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Introduction

Dipole—dipole correlations in the nematic phases
of symmetric cyanobiphenyl dimers and their
binary mixtures with 5CB+

@ Ziauddin Ahmed,® Chris Welch, (2°
© and Panagiota K. Karahaliou (2?

Evangelia E. Zavvou, (2 *@ Efthymia Ramou,
Georg H. Mehl, @ ° Alexandros G. Vanakaras

We report on the temperature dependence of birefringence and of the static dielectric permittivity
tensor in a series of binary mixtures between the symmetric, bent-shaped, 1”,9”-bis(4-cyanobiphenyl-
4’-yl)nonane (CB9CB) dimer and the monomeric nematogen 5CB. In the studied composition range the
mixtures exhibit two nematic phases with distinct birefringence and dielectric features. Birefringence
measurements are used to estimate the temperature dependence of the tilt between the axis defining
the nanoscale helical modulation of the low temperature nematic phase with the (local) direction of the
maximal alignment of the cyanobiphenyl units. Planar as well as magnetically and/or electrically aligned
samples are used to measure the perpendicular and parallel components of the dielectric permittivity in
both nematic phases. A self-consistent molecular field theory that takes into account flexibility and
symmetry of the constituent mesogens is introduced for the calculation of order parameters and intra-
molecular orientational dipolar correlations of the flexible dimers as a function of temperature/
concentration. Utilising the tilt angle, as calculated from the birefringence measurements, and the
predictions of the molecular theory, dielectric permittivity is modelled in the framework of the
anisotropic version of the Kirkwood-Fréhlich theory. Using the inter-molecular Kirkwood correlation
factors as adjustable parameters, excellent agreement between theory and permittivity measurements
across the whole temperature range and composition of the mixtures is obtained. The importance of
the orientational, intra- and inter-molecular, dipolar correlations, their relative impact on the static
dielectric properties, as well as their connection with the local structure of the nematic phases of bent-
shaped bimesogens, is discussed.

the biaxial nematic phase,” the periodically modulated nematic
phase of achiral bent-core dimers® and the recently discovered

Uniaxial nematics represent the simplest kind of mesomorphic
self-organisation in a fluid system comprised molecules with
shape anisometry." For more than a century, the only known
nematic phases were the conventional nematic phase (N),
formed by achiral mesogens, while in the presence of molecular
chirality blue phases (BP) and/or the cholesteric nematic phase
(N*) emerge. Over the span of the last twenty years, the notion
of the nematic polymorphism in thermotropic liquid crystals
has dramatically expanded due to the discovery of new fasci-
nating states of matter with nematic ordering. These include
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ferroelectric nematic phase.*

The identification of a first order nematic-nematic phase
transition dates back to 2010, when a careful reexamination® of
the phase behaviour of methylene-linked liquid crystal dimers
with odd number of carbon atoms in the spacer, led to one of
the most fascinating discoveries in the LC science: the observa-
tion of spontaneous structural chirality in a nematic phase
formed by achiral molecules.>® The chirality of the novel low
temperature nematic phase, initially termed as Ny, was con-
firmed by NMR studies” and, more recently, by circular
dichroism spectroscopy.'® The orientational order within the
N is periodically modulated with an extremely short pitch in
the order of 10 nm, initially evaluated through Freeze-Fracture
TEM/AFM>'"'? and directly measured through Resonant X-Ray
Scattering experiments.'*™"”

Soon after its discovery, the Ny phase was identified with the
theoretically predicted twist-bend nematic phase (Ny,),"® which
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was originally proposed by R. B. Meyer'® as a possible spontaneous
macroscopic deformation mode in locally polar nematics. Later,
Dozov,? on the basis of nematic elasticity, demonstrated that
a spontaneous twist-bend deformation may indeed be stable
in systems of achiral bent-core molecules. Based, also, on
nematic elasticity, several other theoretical models have been
developed.”'™* A different interpretation of the origins of the
nanoscale modulation was proposed later, according to which
the structure of the Ny phase is connected with a genuine,
entropically driven molecular ordering, which corresponds to a
locally polar structural organisation. As a result, Ny is charac-
terised by a local polar director, that roto-translates generating a
molecular length-scale 1-D modulation, corresponding to the
so-called polar-twisted nematic, Np.>>® Yet, there is not a
unified and broadly accepted interpretation of the microscopic
origins and of the nature of the thermodynamic driving forces
dictating the emergence of the N, phase, as will be designated in
this work.

The archetypal molecular structures exhibiting the N, phase,
are the symmetric CBnCB*'#2°7*3 dimers with odd number of
carbon atoms in the flexible spacer. Even members of the
homologous series exhibit only the conventional N phase,
which represents another manifestation of the importance of
the extensively studied odd-even effects in liquid crystals.**®
The dependence of the mesomorphic behaviour of such struc-
tures on the parity and the length of the flexible spacer is a
consequence of the dominant molecular conformations, which
in the case of the odd-membered dimers are bent and in the
case of even-membered dimers linear. Thus, it is commonly
accepted that an overall bent molecular shape is a necessary,
although not always sufficient, condition for the formation of
nanomodulated nematic phases.?”*® Extensive research on this
novel form of nematic organisation has led to the discovery of a
rich variety of molecular architectures exhibiting the Ny in
addition to the conventional N phase. These include asym-
metric dimers, oligomers, polymers, rigid bent-core mesogens
and hydrogen-bonded supramolecular systems.>®

