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Elastic and viscous properties of the nematic dimer CB7CB
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We present a comprehensive set of measurements of optical, dielectric, diamagnetic, elastic, and viscous
properties in the nematic (N) phase formed by a liquid crystalline dimer. The studied dimer, 1,7-bis-4-(4′-
cyanobiphenyl) heptane (CB7CB), is composed of two rigid rodlike cyanobiphenyl segments connected by a
flexible aliphatic link with seven methyl groups. CB7CB and other nematic dimers are of interest due to their
tendency to adopt bent configurations and to form two states possessing a modulated nematic director structure,
namely, the twist-bend nematic, NTB, and the oblique helicoidal cholesteric, ChOH, which occurs when the achiral
dimer is doped with a chiral additive and exposed to an external electric or magnetic field. We characterize the
material parameters as functions of temperature in the entire temperature range of the N phase, including the
pretransitional regions near the N-NTB and N-to-isotropic (I) transitions. The splay constant K11 is determined by
two direct and independent techniques, namely, detection of the Frederiks transition and measurement of director
fluctuation amplitudes by dynamic light scattering (DLS). The bend K33 and twist K22 constants are measured
by DLS. K33, being the smallest of the three constants, shows a strong nonmonotonous temperature dependence
with a negative slope in both N-I and N-NTB pretransitional regions. The measured ratio K11/K22 is larger than
2 in the entire nematic temperature range. The orientational viscosities associated with splay, twist, and bend
fluctuations in the N phase are comparable to those of nematics formed by rodlike molecules. All three show
strong temperature dependence, increasing sharply near the N-NTB transition.
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I. INTRODUCTION

Liquid crystals spectacularly illustrate how subtle variation
in molecular structure leads to dramatic changes in the
macroscopic properties of a material. Rigid rodlike molecules
such as 4′-pentyl-4-cyanobiphenyl (5CB) are known to form
the nematic (N) phase with a long range orientational order and
no positional order; in the N phase, the rodlike molecules are
on average aligned along a single direction, specified by a unit
vector n̂ called the director. However, when two cyanobiphenyl
moieties are linked into a single molecule by a flexible aliphatic
chain with an odd number of methyl groups, as in the case of
1,7-bis-4-(4′-cyanobiphenyl) heptane (CB7CB), a new, lower
temperature nematic phase, the so-called twist-bend nematic
(NTB), emerges [1–3]. This phase exhibits a uniform mass
density but a spatially modulated and locally chiral director
field. The director precesses helically on a cone with an
extremely small period (pitch), measured by transmission
electron microscopy (TEM) [2,3] to be about 8 nm. The
nanoscale heliconical geometry is evidenced by characteristic
textures of asymmetric Bouligand arches in freeze-fracture
TEM observations [3] and by resonant x-ray scattering [4].

The heliconical structure of the NTB phase, which was
theoretically predicted by Meyer [5], Dozov [6], and Memmer
[7], is a result of the tendency of molecules to adopt
spontaneous bent conformations; the twist is required to yield
a spatially uniform bend. In Dozov’s theory, the transition from
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N to NTB is associated with a change of the sign of the bend
elastic constant K33 from positive to negative. A periodically
modulated N phase of an alternative splay-bend type can also
be realized as a combination of periodic bend and splay [5,6].
The relative stability is controlled by the ratio of the splay K11

to twist K22 elastic constants; the NTB variant is stable when
K11
K22

> 2 [6].
The dimer material CB7CB, in addition to NTB, also

exhibits another twist-bend structure, the so-called oblique
helicoidal cholesteric, ChOH, when doped with a small amount
of chiral additive and subjected to an externally applied electric
[8,9] or magnetic [10] field. Here again, the experimental
observations followed earlier theoretical predictions by Meyer
[11] and de Gennes [12]. In an ordinary cholesteric, the
molecules twist in a helical fashion with the director remaining
perpendicular to the helical axis. In the ChOH structure, the
director twists while making an angle θ < π/2 with the twist
axis and the direction of the applied field. The tilt introduces
bend in addition to twist. However, when the bend elastic
constant is small, the elastic energy penalty for bend is
compensated by the dielectric energy gain associated with the
nonzero projection of the local director on the field direction.
Geometrically, the director structure of the ChOH is similar
to that of the NTB phase, but the pitch P of the ChOH is
typically much larger than the nanoscale pitch of the NTB,
since the molecules in the ChOH can rotate around their long
axes [13], while the local structure of NTB inhibits this rotation
and is essentially biaxial. Both θ and P in ChOH are explicit
functions of the applied field and the ratio K33

K22
[8,11]. The

sensitivity of the pitch to the electric field makes it possible
to realize electrically controlled selective reflection of light
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[9] and lasing [14] within broad spectral ranges, which are
potentially useful effects for practical applications of ChOH.
The important parameter to optimize in these applications is
the ratio K33

K22
, which depends on temperature. Measurements

such as those reported here are crucial to explore the potential
for this optimization.

The sensitivity of both NTB and ChOH to the elastic constants
of the corresponding material in its N state motivates the work
reported here. In particular, we experimentally determine the
temperature dependence of all three bulk elastic constants in
the entire range of the nematic phase of the dimer CB7CB.
These three constants are deduced from the dynamic light
scattering (DLS) data and also, in the case of splay constant,
from the Frederiks transition threshold in the electric field.
The elastic properties of CB7CB have been explored in the
past [15–19], but the data obtained by different groups differ
from each other rather substantially.

