weak quadrupolar doublet which has been associated with
a partially deuterated dimer impurity; this single doublet is
more apparent in the Ntg phase [45]. For the spectrum in the
nematic phase at 377 K the spectral lines broaden slightly,
consistent with the approach of the Ntg phase with its higher
viscosity. In the twist-bend nematic phase the two spectra
at 376 and 363 K contain two quadrupolar doublets which
provide a clear demonstration of the phase chirality, to be
discussed later. The spectra were measured carefully on going
through the Nyg-N phase transition, and the change in the
spectral linewidths is consistent with a weak first-order phase
transition and an almost continuous change in the mean of the
prochiral quadrupolar splittings.

The temperature variation of the quadrupolar splittings
for the probe CB7CB-d, dissolved in the dimer CB9CB are
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FIG. 12. The >ZHNMR spectra of CB7CB-d, dissolved in CB9CB
at four temperatures, two in the nematic phase and the lower two in
the twist-bend nematic phase.

shown in Fig. 13. Although the splittings are for the probe, its
low concentration and structural similarity to the host should
ensure that they reflect the orientational order of CBOCB. In
the N phase we see the initial, normal growth of this order with
decreasing temperature. As the Ny phase is approached, so the
rate of increase diminishes and the splitting essentially reaches
a plateau which is unusual [9]. On entering the twist-bend
nematic two doublets are clearly apparent, and this loss of
equivalence of the prochiral deuterons results from the loss of
the plane of symmetry in the averaged molecule caused by the
chirality of the low temperature nematic phase (see Fig. 14)
[2]. This provides a clear indication of the identity of the Ntp
phase. The difference in the two quadrupolar splittings grows
with decreasing temperature and might be associated with a
change in the Ntp phase structure. However, molecular-field
theory predicts that although the pitch decreases rapidly in the
Nrp phase after the transition, it then changes relatively slowly
at lower temperatures [26]. In marked contrast to the behavior
of this chiral splitting the mean quadrupolar splitting is more
or less independent of temperature. To understand this, at least
qualitatively, we recall that with decreasing temperature the
orientational order should grow, as should the conical angle.
Whereas the increasing order causes the quadrupolar splitting
to increase, increasing the conical angle results in a decrease of
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FIG. 13. The dependence on the shifted temperature, Ty;-T', of
the quadrupolar splittings for the probe, CB7CB-d,, doped in the
nematic and twist-bend nematic phases of the host, CBOCB.
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FIG. 14. The conformationally averaged structure of CB7CB-d,
with the reference frame set in one of the methylene, CD,, fragments.
The coordinate system a, b, c is also shown together with the averaged
groups X (in the spirit of the model the X cyanobiphenyl group is not
averaged because C-X is parallel to the para-axis of the cyanobiphenyl
group also known as cyanobiphenyl) and Y (also known as the spacer
and second cyanobiphenyl group). The mirror plane at the methylene
group is in the plane of the paper, i.e., the plane defined by XCY. In
a chiral environment, such as a twist-bend nematic, this symmetry
plane is removed, and the atoms D4 and D—, above and below the
plane of the paper, become inequivalent.

the splitting. It seems that these two effects essentially balance
throughout the Ntg phase as can be seen in Fig. 15.

A more quantitative interpretation of the NMR splittings
can be obtained by relating them to the Saupe ordering matrix
for the CB7CB dimer, details of which have been given by
Beguin et al. [18]. The rigid fragments containing the prochiral
deuterons are in the first and last methylene groups in the
heptane spacer, which for CB7CB-d, are equivalent. These
are now used as reference frames and allow us to include
the molecular flexibility associated with the spacer. By taking
an average over all molecular conformers, the system can be
treated as the averaged structure sketched in Fig. 14. Attached
to the carbon atom of a CD; unit are two nonequivalent groups:
X represents a cyanobiphenyl group, while Y is the methylene
spacer attached to the second terminal cyanobiphenyl group
averaged over all conformers. The plane formed by X, C, and
Y is a mirror plane and the ¢ axis is orthogonal to this; the a
axis bisects the DCD bond angle and is orthogonal to ¢; the b
axis is orthogonal to a and c. In this frame the Saupe ordering
matrix, which we shall refer to as the averaged Saupe matrix,
takes the form

Saa Sab 0
0 0 S
60 :
N Ng
- I MWMM'@ 00000
T o
z40f.
z | o
o » CB7CB-d, in CBOCB
Q 1
o Pure CB7CB-d,
20 N TR Tty Al M.
-20 0 20 40 60 80

(T TK)

FIG. 15. The variation of the mean quadrupolar splitting with the
shifted temperature, Ty n-T, for CB7CB-d4 doped in CBICB (*)
and for CB7CB-dy ().
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The key quantities of relevance here are the quadrupolar
splittings for the two deuterons and these are