In terms of symmetry, it is also known that, despite the
rather distinct differences concerning the structure of the Ny
and N phases at the nanoscale, on larger scales both nematics
appear uniaxial. Consequently, macroscopic 2nd rank tensor
properties, as well as their corresponding anisotropies, are of
special interest for the study of the structure-properties rela-
tionship of the two nematic phases. For example, birefringence
(An) in the high-temperature nematic phase of N,-forming
dimers increases with decreasing temperature, following a
Haller-type*® temperature dependence, similarly to low molar
mass nematogens. On the contrary, on entering the low-
temperature Ny phase, An decreases strongly on cooling, a
behaviour associated with the nanoscopic helical modulation,*>*>
Concerning the dielectric anisotropy (A¢) of odd-membered CBnCB
dimers, an abrupt increase is observed at the isotropic-nematic (IN)
phase transition, followed by a smoothly decreasing
trend,'®?%3%*34* clearly opposed to the corresponding beha-
viour of Ae of cyanobiphenyl monomers.*> Across the N-Nj
transition, only subtle variations of the ¢ and ¢, components
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are observed, followed by a steeper, compared to the N phase,
reduction of Ae. This diminishment might eventually lead to
sign reversal of A¢ deeply in the N, phase.'®*°

Dielectric studies in the high temperature N phase of binary
systems between CBnCB dimers and cyanobiphenyl monomers
report a systematic increase of Ae¢ upon increasing the mono-
mer content towards the behaviour of the monomeric system.
Interestingly, the added presence of the monomer reveals
distinct differences in the temperature dependence of both
permittivity components with the onset of the N-Nj transition,
which are more pronounced in the ¢, component.***” Speci-
fically, the smoothly decreasing trend of ¢, of the neat dimer
alters in mixtures, exhibiting a significant increase after the
N-N, transition, the magnitude and the temperature range of
which depend on the monomer concentration. These differ-
ences are certainly connected to the helix formation, however, it
seems that the magnitude of the electric dipole moment of the
added mesogen plays also a significant role, since similar
trends have been reported in CB7CB/FFO90OCB binary mix-
tures, with FFO9OCB bearing a strong longitudinal dipole
moment in one of its mesogenic cores.*®

The dielectric anisotropy in the case of CBnCB series
has been associated with the temperature dependent conforma-
tional statistics of the dimer.***° Characteristically, a jump of ¢ is
observed at the IN transition in odd CBnCB dimers, which has
been attributed to the stabilisation of hairpin conformers, which
significantly contribute to the mean square dipole moment paral-
lel to the director. Nevertheless, the increase of the orientational
order deeper in the N phase favours the extended conformers with
a statistically lower net longitudinal dipole moment, leading to
monotonically decreasing values of ¢, on further cooling.

For a more in-depth analysis, the short-range inter-molecular
dipolar correlations, usually overseen in the interpretation of the
dielectric properties of the dimeric systems, should also be
considered.”® Actually, these correlations are known to signifi-
cantly affect the dielectric behaviour of the corresponding mono-
meric nCB systems, where the nitrile (CN) groups tend to
associate in an antiparallel fashion. Such type of dipolar associa-
tion is already present within the isotropic phase of the nCB
monomers, as demonstrated by a pretransitional decrease of &g,
close to Tyy,”' while on entering the N phase the antiparallel
associations are significantly enhanced.’>>® Additionally, the
non-typical dielectric behaviour observed in some systems of
strongly polar rod-like®* and bent-core molecules,>® especially in
the vicinity of N-SmA transition, has been interpreted in terms
of inter-molecular dipole correlations.

In this work, we have performed systematic measurements
of the static dielectric permittivity of CB9CB dimer and of
CB9CB/5CB binary mixtures. Measurements span temperatures
ranging from the isotropic down to temperatures deeply in the
N, phase. Birefringence measurements have also been con-
ducted in the same temperature range. We rationalize our
experimental findings with the help of the well-established
extension of Kirkwood-Frohlich theory for dielectric permit-
tivity of anisotropic polar fluids. To do this, we introduce
a simple mean field model for flexible bent-core molecules,

18,30,43,44
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as well as for its mixtures with rigid monomers. With this
model, we are able to calculate the temperature dependence of the
orientational order parameters, as well as of the intra-molecular
orientational dipolar correlations. With these ingredients, com-
bining theory and permittivity measurements, we determine the
inter-molecular Kirkwood correlation factors associated with the
dipolar correlations of cyano-groups belonging to different mole-
cules. These factors play a key role on the excellent representation
of the dielectric permittivity measurements across the whole
temperature and composition range.

The paper is organized as follows: in the next section we
present in detail the experimental protocols implemented for the
optical and dielectric characterisation. Next, we present and dis-
cuss our experimental findings. We continue with a detailed
presentation of the theoretical model and the main assumptions
involved. In the same section, we discuss thoroughly the role of the
Kirkwood correlation factors on the success of the theory to
reproduce the experimentally determined dielectric permittivities.
The major conclusions are summarised in the last section.

Experimental
Materials and sample preparation

The studied liquid crystal dimer 1”,9”-bis(4-cyanobiphenyl-
4’-yl) nonane (CB9CB) was synthesized in the Department of
Chemistry of the University of Hull (UK). Binary mixtures were
prepared between CB9CB and its corresponding monomer
4’-pentyl-4-biphenylcarbonitrile (5CB) (Sigma-Aldrich, Merck).
The chemical structure and phase sequences of both com-
pounds are presented in Fig. 1. Binary mixtures were prepared
by co-dissolution of pre-weighed amounts of each compound in
dichloromethane, followed by 1 min sonication. Then, the
solutions were heated at 60 °C for about 1 hour, allowing for
complete solvent evaporation.