To date, the most complete study has been presented by
Yun et al. [15] who determined the temperature dependencies
of all three bulk elastic constants by an electro-optical
technique. Yun et al. [15] used a Frederiks transition in a
planar cell to determine the splay elastic constant K11 from
the threshold of director deformations caused by an applied
electric field. As the field increases, the initial pure splay
mode of deformations is replaced by a mixed splay-bend
distortion. By fitting the capacitance response of the cell with
an analytical expression in which the elastic parameter is of the
form κ = (K33 − K11)/K11, one can extract the value of K33

since K11 is known. The method has been originally proposed
for nematics formed by rodlike molecules [20], in which K33

is significantly larger than K11, so that the fitting parameter κ

is large and the fitting of extrapolated response is robust. In the
case of dimers, however, it is expected that the largest elastic
constant is K11 while K33 is the smallest [1,21–23]. Therefore,
the low energy cost of bend distortions and small contribution
of K33 to the fitting parameter κ makes the extrapolation
approach less robust for the dimers. The ratio K11

K22
was found

to be around 1.4, i.e., smaller than 2, near the N-NTB phase
transition [15]. The result is somewhat surprising, since the
inequality K11

K22
> 2 represents a criterion of the formation of

the NTB phase as opposed to a splay-bend phase. The very
fact of the twist-bend deformations in the low-temperature
nematic phase has been established in the case of CB7CB
by freeze-fracture transmission microscopy studies [3] and by
resonant carbon soft x-ray scattering [4]. Sebastian et al. and
Lopez et al. [16,19] used the same extrapolation technique
of splay Frederiks transition to determine K11 and K33; it
was found that as the temperature decreases towards the
N-NTB transition, K11 monotonously increases while K33 first
increases and then decreases. The values of K11 determined
in [16,19] were somewhat higher (by ≈4%–5%) than those in
Ref. [15], while the values of K33 in [16,19] were higher than
those in Ref. [15] by approximately a factor of 2, depending
on the temperature.

Qualitatively different results were presented by
Parthasarathi et al. [18] who reported that as the temperature
is lowered towards the N-NTB transition in pure CB7CB, the
bend constant K33 increases rather than decreases. Therefore,
the prior experimental results on the elastic constants of the
nematic phase of CB7CB are rather controversial. In light of

the importance of this material for understanding of NTB and
ChOH structures, the issue needs to be revisited.

In this work, we use direct and complementary techniques
to determine all three elastic constants of CB7CB as well as
other material parameters. The electro-optic version of the
Frederiks effect is used only to find the splay elastic constant
K11 from the direct measurements of the threshold voltage
needed to cause director distortions. To find the bend and twist
constants and to independently determine the splay constant,
we use dynamic light scattering (DLS). The two independently
determined values of K11 served as a test of reliability. Light
is scattered at fluctuations of the director which is the local
optic axis of the nematic. By designing a proper geometry
of the experiment (polarizations, and incident and scattering
angles), one can separate contributions of different modes of
deformations and, in particular, probe the deformations of
pure bend. As we demonstrate in this paper, this extraction
of bend is especially well suited for the dimeric materials
in which K33 is the smallest of all three bulk constants.
Furthermore, besides the direct information about the elastic
properties, the DLS data, with a proper calibration, also yield
the values of orientational viscosities, corresponding to the
relaxation dynamics of splay, bend, and the predominantly
twist component of twist-bend deformations, as described by
Majumdar et al. [24] and Zhou et al. [25]; these viscosities
are presented as functions of temperature. Finally, this work
presents results on other material properties of CB7CB, includ-
ing refractive indices, birefringence, dielectric permittivities,
and diamagnetic anisotropy. The results are of importance in
deepening our understanding of the material properties leading
to the NTB and ChOH twist-bend states and in optimization
of electrically tunable selective reflection of light and lasing
utilizing the ChOH structure.

II. EXPERIMENTAL DETAILS

A. Chemical structure, phase diagram, and alignment

The chemical structure and the phase diagram of CB7CB
are shown in Fig. 1. Phase characterization was performed
upon cooling with the rate of 0.1◦/ min using polarizing
optical microscopy (POM). The temperature was controlled
with an Instec HCS402 hot stage and mK2000 temperature
controller with a temperature stability of 0.01 ◦C. The CB7CB
was synthesized following the procedures reported by Chen
et al. [2]. Planar alignment was promoted by spin-coating a
PI2555 (HD Microsystems) polyimide layer on indium tin
oxide (ITO)-coated glass substrates. The uniform alignment
was achieved by rubbing the substrates with a velvet cloth.

FIG. 1. Molecular structure of CB7CB with electrostatic poten-
tial surface and phase diagram upon cooling (the dark shaded terminal
regions of the molecule depict the negative electric charges).
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FIG. 2. POM textures of CB7CB under cross polarizers showing
uniformly aligned (a) N and (b) NTB phases with focal conic domains.
The direction of rubbing is shown by the axis r̂.

The cells were assembled with antiparallel arrangement of the
rubbing direction. The cell gap d was controlled by Micropearl
glass spacers (mixed with NOA 71 UV glue), and measured
using a PerkinElmer UV/VIS Spectrometer Lambda 18. All
the experimental cells were filled by capillary action in the I
phase. Figure 2 shows the POM textures of the N and NTB

phases in a planar cell (d = 18.9 μm).