Avy = (3/2)qcpScp+
Av_ = (3/2)qcpScp-,

where gcp is the component of the quadrupolar tensor
parallel to the C-D bond, assuming the local symmetry to be
cylindrically symmetric about the bond. Because of the mirror
plane symmetry, the order parameters for the two C-D bonds
denoted Scp+ and Scp- are equal, and Beguin ez al. [18] have
shown that these two order parameters can be written in terms
of the elements of the averaged Saupe matrix as

Scpt = Saac0sB + Seesin®f = Scp-, (14)

(13a)
(13b)

where B is the angle between a C-D bond and the a axis.
The quadrupolar splitting measured in the nematic phase is
proportional to two diagonal elements of the Saupe matrix and
one of these, S, is a principal component.

The chirality of the twist-bend nematic phase means that the
mirror plane for the methylene group is lost and all elements
of the averaged matrix are nonzero. Of particular significance
is the off-diagonal element S,., as a result of which the two
C-D bonds are no longer equivalent and the relevant order
parameters are now

Scpt = Saa0s’B + Scesin’B + Sy sin 28,
Scp- = 8,4€08°B + Scesin®B — S, sin 2.

(15a)
(15b)

The label + or — is seen to relate to the sign of the term
in S, in the expression for the order parameters of the C-D
bonds. We can see that by taking the mean of the quadrupolar
splittings in the Ntp phase then via Egs. (13) and (15) this sum
is given by

(Avy + Av_)/2 = (3/4)gc(Saacos’ B + Seesin’B),  (16)

which is equivalent to the quadrupolar splitting in the nematic
phase [see Eq. (14)]. It is then the mean splitting in the Ntp
phase which should be compared with the splitting in the
nematic phase as we have done in Fig. 15. The results, shown
in Egs. (15a) and (15b), also indicate that the off-diagonal
element, S, is related to the difference in the quadrupolar
splittings by

(Avy — Av_)/2 = (3/4)gcD Sae sin 2. (17)

We refer to this difference as the chiral splitting, and it is
zero in an achiral system, for which the off-diagonal element
Sac of the averaged Saupe matrix vanishes.

In Figs. 15 and 16, the results for the mean quadrupolar
splitting and the chiral quadrupolar splitting, respectively, for
CB7CB-d, dissolved in CB9CB are compared with those for
pure CB7CB-ds [2]. Since the two systems have different
transition temperatures, we have used a shifted temperature
scale with respect to the transition temperature, Ty, y. The
results for CB7CB-ds dissolved in CB9CB clearly show
that the splitting in the nematic phase is almost continuous
with the mean splitting in the twist-bend nematic as well with
as the pretransitional plateau in the nematic phase prior to the
formation of the Nrg phase. This behavior is in contrast to
that of the lower homologue CB7CB, where there is a clear
discontinuity in the splittings for the two phases. This suggests
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FIG. 16. The variation of the chiral quadrupolar splitting with
the shifted temperature, Ty, y-T, for CB7CB-d, doped in CB9CB
(*) and for CB7CB-d; ().

that the first-order Nrg-N transition for CB7CB is stronger
than that for CB9CB, which is much closer to second order,
for which there would be no discontinuity. The strength of this
transition may be related to the length of the N phase prior
to the formation of the Nt phase analogous to the behavior
of the Sm-A—N transition [52]. In Fig. 16, the temperature
dependence of the chiral splitting for CB9CB is compared
with that for its shorter homologue CB7CB. On the shifted
temperature scale, the results are very similar, except that the
chiral splitting is apparently zero, to within experimental error,
for CBOCB at the transition temperature 7y,,, while there is
a small but significant jump for CB7CB indicating a difference
in the strength of the transition for the two dimers. This
difference may well result from the change in the curvature
of their average structures [26].

The two prochiral quadrupolar splittings of the probe
molecule 8CB-d, dissolved in CB7CB have been used to
estimate the helical pitch of the host and the conical angle
of the director [21]. This determination is based on a model
for the director distribution in the Ntg phase, its relation to
the molecular conformation to give the orientational order and
the quadrupolar splittings of the prochiral deuterons. More
recently '*’Xe has been used as an NMR probe to explore
the structure of the N and Npg nematic phases for CB7CB
[45]. This experiment yields a single peak which gives the
shielding or chemical shift and a model has been developed
to determine both the conical angle and the orientational
order parameter of the cyanobiphenyl group with respect to
the director. To achieve this, analytic expressions have been
proposed to describe the temperature dependence in the Ntg
phase of the orientational order parameter and the conical
angle. Here we shall use the same approach to obtain this
information from the mean quadrupolar splitting for the probe
CB7CB-d, in CB9CB.