POM observations and birefringence

Optical characterisation of pure compounds and mixtures was
carried out on a Zeiss Axioskop 40 pol polarizing optical

CB9CB

Iso 122.83°C N 106.72°C N, 41.99°Cr

5CB
SaWa
Iso 35°C N

Fig. 1 Chemical structure and transition temperatures of CB9CB dimer**
and 5CB, on cooling.
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microscope equipped with a Linkam LTS420 hotstage and a
ProgRes CT5 camera. Optical observations in untreated glass
slides upon cooling at a rate of 10 °C min~* were used to verify
phase sequences and transition temperatures already present
in the literature.®® Optical retardation (I') measurements were
carried out in planar cells with 5 pm spacing (LCC5 from
Linkam, anti-parallel rubbing) using a Berek compensator
(Leitz) and monochromatic light of A = 546 nm. The thickness
of empty cells (d = 5.00 & 0.01 pm) was determined by White
Light Reflectance Spectroscopy using an FR-series tool from
Theta-Metrisis (Greece). For the calculation of birefringence
(An), the measured optical retardation (I') was divided by the
corresponding cell thickness.

Dielectric studies

The dielectric response of pure compounds and binary mix-
tures was measured in the frequency range from 100 Hz to
1 MHz employing an Alpha-N Frequency Response Analyser
(Novocontrol, Germany). The components of the complex
dielectric permittivity, &7 (w) and ¢j(w), of 5CB were acquired

in commercial planar (20 pum, Instec) and homeotropic
(18.3 um, Instec) cells, respectively, using 0.2 V.5 probe field.
For the dimer and mixtures, ¢} () was measured in 20 pm
planar cells (Instec, antiparallel rubbing), on cooling from the
isotropic phase, using a 0.5 Vi, probe field, which lies well
below the threshold of Fréedericksz transition. The capacitance
of the empty cells was determined prior to sample preparation.
During measurements, the samples were held in a Novocontrol
cryostat and temperature was controlled and stabilized within
+0.02 °C by a Quatro Cryosystem temperature controller
(Novocontrol).

For the determination of the parallel component tﬁ(w) two
different protocols were followed within the N and N phase,
respectively. In the high temperature conventional N phase,
homeotropic alignment of the director was achieved using a
magnetic field of B=1.4 T, on cooling from the isotropic phase
(Protocol 1-P.1). For this purpose, the 20 pm planar cells were
placed in a homemade sample holder between the Helmholtz
coils of an electromagnet. The magnetic field was applied along
the cell normal and after a 50 s waiting period, dielectric
spectra were acquired with a 0.5 V¢ sinusoidal field (Alpha-
N analyser, Novocontrol). During the magnetic field experi-
ments, temperature was controlled using an ITC502S Oxford
Instruments temperature controller allowing for temperature
stabilisation better than +0.1 °C. Capacitance vs. magnetic field
curves in the middle of the nematic range of each system were
acquired to estimate permittivity values at infinite magnetic
field through plotting (1/¢') against 1/u.H, according to the
extrapolation method proposed by Clark et al.”®

The extrapolated permittivity at infinite magnetic field was
estimated 8-10% higher than the corresponding values of ¢,
measured with B = 1.4 T. This difference arises from the
unavoidable presence of two distorted layers close to the cell
substrates, where the director is not uniformly aligned parallel
to the magnetic field.*

This journal is © The Royal Society of Chemistry 2023
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At the onset of the N-N, phase transition, the magnetic field
was not capable to reorient homeotropically the Ny phase, thus
P.1 was followed only for the measurements within the N
phase. For the determination of ¢j(w) in the Ny phase a

different procedure (Protocol 2-P.2) was used, based on the
fact that upon the application of a sufficiently high electric field
the Ny phase can be irreversibly switched to a homeotropic
state, which is stable unless the sample is heated back to the N
phase.'®293738 gpecifically, the 20 pm planar samples were
placed in the Novocontrol cryostat and slowly cooled at tem-
peratures approximately 10 °C below the IN transition.
At isothermal conditions, a 10 kHz sinusoidal voltage with
Vems = 25 V (E = 1.25 V um™ '), which is well above the onset
of the nematic Fréedericksz transition, was externally applied
(TTi TGA1214 arbitrary waveform generator and HP6827A
amplifier). In the presence of the external aligning electric
field, samples were slowly cooled 40-45 °C below the N-Ny
phase transition. Finally, the external aligning field was
removed and sﬁ(w) was measured upon heating using the 0.5

Vims probe field. To evaluate the induced homeotropic align-
ment during heating scans, samples were observed under the
polarising microscope following the same steps as in the
dielectric measurements (P.2 protocol). A slow relaxation of
the induced homeotropic alignment was observed close to the
N,-N transition in CB9CB, which was accelerated by the added
presence of 5CB in the binary mixtures (see also Fig. SI2, ESIT).
It should be noted that homeotropic alignment under DC bias
conditions was also tested, but not employed, since convective
instabilities were optically observed, in agreement with previous
studies.*>® In both experimental protocols, data acquisition and
storage were controlled by WinDETA software from Novocontrol.