B. Refractive indices and birefringence

We used the wedge-cell technique [26] to determine the
ordinary no and extraordinary ne refractive indices of CB7CB.
The wedge cell was prepared using planar, rubbed ITO
substrates assembled in antiparallel fashion such that the
rubbing direction was perpendicular to the wedge thickness
gradient. The pretilt angle in the planar substrates measured
using the crystal rotation method [27] is less than 1◦. The
thickness of the thick part of the wedge was set by a stripe
of NOA 71 glue with premixed Micropearl glass spacers.
Initially, the optical interference technique described in [26]
was used to determine the angle of an empty wedge, by
shining a helium-neon (He-Ne) laser beam (λ = 633 nm)
onto the cell and recording an interference pattern under the

FIG. 3. Sénarmont experimental setup for birefringence
measurements.

POM. The temperature dependence of the wedge angle was
determined over the same temperature range as the nematic
range. The wedge cell was then filled with CB7CB by capillary
action in the I phase. The analyzer (A) and polarizer (P)
were aligned parallel to each other. Their orientations with
respect to the nematic director were chosen to explore no

and ne independently. When polarization directions of both
A and P are perpendicular or parallel to n̂, the multiple-beam
interference in the wedge cell yielded no or ne, respectively,
according to the following equation:

no,e = lλ

2α
(
s
o,e
m+l − s

o,e
m

) , (1)

where l is the interference order (i.e., the fringe number), λ

is the wavelength of probing light, α is the wedge angle, and
(so,e

m+l − so,e
m ) is the distance between the interference maxima

[26].
The Sénarmont technique was employed to verify the

birefringence, �n, due to the higher sensitivity of this method
[28]. The experimental optical setup is displayed in Fig. 3.
First, a polarizer and analyzer (positioned on a motorized
rotational stage), were crossed for maximum extinction. A
quarter-wave plate was placed such that the optical axis is
parallel to the initial polarizer. The planar cell (d = 10.1μm)
was introduced with the rubbing direction, r̂, making an angle
ϕo = 45◦ with the fist polarizer. The sample was probed with
He-Ne laser light. For each temperature scan, the analyzer
was rotated until the intensity of the linearly polarized light
emerging from the quarter-wave plate reached a minimum
(Imin) corresponding to an angle β. The maximum error of
the angle measurements was 1◦. The total phase retardation
was calculated as �
 = 2β + N2π , where N is an integer
number, and the resultant birefringence is determined as

�n = λ

2πd
�
. (2)

To diminish the contribution from experimental errors, we
fitted the measured �n and (ne + no) data with a polynomial
fit and obtained smoothed data for the temperature dependence
for the refractive indices, according to the following equation:

ne,o = (ne + no) ± (ne − no)

2
. (3)
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FIG. 4. Optical setup to determine �χ .

C. Electro-optical measurements

Dielectric characterization was performed using a pre-
cision LCR meter 4284A (Hewlett-Packard). Temperature-
dependent dielectric permittivities were calculated from the
capacitance measurements on a planar cell (d = 18.9 μm)
of CB7CB. A voltage (V ) up to 20 Vrms was applied across
the active area of the patterned ITO electrodes. The square
ITO patterned area was 25 mm2. The measurements were
performed at the following frequencies: f = 5, 10, 20, 40,
and 60 kHz. No significant dissipation was observed in the
range 5–200 kHz. The perpendicular component of dielectric
permittivity ε⊥ was calculated from capacitance measurements
at low voltages, below the Frederiks threshold, whereas the
parallel component ε‖ was determined by the extrapolation
method at high voltages. The cell capacitance C was plotted
as a function of V to find the splay Frederiks threshold voltage
(Vth) by the double-line extrapolation method. The splay elastic
constant K11 was then calculated according to

K11 = εo�εV 2
th

π2
, (4)

where �ε = ε‖ − ε⊥ and εo is the vacuum permittivity.

D. Diamagnetic anisotropy

The diamagnetic anisotropy, �χ , was determined utilizing
a planar cell (d = 18.9 μm) placed in a uniform magnetic
field applied perpendicular to the bounding plates (Fig. 4).
The sample was positioned between two crossed polarizers
with the rubbing direction r̂ making an angle of 45◦ with
the polarizer axes. The director reorientation caused by the
splay Frederiks transition was monitored via transmitted
light intensity data. Subsequently, the magnetic threshold
(Bth) was extrapolated from measurements of the optical
phase retardance vs magnetic field curve using a double-line
extrapolation approach. The values of �χ were calculated
by relating electric and magnetic splay Frederiks effects
according to

�χ = εoμo�ε

(
Vth

dBth

)2

, (5)

where μo = 4π × 10−7 H/m is the vacuum permeability.

FIG. 5. Light scattering geometries. “1”: splay+twist scattering;
“2”: pure bend scattering (θl = θm) and predominantly twist scattering

(θl = 2◦).
⇀

K i and
⇀

K s correspond to incident and scattering wave
vectors, respectively; θl is scattering angle measured in the laboratory
frame; θm refers to the so-called magic angle; �i and �s indicate the
light of incident polarization and scattering polarizations which are
orthogonal to each other.

E. Dynamic light scattering

Dynamic light scattering (DLS) on planar cells (d =
16.5 μm) of CB7CB was conducted as a function of tem-
perature on cooling. In order to obtain the absolute values of
K11, K22, and K33, we additionally recorded light scattering
from a sample of the well-characterized calamitic nematic
4-n-octyloxy-4′-cyanobiphenyl (8OCB), for which the elastic
constants and refractive indices are known with high precision
[29–31]. The 8OCB experiments were performed at selected
temperatures and under the same experimental conditions as
for CB7CB, using a planar cell (d = 14.4 μm). Specifically,
8OCB and CB7CB cells were situated in the same plane and
placed adjacent to each other in the scattering apparatus. They
could then be translated into or out of the incident laser beam
by turning a single micrometer, with no other effect on the state
or parameters of the experiment. High quality of homogeneous
n̂ alignment was confirmed by POM, performed in situ on the
DLS setup. Phase transition temperatures of test samples were
checked both before and after the experiment.