To understand how the probe molecule CB7CB-d, used in
our NMR experiments is ordered, it is helpful to envisage the
conformational average it will adopt on the NMR time scale.
It has been thought that the average shape of an odd dimer
would have a bent core, especially as this is required for the
formation of the twist-bend nematic phase [37]; indeed this
approximates to the average shape that has been calculated for
odd dimers [53]. However, when the averages of properties
such as the quadrupolar splittings are considered then it is
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necessary to calculate the averaged shape in the frame relevant
to that property, in other words, in the frame where the property
does not change with the molecular conformation. For the
deuterons localized in the terminal positions of the spacer in
CB7CB-d, the natural frame would be with the major axis
parallel to the para-axis of the cyanobiphenyl group. The
conformational average would leave one cyanobiphenyl group
of CB7CB unchanged but the averaged spacer and second
mesogenic group should result in a uniaxial object parallel
to the first mesogenic group containing the reference frame
[54,55]. The order parameter for the para-axis with respect to
the magnetic field, S, can be determined from the quadrupolar
splittings of the prochiral deuterons via

Sp(T) = (2/3)| Av(T)lgcp P(cos y), (18)

where y is the angle between a C-D bond and the para-axis.
This is taken to be the tetrahedral angle 109.47° and the
quadrupolar coupling constant, gcp, is set equal to 168 kHz.
The model gives the order parameter, |S,(T)|, with respect to
the helix axis as

|S,(T)| = |Sp(T)Palcos 6p(T)]

, 19)

where S7 is also that for the para-axis but with respect to the
director. The model of Jokisaari et al. [45] assumes specific
temperature dependences for S and 6y which allow Eq. (19)
to be written as

1S, (T = (1 = YT/ Tz )* Pafcos00)(1 — yo T/ Ty n ) 1},
(20)

where y and z are fitting parameters and y allows for the order
parameter to be nonzero at the phase transition. Similarly 6(0),
v, and B are fitting parameters for the conical angle; 6(0) is
that at absolute zero; and y, allows for the conical angle to
be nonzero at the transition. Thus, in principle, this model can
yield values for the order parameter of the mesogen in the Ntg
phase as well as the conical angle from measurements of the
mean splitting as a function of temperature.

The determination of the five parameters of the model from
a limited data set presents a challenge. To simplify this a
little we note that the mean splitting is almost continuous at
the nematic to twist-bend nematic transition, and accordingly
we assume that the conical angle is zero at the transition and
the parameter yy is set equal to unity. However, y is not equal
to 1 because the orientational order parameter, S”, does not
vanish at the transition. With these constraints, and within
the experimental accuracy of the chiral splittings, we have
fitted our measurements to the model using a least squares
procedure [45]. The order parameters calculated in this way
from the mean quadrupolar splittings, via Eq. (18), are shown
as a function of the reduced temperature in Fig. 17(a). From
the fitting, we have obtained the following values for the
parameters of the model proposed by Jokisaari et al. [45]:
y = 0919,z = 0.223,6(0) = 42.5°,and 8 = 0.374. From
the limited data set available, it is not possible to determine
the uncertainties associated with these derived parameters, but
these values allow us to calculate the order parameter for the
para-axis of the cyanobiphenyl group and the conical angle in
the twist-bend nematic phase.
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FIG. 17. (a) The dependence of the order parameter, S,, on
the reduced temperature in the twist-bend nematic phase, both
experimental () and calculated (—). (b) The dependence of the
orientational order parameter for the para-axis of the cyanobiphenyl
group, S;, for CB7CB-d, in CB9CB on the reduced temperature in
the twist-bend nematic (indirect —) and nematic (direct l) together
with comparable results for pure CB7CB-d, (indirect ) and nematic
(direct m) [45]. (c) The dependence of the conical angle, 6, in the
twist-bend nematic phase on the reduced temperature for CB7CB-d,
in CB9CB (—) and for pure CB7CB-d, () [45].

Our results for the order parameters S}, in the Ntp phase
as a function of the reduced temperature, T’/ Ty, n, are shown
as solid lines in Fig. 17(b).There appears to be a more or
less linear increase in the order parameter with decreasing
temperature. For comparison we also show results obtained in
the same way for pure CB7CB-d, [45]. In addition we show
in Fig. 17(b) the order parameters determined directly from
the quadrupolar splittings in the nematic phase. The order
parameter in the nematic phase is greater for CBOCB than for
pure CB7CB. This difference is likely to result from the greater
anisotropy or smaller curvature of CBOCB caused by its longer
spacer. The other clear difference in behavior between the two
dimers is the gradient in the order parameters prior to the
Ntp-N transition; for CBOCB this is shallow but steeper for
CB7CB. The most striking feature is the difference in the order
parameters between the two nematic phases. Thus for CBOCB
the order parameter is continuous, to within experimental error,
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at the transition, but for CB7CB there is a strong jump in
the order parameter at the Nrg-N transition showing a clear
difference to the behavior of CB9CB. The Landau-like theory
of Dozov [12] and the molecular theory of Greco et al. [26]
both predict that the transition should be continuous.