Results and discussion
Mesomorphic behaviour and birefringence

Composition details and transition temperatures of the CB9CB/
5CB (dimer-monomer, DM) mixtures are listed in Table 1.
Transition temperatures, extracted from optical characterisa-
tion of the samples in untreated glasses, were used to construct
the corresponding phase plot on cooling, presented in Fig. 2a.
On increasing 5CB content a linear decrease of both the I-N
and N-Ny transition temperatures is observed, along with
an expansion of the temperature range of the N phase. The
linear dependence of transition temperatures with respect to
concentration has been associated with ideal mixing of the
constituents.®® During optical characterisation, no cases of

Table1 Phase sequences and transition temperatures of CB9CB/5CB mixtures

Compound 5CB wt% Transition temperatures (°C)
CB9CB 0 Iso 124.9 N 108.7 Ny

DM9 9.1 Iso 115.5 N 93.8 Ny

DM21 21.4 Iso 102.2 N 78 Ny

DM37 36.8 Iso 85.6 N 52.7 Ny

DM51 51.4 Iso 73.9 N 34.5 Ny

5CB 100 Iso 35.3 N

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Temperature-composition phase plot of CB9CB/5CB mixtures.
Transition temperatures are defined through POM observations on cooling
(10 °C min~?Y) in untreated glasses; the lines are a guide to the eye; optical
textures of mixture DM21 between crossed polarisers in untreated glasses:
(b) N phase at 92.4 °C, (c) N, phase at 48.4 °C and in planar 20 um cells:
(d) N phase at 91.7 °C, (e) N, phase at 60 °C.

demixing were detected. However, on increasing the amount
of 5CB a broadening of both the Iso-N and N-N; transitions
is observed, a trend also reported in calorimetric studies of
CBICB/5CB>® and CB7CB/5CB mixtures.”””*" The emergence of
the N, phase is detected up to mixture DM51. Nevertheless,
DMS51 exhibits an Iso-N phase coexistence for a temperature
window of about 12 °C, followed by a very slow transition to the
N, phase. Therefore, DM51 was not included in dielectric and
birefringence experiments. The trends presented in the phase
plot of Fig. 2 are consistent with earlier works considering
cyanobiphenyl-based binary systems,*®*7:3%61,62

Optical observations in untreated glasses during cooling
from the isotropic phase, revealed typical textures of the N
and N, phases. Representative examples are shown in Fig. 2b
and c for mixture DM21. The N phase exhibits a schlieren
texture, while in the N, phase rope-like configurations, as well
as focal conic domains were developed. In treated cells for
planar alignment (20 um, antiparallel rubbing) the N phase is
homogeneously aligned (Fig. 2d) and Nj textures include the

Soft Matter, 2023,19, 9224-9238 | 9227
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well-reported rope-like configurations (not shown here).
However, the relatively thick cells promote the formation of
focal-conic domains (Fig. 2e).

Fig. 3 depicts the temperature dependence of birefringence
of all studied systems (left-axis) measured on cooling from the
isotropic phase. The measured birefringence, An, for all tested
samples exhibits two discrete regimes, as illustrated in Fig. 3.
In the temperature range of the N phase, An exhibits the typical
temperature dependence of low molar mass uniaxial nematics,
although some deviations are observed as the temperature
approaches the N-N, phase transition. With the onset of the
N, phase, An drops abruptly and exhibits a much weaker
decrease on lowering the temperature. The experimental data
in the high temperature N phase are well fitted with the Haller
equation:*°

b
An(T)zAno(lf 7;> , T<T, @)
Iin

with fitting parameters An,, b and Tjy. An, corresponds to
birefringence extrapolated to absolute zero, T}y to a tempera-
ture slightly above the isotropic-nematic transition tempera-
ture (T1y) and b to an exponent, which assumes values close to
0.2 for ordinary nematics.*®®* Given the high chemical affinity
between CB9CB and 5CB, the lower birefringence of pure
CB9CB and its mixtures, compared to An of the neat 5CB at
the same reduced temperature, reflects mainly the lower global
orientational order of DM mixtures. Interestingly, in the
reduced temperature range of the N phase of CB9CB (up to
T/T}\ ~ 0.96), birefringence is almost independent of 5CB
concentration. This clearly suggests that the global orienta-
tional order of the mixtures is dictated by the ordering of
CB9CB mesogens, therefore the orientational distribution of
5CB mesogens is adjusted to the corresponding distribution of
the CB units of the dimer. Moreover, a deviation from the
Haller behaviour of CB9CB close to the transition to the N,

022 7 ‘ T 30
02| 425
0.18 <20
<]: 0.16 415 :‘:
0.14 5CB o W 10

DM37 o
0.12 DM21
DM9 1°
0.1 CB9CB \
| L | L | ' | L 0
0.9 092 094 096 098 1
T/TNr

Fig. 3 Left axis: Temperature dependence of the birefringence (An) in
both nematic phases of CB9CB—-5CB mixtures, together with the theore-
tical fitting (solid lines) according to eqn (1) and (2). Dashed lines represent
the extrapolation of fitted curves of the nematic phase. Right axis:
Calculated (see eqgn (3)) temperature dependence of the tilt angle (0) in
the N, phase of all studied systems.
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phase is observed, according to which the increase of An is
suspended and does not follow the theoretical prediction. This
behaviour is enhanced in the mixtures and becomes very
pronounced in DM37, where the N phase temperature range
becomes significantly wider. Similar trends have been reported
in birefringence*>®>*> and NMR studies®®*®” of N, forming
systems. This pronounced pretransitional behaviour suggests,
that deeply in the N phase there is a substantial growth of the
short range intermolecular orientational correlations that
become long ranged with the onset of the transition to the
low temperature nematic phase. The structure and the extent of
the formed “clusters” depend strongly on 5CB concentration,
as it is suggested by the widening of the pretransition range
upon adding 5CB.