In the light scattering setup, the output of a He-Ne
laser (Spectra-Physics, model 127), with a wavelength
λo = 633 nm, incident power of 4 mW, and polarization
oriented perpendicular to the scattering plane, was focused
onto a spot on the sample with diameter ∼50 μm. The hot
stage containing the control and test samples was installed on
a three-stage goniometer that allowed independent adjustment
of the incident angle (set to normal incidence), the scattering
angle, and the angle of the director n̂ with respect to the
scattering plane. This flexibility enabled us to isolate scattering
from three components of the director fluctuations: pure bend
(K33), twist-bend mode dominated by twist (K22), and pure
splay (K11) (Fig. 5). In each case, depolarized scattered light
was collected through a pinhole-lens-optical fiber detection
layout. Scattered photons were converted to electronic
pulses through a photomultiplier-amplifier-discriminator
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combination, allowing homodyne time correlation functions
of the scattered intensity to be computed on a digital correlator.

In splay+twist geometry “1” of Fig. 5, the scattering
vector

⇀

q representing the difference between the incident and

scattered wave vectors,
⇀

q =
⇀

Ks −
⇀

K i, is perpendicular to the
director n̂ (

⇀

q = ⇀

q⊥). In this case, splay and twist fluctuations
contribute simultaneously to the scattering. The measured light
intensity (divided by the incident light intensity Io) for normal
incidence is given by [32]

IST(θl)

Io
= (�ε′)2(πλ−2)2�dAkBT

×
[

G1(θl)

K11q2
⊥ (θl)

+ G2(θl)

K22q2
⊥(θl)

]
, (6)

where θl is the scattering angle in the laboratory, �ε′ is the
optical dielectric anisotropy defined as �ε′ = n2

e − n2
o, λ is

the wavelength of light, T is the absolute temperature, � is
the collection solid angle, A is the cross-sectional area of
the illuminated sample volume, and d is the sample thickness.
G1(θl) and G2(θl) are geometrical scattering factors dependent
on no, ne, and θl. By choosing the scattering angle to be the so-

called magic angle, θm = sin−1(no

√
1 − n2

o

n2
e
), the contribution

of twist fluctuation mode to the total intensity disappears, so
that IS(θm) ∝ G1(θm)

K11q
2
⊥(θm)

. In this case, we can extract the elastic
constant K11. The fitted no and ne values of CB7CB at the
same wavelength as used for DLS were used to determine θm

at each temperature. The calculated values of θm vary over
33◦–40◦ within the N range. For the 8OCB control sample,
we used literature values of the refractive indices to obtain θm

[33].
In geometry “2” (“twist-bend” geometry), where n̂ lies in

the scattering plane, the scattering comes from a combination
of the twist-bend normal mode of director fluctuations [32]:

ITB(θl)

Io
= (�ε′)2(πλ−2)2�dAkBT

×
[

G3(θl)

K33q2
‖ (θl) + K22q2

⊥ (θl)

]
. (7)

Here G3(θl) is a geometrical factor appropriate to the twist-
bend geometry. At a low experimental scattering angle of θl =
2◦, the ratio q2

⊥(θl)
q2

‖ (θl)
≈ 15. Since we also know that K22 	 K33

for dimer molecules with odd-numbered spacers [21–23], we
conclude that K22q

2
⊥(θl) 	 K33q

2
‖ (θl) for θl = 2◦, so that, to

an excellent approximation, only twist fluctuations contribute
in the above expression for the scattered intensity. On the other
hand, when θl = θm, one finds that q2

⊥(θm) = 0 [32], and in this
case only bend fluctuations are probed. Thus, by switching
from very small θl to θl = θm, we can selectively probe the
elastic constants K22 and K33.

As mentioned previously, in order to obtain the ab-
solute values of the moduli, pure splay, bend, or twist
scattering from CB7CB must be calibrated against the
corresponding scattering from 8OCB. Literature values of
optical parameters (ne,8OCB = 1.65, no,8OCB = 1.50) [31] and
elastic constants (K11,8OCB = 5.5 pN, K22,8OCB = 2.9 pN, and
K33,8OCB = 6.05 pN) [29,30] at T − TNI = −6 ◦C were used

in order to calculate intensity ratios between the 8OCB and
CB7CB samples at fixed temperature (T − TNI = −9 ◦C).
That enables a straightforward calculation of the elastic
constants of CB7CB.

DLS also provides information on the orientational viscosi-
ties. At optical frequencies the director fluctuation modes are
overdamped, and the standard expression for the homodyne
intensity correlation function is [34]

〈I (0,θl)I (τ,θl)〉 = I (θl)
2[1 + e−2�(θl)τ ], (8)

where �(θl) is the relaxation rate of the fluctuations, and τ is
the correlation delay time. Fits of the correlation data to this
expression give the relaxation rates for the two director normal
modes [32]:

�α(θl) = (K33q
2
‖ + Kαq2

⊥)

ηα(
⇀

q)
, α = 1,2. (9)

The viscosities ηα(
⇀

q) are combinations of the Leslie and
Miesowicz viscosities of the nematic. From the scattering
geometries described above, values of the elastic moduli,
and the fitted relaxation rates, we calculate the orientational
viscosities for pure bend and splay scattering geometries as
[34]

ηsplay = K11q
2
⊥

�1(θm)
= η1(q⊥) = γ1 − α2

3

ηb

, (10)

ηbend = K33q
2
‖

�2(θm)
= η2(q‖) = γ1 − α2

2

ηc

, (11)

where γ1,α2,α3,ηb,ηc are fundamental viscosities of the
nematic fluid discussed in standard texts [32].