We conclude with our results for the conical angle which
is one of the defining characteristics of the twist-bend nematic
phase. The values found for CB9CB are shown as a function of
the reduced temperature in Fig. 17(c). Our experimental results
for the mean splitting of the probe CB7CB-ds in CB9CB
suggest that the Ntg-N transition is essentially continuous,
and the conical angle is zero at the transition. In Fig. 17(c)
we compare these results with those found for pure CB7CB
using the same methodology [45]. It is clear that the dimer
CB7CB appears to have a larger conical angle than its longer
homologue CB9CB, which may be due to differences in the
nature of the Ntg-N transition for the two dimers. The conical
angles obtained from *H NMR mean splittings seem to be
smaller than those estimated using other techniques, and so it
may be useful to explore the use of different spin probes in the
NMR experiments.

IV. CONCLUDING REMARKS

In summary, we have presented dielectric, calorimetric, and
’H NMR studies on CB9CB. As expected, the properties of
this odd liquid crystal dimer are similar to those of its shorter
analogue CB7CB, but a more detailed analysis of the results
provides more evidence concerning the structure of the twist-
bend nematic phase for these cyanobiphenyl dimers with odd
spacers. We have also shown that for CB9CB, high enough
cooling rates prevent its crystallization and the Ntg mesophase
becomes a twist-bend nematic glassy state.

The parallel component of the static dielectric permittivity
reflects the phase transitions and shows a continuous decrease
on cooling after entering the nematic phase which reflects the
temperature dependence of the conformational distribution.
This decrease leads to a decrease of the dielectric anisotropy
which changes sign from positive to negative in the Ny phase.
The tilt of the director in the heliconical phase also plays
a role in the sign change of the dielectric anisotropy. The
appearance of tilt at the N-Nrg phase transition is clearly
visible in dielectric experiments, similar to what was reported
for CB7CB [2]. The contribution of the low-frequency mode
to the perpendicular component of the permittivity shows an
abrupt increase that can be explained by the rapid development
of a director tilt of the average axis of the longitudinal dipole
moment associated with the director.

The elastic constants K; and K3 in the high temperature
nematic phase of CB9CB show a behavior that is similar
to that for other bent-shaped compounds: The splay elastic
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constant is larger than the bend elastic constant, and the latter
decreases with decreasing temperature towards almost zero on
approaching the Ntg phase. There is, however, a small increase
in K3 just prior to the formation of the Nrg phase as found
for other odd dimers. Finally heat-capacity data measurements
have allowed us to characterize the Nyg-N phase transition as
first order, although nearly tricritical.

Our results confirm that the mesogenic dimer CB9CB
forms a twist-bend nematic phase, as do other members of the
homologous series. The properties of the N phase of CBOCB
are similar to those measured for its shorter homologue
CB7CB, though the nature of the phase transition from nematic
to twist-bend nematic appears to differ for the two homologues.
Calorimetric measurements confirm that this transition in both
materials is first order, though it is much closer to second
order for the longer homologue CB9CB. *H NMR results also
point to the weaker first-order character of the Nyg-N phase
transition for CB9CB compared with CB7CB; for example,
the chiral splitting for CBOCB, which provides clear evidence
for the assignment of the Nt phase, is almost continuous
through the transition whereas for CB7CB this has a clear
discontinuity. The analysis of the mean quadrupolar splitting
allows the orientational order and conical angle to be estimated
approximately throughout the Ntp phase; these contrast with
the behavior of CB7CB which has a larger order and tilt angle
than for CB9CB.

The results presented in this paper and other referenced
work show that the introduction of core flexibility into
mesogens can have a dramatic effect on both the properties and
phase behavior of the materials. The appearance of a second
nematic phase is perhaps the most dramatic consequence of
the odd parity of the spacer combined with its flexibility in
the cyanobiphenyl alkane dimers, but what is also remarkable
is that the properties and nature of the phase transitions are
critically dependent on the length of the methylene spacer,
and by implication on the details of the chain flexibility. This
adds a new dimension to the exploration of structure-property
relationships for liquid crystal materials, and shows that in
addition to their averaged bent shape and functionality the
internal flexibility of mesogens is an important factor in
determining their intriguing liquid crystal behavior.
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