On entering the N, phase, birefringence decreases abruptly
in both the dimer and the binary mixtures. This characteristic
decrease of birefringence in the Ny phase does not signify a
decrease in the local orientational order, rather than a shift of
the maximum of the orientational distribution of the cyanobi-
phenyl (CB) units with respect to the optic axis of the phase.
The temperature dependence of birefringence within the N,
phase can be described by a modified Haller equation:

An(T):Ano(u T)bPz(COSG(T)), T<Tan, ()

*
Tl N

where P,(x) = (3x” — 1)/2 is the second Legendre polynomial and

b/
a(r)a/<1—Tf ) , (3)

NNy

accounts for the temperature dependence of the deviation of
the average direction of ordering of the CB units with respect to
the optical axis of the mesophase. In eqn (2), there are three
new fitting parameters: 73 y  corresponding to the N-Ny
transition temperature, o’ the extrapolated “tilt” angle at
absolute zero and b’ a critical exponent. A satisfactory fitting
is achieved with eqn (2) and (3) for the temperature range of
measurements in the N, phase. The calculated values of 0(T) are
presented in Fig. 3 (right axis) for neat CB9CB and DM
mixtures. Fitting parameters for both nematic phases are listed
in Table 2. Parameters An,, b extracted from the fitting in the N
phase of both neat compounds are in good agreement to
previous reported studies.*"*"** It should be noted, that bire-
fringence measurements using a Berek compensator become
less reliable deeper in the N, phase due to the development of
the rope-like deformations, which cannot be avoided in the
5 um cells used. For this reason, although the fitting represents
satisfactorily the experimental results, extrapolation at lower
temperatures should be treated with caution.

Considering the CB9CB dimer as two connected 5CB meso-
gens, the ratio (An)cpecs/(An)sce, at any specific reduced tem-
perature, could be used as a rough measure of the ratio of the
orientational order parameters associated with the ordering of
the CB units. In the limit T — 0, the shape of the dimer is
expected to be close to its lowest energy conformation, and the
above ratio can be used to estimate the effective bend angle, ¢,

This journal is © The Royal Society of Chemistry 2023
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Table 2 Optimal fitting parameters of the birefringence in N and Ny
phases of studied systems according to eqn (2) and (3)

Ang b o b’ Tiy Tin,
5CB 0.368 0.196 — — 36.4 —
DM37 0.258 0.125 1.178 0.372 81.1 54.2
DM21 0.247 0.112 0.868 0.28 105.1 85.3
DM9 0.263 0.134 0.909 0.283 109.7 90.9
CBYCB 0.264 0.13 0.9 0.247 125.1 109.2

(Ang)cpocp _ 1 — 3 cos*(¢)

according to M Using for An, the

(Ano)scp 4
values given in Table 2 for the neat CB9CB system, we get
(@croce ~ 128°, which is slightly higher from the ¢cgrcp & 122°
bend angle of CB7CB,"" estimated with the same method. The
effective bend angle is within the range of the bend angles of the
lowest energy configurations of cyanobiphenyl-based dimers con-
nected with 9-atom flexible spacers, as they have been calculated
with detailed molecular mechanics calculations.®®

Temperature dependence of static dielectric permittivity

In the current work, dielectric measurements are performed in
the frequency range between 100 Hz and 1 MHz. Typically,
dielectric permittivity obtained at frequencies around 1-10 kHz
is considered as static permittivity. This is, indeed, the case for
both pure compounds, as well as for all binary mixtures in
temperatures within the N phase since in this frequency
window (1-10 kHz) there is no contribution of any relaxation
mechanism. In the dielectric spectra acquired in DM mixtures,
a relaxation mechanism (m,) is recorded in the Ny phase
between 10°-10° Hz, both in planar and homeotropic con-
figurations. The low frequency relaxation (m,) in symmetric
CBnCB dimers®>*® and in CB7CB/5CB mixtures*” has been
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attributed to the flip—flop reorientations of the dipolar groups
parallel to the director. Taking into account the existence of the
relaxation mechanism above 10 kHz, as well as ionic conduc-
tivity effects in the low frequency region (below 1 kHz) of the
recorded spectra (not included for brevity), the value of dielec-
tric permittivity at 5 kHz is chosen as the most convenient to
study the effect of the added content of 5CB on the dielectric
anisotropy of binary systems.

The temperature dependence of ¢, and ¢ components of
the dielectric permittivity at 5 kHz is presented in Fig. 4 for all
studied systems. Measurements of ¢ in the N phase of CB9CB
and DM mixtures (full red circles) are performed on cooling in
the presence of 1.4 T magnetic field following Protocol 1 (P.1).
Open symbols correspond to ¢, (5 kHz) in the N, phase
measured on heating without any aligning field following
Protocol 2 (P.2).