The corresponding orientational diffusivities, D, are found
using the following relationships [32]:

Dsplay = K11

ηsplay
, (12)

Dbend = K33

ηbend
. (13)

In the case of the twist-bend mode (geometry “2”) for

small scattering angle θ1 ≈ 2◦ and q2
⊥

q2
‖

≈ 15, the orientational

viscosity becomes [32]

ηtwist-bend = K22q
2
⊥

�2(θl = 2◦)
= η2(q2

⊥ ≈ 15q2
‖ )

≈ γ1 − α2
2

ηa

q2
‖

q2
⊥

≈ γ1 − α2
2

15ηa

. (14)

In contrast to the situation with the elastic constants,
the orientational viscosity ηtwist-bend cannot be reasonably
approximated by the pure twist contribution (ηtwist = γ1), since

the value of α2
2

ηa
is typically rather large. For example, using

reported values of α2 and ηa for the standard monomeric

calamitic 5CB [35], we have α2
2

ηa
= 0.22 Pa s at a temperature

10 °C below the isotropic-nematic transition, which means that
in 5CB the last term in Eq. (14) is 16% of the reported value
of γ1 = 0.08 Pa s. Thus, in the following section we report
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FIG. 6. (a) Refractive indices of CB7CB (λ = 633 nm); filled
symbols represent the data acquired using a planar wedge cell; dotted
and solid lines represent the fitted values of no and ne, respectively; (b)
�n measured at λ = 633 nm using the Sénarmont technique (circles),
and planar wedge cell (squares).

the orientational viscosity in Eq. (14) and the corresponding
diffusivity,

Dtwist-bend = K22

ηtwist-bend
. (15)

III. RESULTS

A. Refractive indices and birefringence

The measurements of the principal refractive indices and
the birefringence at λ = 633 nm are presented in Fig. 6.

The birefringence is positive and increases monotonically
with decreasing temperature through the nematic phase down
to the N-NTB transition.

B. Dielectric and diamagnetic properties

Both components of dielectric permittivity (ε‖ and ε⊥) are
presented in Fig. 7(a) as functions of temperature. Figure 7(b)
shows that, upon cooling from the I phase, �ε first significantly
increases and then monotonously decreases. Changing the

FIG. 7. (a) Parallel and perpendicular components of
temperature-dependent dielectric constants and (b) �ε measured at
f = 5, 10, 20, 40, and 60 kHz using a planar cell (d = 18.9 μm).

frequency in the range f = 5–60 kHz did not significantly
affect the temperature-dependent behavior of the dielectric
constants.

The diamagnetic anisotropy presented in Fig. 8(a) has a
sharp increase near the I-N transition. It grows with decreasing
temperature and saturates towards the N-NTB transition. The
data were fitted with a Haller’s rule [36] of the form

�χ = χo

(
1 − T

T ∗

)ν

, (16)

where χo = 2.1493 × 10−6, T ∗ = 384.75, and ν = 0.109 53
are the fitting parameters. The scalar nematic order parameter
S was calculated using the relationship S = �χ(T )

χo
, and is

presented in Fig. 8(b).

C. Elastic constants

We performed direct measurements of all three elastic
constants of CB7CB by the methods described above. The
geometries described in Sec. II for DLS measurements allowed
us to isolate the fluctuations related to splay, twist, and bend.
The independently calculated values of K11, K22, and K33

from the intensity measurements are presented in Fig. 9(a).
The Frederiks transition method was also employed to further
assure the validity of DLS results. The results of capacitance
measurements at f = 60 kHz yielding K11 are presented in
Fig. 9(a). On cooling, K11 weakly increases in the entire
N range. There is also a slight increase in K22, which is
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FIG. 8. (a) Temperature dependence of �χ fitted with Haller’s
rule and (b) orientational order parameter.

more prominent near the N-NTB transition. The most striking
behavior, however, is seen in the development of K33 as
the temperature approaches the NTB phase, Fig. 9(b). On
cooling through higher temperatures in the N phase K33

increases slightly; however, on further cooling the value
dramatically decreases approaching about 0.4 pN, after which
there is a sharp growth near the N-NTB transition. The
temperature-dependent elastic constant ratios, K11

K22
, K33

K22
and

K11
K33

, are presented in Fig. 10.
The temperature dependence of the three orientational

viscosities, ηsplay, ηbend, and ηtwist-bend, are displayed in Fig. 11;
they tend to increase upon cooling, especially on approaching
the NTB phase. The corresponding diffusivities defined in
Eqs. (12), (13), and (15) are presented in Fig. 12. As
temperature is lowered from the I phase, Dtwist-bend remains
practically constant, Dsplay gradually decreases, and Dbend

sharply decreases and levels off near the N-NTB transition.

IV. DISCUSSION

The temperature dependence of the refractive indices and
birefringence of CB7CB in the N phase is similar to that

FIG. 9. (a) K11, K22, and K33 measurements acquired using
DLS measurements and K11 data using capacitance method at
f = 60 kHz; (b) temperature behavior of K33 (DLS method).

of ordinary calamatic liquid crystals such as 5CB as well
as bent-core liquid crystals [33,35,37–43]. On cooling, the
extraordinary refractive index increases and the ordinary index
decreases. The birefringence �n [Fig. 6(b)] is positive and
grows with increasing orientational order. The temperature
dependence of �n measured by us at 633 nm is in good
agreement with the data by Meyer et al. at λ = 546 nm [44]
and Tuchband et al. at λ = 656.3 nm [45].

The measured temperature dependency of dielectric
anisotropy �ε differs from that of �n. Upon cooling, �n

increases monotonously [Fig. 6(b)], while �ε first slightly
increases near the clearing point, and then it decreases
[Fig. 7(b)]. The difference between �ε(T ) and �n(T ) should
not come as a surprise, as at optical frequencies, the electrical
polarizability of nematics (and thus �n) reflects electronic
and atomic polarizabilities [46,47], while the value of �ε

at lower frequencies is also influenced by the orientational
polarizability. The difference in contributing mechanisms to
�ε and �n is well known in the studies of rodlike mesogens;
see, for example, Refs. [47,48].

The tendency of the perpendicular component of permittiv-
ity to decrease on cooling is similar to that for monomeric
liquid crystals with �ε > 0 [1]. However, the parallel

062704-7



GRETA BABAKHANOVA et al. PHYSICAL REVIEW E 96, 062704 (2017)

FIG. 10. Ratio of elastic constants (a) K11
K33

and K11
K22

, (b) K33
K22

from
DLS data.

component of the dielectric permittivity does not behave as in
a typical calamitic nematic with �ε > 0, where ε‖ is expected
to increase on cooling. In CB7CB, ε‖ increases slightly just

FIG. 11. Temperature dependence of orientational viscosities.

FIG. 12. Temperature dependence of orientational diffusivities.

below the I-N transition, but upon further cooling it rolls over
and begins to decrease. As seen in Fig. 7, the decrease in
ε‖ leads to a decline in �ε. Our experimental results are
in good agreement with other dielectric studies of CB7CB
and its longer homologues [1,15,16,18,49–52] and can be
qualitatively explained as follows.

In CB7CB, the molecular net dipole moment is determined
mostly by the orientation of two cyanobiphenyl groups
[1,16,51]. The flexible dimers respond to changes in tempera-
ture by modifying their conformations [1,53–56]. Theoretical
models of flexible dimers suggest that there are two main popu-
lations of conformers, extended and hairpinlike, that vary in the
angle between the two terminal cyanobiphenyl units [1]. This
angle is about 120◦ for the extended conformers and 30◦ for
the hairpin conformers. While the hairpin conformers might
contribute substantially to the overall dielectric permittivity
near the clearing point, their population should diminish as
the temperature is lowered and the packing density increases.
At the same time, the population of extended conformers
should be growing as the order parameter increases upon
cooling [1]. The extended conformers with the angle between
two terminal groups above 90◦ should have a vanishing
longitudinal dipole moment [16,51]. The effect of an increased
number of the extended conformers might contribute to the
observed decrease of ε‖ upon cooling in Fig. 7(a). Besides
the orientation of the dipole groups, their relative position
might also contribute to the unusual temperature dependence
of permittivity. A nonmonotonous temperature dependence
of �ε is known for the nematics formed by rodlike and
bent-core molecules near the transition of the N phase to the
smectic-A (SmA) phase [38,47,48]. In SmA, the molecules are
arranged in layers, with their long axes being perpendicular to
these layers. The spacing between the molecules within SmA
layers is shorter than the distance between different planes.
This packing feature enhances antiparallel dipole correlations
within the layers, decreasing the effective longitudinal dipole
moment and thus decreasing ε‖ and �ε [47,48]. Although the
nematic phases of CB7CB do not show smectic modulations of
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TABLE I. Elastic constants and their ratios of CB7CB dimer, 8OCB calamitic mesogen (I-N-SmA transitions), bent-core mesogens 12-F
(I-N-SmA), and A131 (I-N-SmC) at Tnorm ≈ 0.1 and 0.2. The normalized temperature equals 1 at the I-N transition point and 0 at the transition
point from N to the lower-temperature phase.

Material Tnorm K11 (pN) K22 (pN) K33 (pN) K11
K22

K11
K33

Reference

CB7CB 0.1 8.0 ± 0.5 2.5±0.4 0.39 ± 0.02 3.2 21 DLS (this work)
CB7CB 0.1 7.2 ± 0.3 5.2±0.5 0.3 ± 0.1 1.4 24 Ref. [15]
CB7CB 0.1 7.6 ± 0.2 0.6 ± 0.2 13 Ref. [16]
CB7CB 0.1 7.0 ± 0.2 3.8 ± 0.3 1.8 Ref. [18]
CB7CB 0.1 7.6 ± 0.3 0.5 ± 0.3 15 Ref. [19]
CB7CB 0.2 7.4 ± 0.5 2.4±0.4 0.41 ± 0.03 3.1 18 DLS (this work)
CB7CB 0.2 6.9 ± 0.3 4.9±0.3 0.3 ± 0.1 1.4 23 Ref. [15]
CB7CB 0.2 7.2 ± 0.2 0.6 ± 0.2 12 Ref. [16]
CB7CB 0.2 6.8 ± 0.2 3.7 ± 0.3 1.8 Ref. [18]
CB7CB 0.2 7.1 ± 0.3 0.6 ± 0.3 12 Ref. [19]
8OCB 0.1 7.3 ± 0.1 4.0±0.1 13.1 ± 0.1 1.8 0.56 Ref. [30]
8OCB 0.2 6.8 ± 0.1 3.5±0.1 9.5 ± 0.1 1.9 0.72 Ref. [30]
12-F 0.1 6.7 ± 0.5 9.4 ± 0.4 0.71 Ref. [38]
12-F 0.2 6.2 ± 0.5 5.9 ± 0.3 1.1 Ref. [38]
A131 0.1 15.4 ± 0.3 11.6 ± 0.3 1.3 Ref. [63]
A131 0.2 13.9 ± 0.3 6.7 ± 0.3 2.1 Ref. [63]

density, enhancement of antiparallel correlations of the dipole
moments located at the neighboring molecules might also
contribute to the observed decrease of ε‖ and �ε.