The alignment within the N, phase was assessed through
independent POM observations of the examined specimens
according to P.2. Representative textures obtained for mixture
DM21 can be found in Fig. SI1 (ESIt). During cooling from the
N phase in the presence of the aligning field, the uniform
homeotropic alignment is retained for a few degrees below the
N-N, transition (Fig. SI1a, ESIt). However, deep in the N, phase
a distortion of the homeotropic texture is observed due to
nucleation of toric focal conic domains and the subsequent
growth of arrays of parabolic defects (Fig. SI1b, ESI{). This is
in agreement with previously reported observations in cyano-
biphenyl dimers,'>*®*® also reminiscent of the field-driven
growth patterns observed in SmA phase.”® Upon field removal,
samples do not relax to the initial planar state and the observed
patterns during subsequent heating (Fig. SIlc and d, ESIY)
appear similar to those obtained on cooling with the electric
field, following a reversible manner. Moreover, approaching the
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Fig. 4 Temperature dependence of dielectric permittivity at f = 5 kHz of (a) CB9CB, (b) DM10, (c) DM21, (d) DM37 and (e) 5CB. Squares-¢;s,; black
circles-¢ ; red circles-¢; measured with P.1; open circles-¢; measured with P.2.
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N,-N transition the induced homeotropic alignment slowly
relaxes back to planar in the CB9CB dimer. The temperature
window, where loss of alignment is optically observed, becomes
wider upon adding 5CB and as a result, measured values of ¢
progressively decrease, reaching eventually the values measured
with planar anchoring conditions in complete loss of the field-
induced alignment. Measured permittivities at the corresponding
temperature range (see Fig. SI2, ESIT) are omitted from graphs of
Fig. 4, for clarity.

The temperature dependence of the components of the
dielectric permittivity of CB9CB (Fig. 4a) and 5CB (Fig. 4e) is
in reasonable agreement with previous studies.?>*>”" Focusing
on ¢, 5CB exhibits the typical temperature dependence observed
in low molar mass nematogens with strong longitudinal dipole
moment, while in CBICB, ¢ increases at the IN transition and,
subsequently, sharply decreases with decreasing temperature in
both nematic phases, in agreement with previously reported
results on odd CBnCB members.'®**** Close to the N-N, phase
transition the substantial development of short-range correlations
results in the drastic reduction of ¢, especially in pure CB9CB and
DM9 (Fig. 4a and b). At the onset of the transition to N, such
correlations become long-range and the magnetic field can no
longer retain the homeotropic alignment. The addition of 5CB
inhibits the strong reduction of ¢, in CB9CB and entails the
progressive increase of the dielectric anisotropy in both nematic
phases of the DM systems (Fig. 4b-d). Interestingly, the pretransi-
tional decrease of ¢, deep in the N phase smoothens with
increasing 5CB content, especially in DM37 (Fig. 4d). We should
recall, that the N-N, transition becomes progressively weaker with
the addition of 5CB.*”*® These results suggest that the extent of
the short-range correlations is dependent on 5CB content, in
agreement to our birefringence measurements, and at high con-
centrations of the monomer become continuously long-ranged. In
the following theoretical description, the data close to the N-Ny
transition have not been considered.

The most prominent feature of the dielectric behaviour of
DM mixtures is the temperature dependence of ¢, in the Ny
phase, in which the addition of 5CB seems to have a greater
impact. This is reflected by the formation of a hump right
after the N-N, transition in DM9. This hump is significantly
enhanced in DM21, while in DM37 ¢, increases after the N-N,
transition and then is almost stabilised. The observed trends
are in agreement with previous studies on the dielectric aniso-
tropy of CB7CB based dimer-monomer binary systems.*>*’

Kirkwood-Frohlich theory for flexible dimers and
dimer-monomer mixtures

In this section, and in order to reproduce the experimental
results obtained for the dielectric permittivities of all systems
studied in this work, a molecular field theory in conjunction
with the Kirkwood-Froéhlich theory for dielectric permittivity of
anisotropic polar liquids is introduced for the neat compounds
and mixtures.

According to the anisotropic version of the Kirkwood-Frohlich
equation””? for polar fluids, the dielectric constant ¢, along a
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certain direction / of a uniform anisotropic material at tempera-

ture T, is connected to the molecular dipole moment m and the

total polarization M = > m; of a spherical volume that contains
i

N molecules and is embedded in the medium, according to:

(62— eo0i) (62 4 (60r — 1)) p
&1 (60cz +2)° eokpT

(m-2)(M-3)) (@)

where p = N/V is the molecular number density, ¢, is the vacuum
permittivity, kg is the Boltzmann constant, €2, is the factor that
accounts for the depolarization field associated with a sphere in
an anisotropic medium, taken as 1/3 in this work,”* and ¢, the
high frequency limit of the dielectric constant along the /-
principal axis. The brackets denote equilibrium averaging over
molecular positions, orientations and, in the case of flexible
molecules, over molecular conformations.

The dielectric constant in the optical regime is related to the
refractive index of the material as ¢, , = n,>. Assuming that the
temperature dependence of the refractive index is qualitatively
described by n| = njs, + 2An/3 and n | = n;5, — An/3, with An the
temperature depended birefringence of the nematic and njg,
the refractive index of the isotropic phase, which is assumed
constant at least at temperatures close to Tyy.

Setting [1%];, = ((m-4)(M-4)) and working in the director ()
frame of a macroscopically uniaxial fluid, we get:

i) = my gD (5)

with m*> = ((m-A)*) and 2m, > = (m*) — m,” the mean squared
projections of the total molecular dipole, m, along and
perpendicular to the director respectively, and

((m - 72) (" - 7))

m?

((m ') — ((m - i)(m - ﬁ)>)

2m LZ

(inter)

o = e

(6)

(inter)

g =1l+p

are the respective Kirkwood inter-molecular dipole-dipole cor-
relation factors. Clearly, [u’], gives the mean square of the
effective total molecular dipole moment along the direction y)
and g(lifﬁt(ej)) measures the extent of orientational correlations
between the projections of the total dipoles of different mole-
cules along and perpendicular to the symmetry axis of the
phase. In the isotropic phase, for any direction 4, we get m,> =
(m - )
(%)

In the case of flexible particles having more than one dipolar
groups which are not rigidly connected, m and m’ correspond
to the conformational dependent total dipole moment of
different molecules. Each of the molecular dipolar segments
may make separate contributions to the dielectric constant.
We note here that the correlation factors gﬁt(ej)) in eqn (6) do
not contain contributions of the intramolecular dipolar corre-
lations, since this specific information is integrated in the
conformationally averaged m ;)" terms. To separate these
contributions, we take into account that the net molecular
dipole moment due to the permanent dipoles, m, of a given

(m?)/3, ((m-A)(m'-3)) = (m-m')/3 and g"'" =1+ p
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molecular conformation having the cyanobiphenyl units point-
ing in the L, and L, directions, is given by m = ,uCN(I:1 + I:z) with,
Ucn, the electric dipole moment of the CN terminal group.
In this case, we can rewrite the mean-square projections of the
total molecular dipole moment as:

1 intr:
(mHz)dim = 2/‘CN2§(1 + 2Sd)g(l-,l\t Y,

A5,

LIl 1 + 284

(intra)

1
(m1?) = 2#CN2§(1 - Sa)gi,

e 3 0B ) (),

LL 1 — S84

with Sq = (P,(Ly-7i) + Py(L,-/))/2 the nematic orientational order
parameter associated with the ordering of the CB units of the
dimer (the derivation of eqn (7) is given in ESIT). The subscript
(b) in the averages defining the Kirkwood factors, is used to
remind that the orientations ﬁl(z) are referred exclusively to the
“bonded” CB units of a single dimer. Consequently, gﬁ‘ﬂ‘f(rj)) are
direct measures of the contribution of the intra-molecular
dipolar correlations to the total Kirkwood factors in eqn (5).

In agreement with previous theoretical studies,***® eqn (7)
demonstrate clearly that the intrinsic intramolecular dipolar
correlations, may change substantially the dielectric permittiv-
ity of the dimers with respect to those of the monomeric
systems, not only in the nematic, but also in the isotropic
phase where gﬁifi‘;f,a) =1 + (L;-L,),. In the case of the 5CB
mesogens (the “monomer”), we have gi"™ = 1 and eqn (7)
reduce to the familiar relations for rigid dipolar rod-like uni-
axial particles:”*

(1)) on = Hen’ (14 25m)/3,
(ml.z)mon: :“CN2(1 —Sm)/3

In the case of a homogeneous mixture of N, monomers with
Ng dimers, eqn (5) is written as [¢*]; = (ta(m)aim +
;{m(mf)mon)g(lif}fer), where ym(d) = Nm(@/(Nm + Na) is the mole
fraction of the mixture, 4 = ||, L denotes the direction along or
perpendicular to the director and g{}**" the Kirkwood correla-
tion factor between dipoles belonging to different molecules of
the same or different species. Inserting the definitions for

(mzz)dim(mon), we get:

(8)

1 . .
[‘uZ] I = HeN 2§ <2Xd(l + 2Sd)g<ltr\l\tra) + Xm(l + 2Sln))g§tr|l\ter)

1 o .
W], = uCN2§(2xd(1 = Sa)g!"™ + (1 - Sm))gﬁ'ffer)
©)
Eqn (9) reduce to the corresponding equations derived for the
neat compounds when ymq) = 1.
To estimate theoretically the temperature dependence of the

order parameters Sqm) and of the intra-molecular correlation
factors g™, we introduce a Maier-Saupe (MS) like, mean field

This journal is © The Royal Society of Chemistry 2023
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(MF) theory for mixtures of CB9CB (the symmetric dimer) with
5CB (the monomer). To do this, we consider a uniform mixture
of Ng dimers with N, monomers at constant volume and
temperature 7. In the presence of a uniaxial nematic field, we
assume that the CB groups of the mesogens experience an
ordering potential of the form ucg(L) = —wP,(f1-L), where P, is
the second Legendre polynomial of the projection of direction L
of the CB-unit on the nematic director 7 and w is an energy
parameter, that depends on the specific thermodynamic con-
ditions and is associated with the aligning strength of the
nematic field. Note here that in order to keep the model as
simple as possible, we do not consider explicitly the orienta-
tional couplings between the end-chain of 5CB, nor of the
flexible spacer of the dimer with the nematic director, which
would result in an improvement to the description of the
potential of mean torque of flexible mesogens,***° see also
the discussion in Section II in ESI.{ With these assumptions the
MF potential of the monomer and of the dimer can be written
in a common general form as Uk(w,ns) = wW®)(w,n,) with the
ordering function W)(w,n) representing the form of the orien-
tational coupling of the s-type mesogen, when it is at its ng
conformational state with orientation (w) with respect to the
nematic director. Consequently, the ordering function of the
5CB monomer is W"(E) = P,(#-L) and of the symmetric dimer,
when it is at its ng conformational state, is taken to be of the
form WAY(L,,Ln,) = Py(fi-Ly) + Py(fi-L,) + B|Ey x L,|Py(fi-§); with
Ly, the directions of the CB groups at the given molecular
conformation ng, and § = (L, x L,)/|L; x L,| the unit vector
normal to the plane defined by the directions of the two CB
groups. The first two terms in W9 are the dominant ones that
describe the ordering of the CB-units of the dimer, while the
last term is included for completeness and takes into account
the inherent molecular biaxiality of the dimer, with b being a
parameter quantifying the relative contribution of the biaxial
term to the overall ordering. Any value b < 0.1 could be used
without significant changes to the obtained results; here we
have used b = 0.05 corresponding to a small biaxial perturba-
tion, that reproduces the NMR obtained jump of the principal
order parameter (Sq)v of the neat CB9CB at the IN phase
transition.’