The diamagnetic anisotropy of CB7CB is positive, and,
as expected, the temperature dependence is similar to that
of the birefringence. The values of �χ saturate near the
N-NTB transition. The extrapolated values of the orientational
order parameter using Haller’s fit show that the scalar order
parameter S varies between 0.41 and 0.67, which is consistent
with the reported values [44,57].

Figure 11 shows the temperature-dependent orientational
viscosities that obey a relationship ηtwist-bend ≈ ηsplay > ηbend

in the entire nematic range. As already discussed, see Eq. (14),
the value of ηtwist-bend cannot be approximated by the pure
rotational viscosity γ1, since one expects ηtwist-bend > γ1. The
value of ηsplay is about 2 times larger than that in 5CB, while
ηbend is 10%–20% smaller than in 5CB [35]. The increase of
ηsplay in CB7CB as compared to 5CB can be associated with
the increase of the molecular length [35]. One expects ηsplay >

ηbend for conventional rodlike mesogens [58]. For rigid bent-
core molecules, Majumdar et al. reported ηbend ≈ ηsplay, with
bend viscosity being slightly, by about 10%, higher than the
splay viscosity [24]. The relative smallness of ηbend observed
in our studies of CB7CB is apparently caused by the tendency
of odd-numbered dimers to adopt bent conformations.

The main focus of this report was to determine the elastic
constants in the most accurate and complete fashion. In order
to achieve this goal, we used direct measurements by two
independent techniques, DLS and Frederiks transition. The
elastic moduli obtained in our work and the results of similar
studies by other groups for CB7CB are presented in Table I
and discussed below. Since the literature values of the nematic
range of CB7CB vary, we normalized the temperature (Tnorm)
of the N phase, where Tnorm = 0 and Tnorm = 1 represent
N-NTB and I-N transitions, respectively. Table I presents the
data for two normalized temperature points Tnorm ≈ 0.1 and

≈0.2. In our setup for CB7CB, these temperatures correspond
to ∼102.3 °C and ∼103.6 °C, respectively. The literature
values of K11, K22, and K33 for CB7CB were taken from
the supplemental material in Ref. [15] as well as from the
figures in Refs. [16,18,19]. Experimental errors presented in
Table I were calculated by the error propagation method for
DLS data and by measuring the symbol size in plots presented
in Refs. [15,16,18,19].

Splay. The splay modulus data measured by our two
methods agree with each other within the error bars [Fig. 9(a)].
Upon cooling, K11 grows monotonously, and obeys the
relationship K11 > K22,K33 throughout the entire N range.
The K11 values are in reasonable agreement with the literature
data obtained by measuring capacitance of cells experiencing
the splay Frederiks transition [15,16,18,19] (Table I). The
major source of the error in the DLS measurements is the
variation of the measured light intensity values. We minimized
that error by measuring the light intensity of each data point
by two independent channels for 10 min.

Twist. The dependence K22(T ) measured by DLS shows
a typical increase as the temperature is lowered. The rate of
this increase becomes higher near the N-NTB phase transition,
within about 1.2 °C of the transition point. The absolute
values, however, are lower than the values reported for K22

in Ref. [15], by a factor of ∼2 near the N-NTB transition. The
authors in Ref. [15] used the electric Frederiks transition in a
twisted nematic (TN) cell and in a planar cell with in-plane
switching (IPS). According to Ref. [15], the obtained values
of K22 are not accurate because of difficulties in determining
the threshold voltage Vth in the TN cells and because of field
inhomogeneity in the IPS cells. The ratio K11

K22
measured in our

work is consistently higher than 2.5 in the entire N range of
CB7CB, while Ref. [15] reports that on average K11

K22
≈ 1.4.

Note here that the twist-bend phase has been predicted to be
stable only when K11

K22
> 2, as opposed to the splay-bend case

in which one expects K11
K22

< 2 [6,59].
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Bend. The most striking temperature dependence is ob-
served for K33. Our DLS data show an overall decrease of K33

upon cooling, down to ≈0.4 pN near the N-NTB transition,
after which K33 grows within a 1.5 °C interval just before the
transition. A similar pretransitional slight increase of K33 was
already observed for CB7CB and other dimeric liquid crystals
[16,19,21–23,51], with the exception of Ref. [18] which
reported K33 monotonously increasing as the temperature
is lowered. In Refs. [15,16,18,19] K33 was determined by
using the splay Frederiks transition and measuring the cell’s
response well above the threshold voltage at which pure splay
gives rise to mixed splay bend; extrapolation to infinite fields
yields K33. When K33  K11, this extrapolation might be
less accurate than in the conventional case of K33 > K11.
Furthermore, as the electric field increases above threshold,
director deformations give rise to flexoelectric polarization that
renormalizes the extrapolated value of the elastic constants.
In particular, Brown and Mottram [60] demonstrated that
in the conventional nematic E7, the extrapolated values of
K33 obtained from the splay Frederiks effect in a planar
cell are significantly influenced by this flexoeffect. In the
case of CB7CB, the flexoelectric effect can be significant;
see, for example, [61,62]. Thus the extrapolation technique
should be supplemented by an independent analysis of
how the flexoelectric effect can influence the extrapolated
K33.Thus far, only our DLS experiments provide a direct
measurement of K33. The data show that the splay-bend
anisotropy of the elastic constants in CB7CB is huge,
K11
K33

∼ 21, which implies that the one-constant approximation
(K11 = K22 = K33) often used in theory will not be accurate
for CB7CB.

Table I also compares the elastic moduli of CB7CB
to those of other nematics, formed by conventional rod-
like and rigid bent-core molecules with underlying smectic
phases. Again, we use normalized temperature to make
the comparison, where Tnorm = 0 represents N-SmA/SmC
transition. 8OCB is a calamitic liquid crystal which ex-
hibits N-SmA transition [30]. The bent-core compound (4′-
fluoro phenyl azo) phenyl-4-yl 3-[N-(4′ − n-dodecyloxy 2-
hydroxybenzylidene)amino]-2-methyl benzoate, abbreviated
as 12-F, exhibits SmA phase [38], while the second bent-core
material, 4-[(4-dodecylphenyl)diazenyl] phenyl 2-methyl-3-
[4-(4-octylbenzoyloxy) benzyledeneamino] benzoate, abbre-
viated as A131, exhibits SmC phase [63].

Nematic phases of 8OCB, F-12, and A131, listed in Table I,
all exhibit a substantial pretransitional increase of K33 when
temperature is cooled down from Tnorm = 0.2 to Tnorm = 0.1.
The effect is usually explained by the proximity of the smectic
phase in which the condition of the layers’ equidistance is
incompatible with the director bends and twists; above the
transition, in the N phase, formation of cybotactic clusters with
periodic layer spacing makes twist and bend elastic constants
relatively large [30,33,38,63]. Even though the NTB phase of
CB7CB does not exhibit periodic mass density modulation,
the periodic director structure limits twist and bend [22]. Thus
the mechanism responsible for the observed pretransitional in-
crease of K22 and K33 near N-NTB phase transition in CB7CB,
Fig. 9, may be analogous to that of other materials near the
N-SmA/SmC phase transitions, where K22 and K33 diverge.

The results presented in this work and in Refs. [21–23]
demonstrate that the typical elastic constants’ relationship
for the N phase of dimers exhibiting the NTB phase is of
the type K33 < K22 < K11. For rodlike calamitic nematics
such as 8OCB, Table I, the relationship is K22 < K11 < K33

[22,30,64,65]. In the case of bent-core nematics, however,
the elastic constant relationship is not universal, and it is
largely dependent on the bend angle [43,66]. Few reports
show that K33 > K11 [38,43,67]. There are also observations
of an anomalous temperature behavior, similar to dimers,
with K33 < K11 [24,38,42,63,68]. The bent shape of the rigid
bent-core molecules might explain the anomalously small
K33 [63]. The reduction of the bend elastic constant by the
molecular curvature has already been predicted by Gruler [69]
and Helfrich [70].

V. CONCLUSION

In this report, we experimentally determined the
temperature-dependent optical, dielectric, diamagnetic, and
elastic and viscous material properties of the most studied
odd methylene-linked dimer, CB7CB, in its nematic phase. We
determined that on cooling, the refractive indices behave much
like the regular calamatic liquid crystals such as 5CB. The
dielectric measurements reveal that the parallel component of
dielectric permittivity decreases on approach to the N-NTB

transition after an initial increase below the isotropic phase,
while the perpendicular component decreases monotonically.
The resultant dielectric anisotropy has a sharp increase below
the clearing temperature, but then rolls over and gradually
decreases on approaching the N-NTB transition. These results
are consistent with the dimers adopting a more bent (less
extended) average conformation as the N-NTB transition is
approached.

We also reported independent measurements of all three
temperature-dependent elastic constants for CB7CB. In our
study we employed direct measurements of all three elastic
constants with very small temperature steps near the N-NTB

phase transition. We show that the relationship K11 > K22 >

K33 holds true in the entire nematic range, with K11
K22

> 2
as predicted by the theory for a system that exhibits the
NTB phase [6,59]. K11 increases monotonously; K22 also
increases gradually but has a more prominent pretransitional
increase close to the N-NTB phase transition. The temperature
dependence of K33 is the most dramatic—on cooling from the
I-N transition it decreases to an unusually low value ≈0.38 pN
and then experiences pretransitional increase near the N-NTB

transition. The pretransitional increase of both K22 and K33

might be explained by formation of clusters with periodic
twist-bend modulation of the director close to the NTB phase
transition. These clusters lead to an increase of K22 and K33

since the equidistance of the pseudolayers hinders twist and
bend deformations of the director. A similar pretransitional
increase of K22 and K33 is well documented near the nematic-
to-smectic A phase transition [30,71,72]. The ratio K33

K22
that

controls the field-tunable range of the heliconical structure
[73] is less than 1 in the entire N range, thus making CB7CB a
good candidate for preparation of heliconical cholesterics with
a tunable pitch.
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Finally, the measured values of all three orientational
viscosities increase on cooling, showing steeper slopes near
the N-NTB phase transition. The bend orientational diffusivity
sharply decreases on cooling from TNI and saturates near
TNTB . The splay diffusivity decreases smoothly, whereas, on
average, the twist diffusivity remains constant throughout the
nematic range.
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