With these conventions the conformation-dependent orien-
tational probability distribution function of the s = d, m
molecular species is of the form:

with p,(fs) the statistical weight of the n; molecular conformation
of a single molecule in the isotropic phase, associated with the
intramolecular potential energy E®(n;) according to pﬁ,i)
exp [~E0 () [knT] [0 with (e = S exp[~E0(n,) [k T)
the conformational molecular partition f’snction. The normal-

ization constant in eqn (10) is given by (® =3 pfqi)é’,(i) with

() = [dwexp [— US) (e, n5) /kBT]. With these definitions, the
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average of any conformational/orientational dependent single
molecule property A(w,n) is calculated as (A®)(w,n)) =

> Jdaf O (w,n)AY (o, n).

Assuming a weak first order phase transition, at which the
coexisting phases have the same density and composition, the
free energy difference of a homogeneously ordered system
(W) # 0) with respect to the free energy of the isotropic
phase ((W®) = 0) at the same thermodynamic conditions, is
given by:

%BFT =- pr(” (ln (C(S)/Cf;),) + 2IQZT<W(S)>) (11)

We note here that once the conformational properties of the
isolated molecules are known, the free energy of the system at
constant composition and density depends only on the dimen-
sionless ratio w/kgT. Furthermore, on the mean field level, the
free energy is minimized with respect to the variational energy
parameter w, when the latter is of the form w/kgT =

—wo ) ZO(WE) (w,n)), where w, is a parameter dependent of

the composition and density of the system.

There are several methods, at different levels of resolution,
to model the accessible molecular conformations of the flexible
dimer and to calculate the distribution of the angles between
the dipolar cores of the isolated dimer.*>>>°® Here, we use a
simple scheme according to which the (orientationally invar-
iant) effective internal conformational energy of the single

3
dimer depends on ¢ = L,-L, as E(¢) = > a;Pi(c), with P{c) the
P

i-rank Legendre polynomial. The a; parameters are adjusted to
mimic the dominant features of the conformational statistics of
the CB9CB dimer,**”*® and to reproduce the NI phase transi-
tion temperature of the CB9CB. The dominance of the first
three terms on the behaviour of the orientational coupling of
the bonded mesogens is an intrinsic property of these dimers
and not the circumstantial outcome of a particular modelling.
With this continuous conformation model the conformational/
orientational dependent probability distribution for the dimer
given in eqn (10) can be written as f/9(w,c) and the summation
over the molecular conformations is replaced by integration
over ¢ in the range —1 < ¢ < 1.

According to the MS theory, at the NI phase transition we
have wy/kgTin = 4.54. Therefore, given that the NI phase
transition of neat 5CB system at (Tiy)scs = 308 K, we get that
wolks ~ 1398 K. Taking into account that (Tin)cpoce = 393 K,
we have chosen the set of the a; parameters as a; = 0.25w,, a, =
0.6w, and az = —0.35w, to reproduce the IN transition tem-
perature of the neat CB9CB system. Details on the conforma-
tional statistics of the CB9CB dimer, as well as on the
temperature dependence of the order parameter and of several
intramolecular orientational correlation factors are given in
Section II of the ESL.{

To calculate the temperature variation of the mean-square
projections (eqn (4) and (5)), of the total molecular dipole in
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the low temperature nematic phase (T < Tnn ), we proceed
utilizing the experimentally verified facts, that the Ny phase of
the pure dimer and of its mixtures correspond to a 1D
modulated nematic fluid with heliconical structure having
periodicity in the nanometre length-scale. In this picture,
the nanoscale periodic modulation corresponds to a
“hard” ordering mode, as opposed to the ‘“soft”, elasticity
driven, director deformations in nematics, that occur in the
micron-scale.”® Because of the periodicity and the form of the
1D molecular order modulation, any second rank tensorial
property, statistically averaged within a ‘““small” spherical
volume of the sample with radius equal or a few multiples
of the pitch, has the form of a uniaxial tensor with symmetry
axis the axis of modulation, say k. This spatial averaging
eliminates the local polarity, an intrinsic feature of the Ny
phase. Therefore, eqn (4)—(9), derived for a uniaxial medium,
hold also in the low temperature nematic phase provided that
the direction 7 is replaced by the direction of the axis of
modulation A. Accordingly, all the involved averages, as well
as the directions 4 = ||, L in the N, phase, are referred with
respect to h. We note here that, as in the case of the conven-
tional nematic phase, the theoretical treatment concerning
the Ny phase is referred to states with uniform alignment of
the h-director.

Working in a lab frame with the macroscopic z-axis coincid-
ing with &, we denote with 7iy(z) the local axis of the maximal
alignment of the CB units at z. Assuming that 71,,(z) twists along
h in a heliconical fashion with conical angle 0, after uniform
integration over a helical pitch, we obtain the relationship
between the order parameters in the laboratory frame and of
the local ones. For instance, ignoring biaxiality, the scalar
orientational order parameter of the CB units in the h-system
reads (Pz(i-ﬁ))ln(d) = Sm(ayP2(cos 0), with Sy, q) the uniaxial order
parameter in the local frame. Similarly, the average involved in
the calculation of the intramolecular dipole-dipole correlations
in the h-frame reads, 3((L;-h)(L,-h)), — (Li-L,) = (3((Ly-ip)
(Ly1in))p — (L1-L,))P,(cos 0).

The N-N; phase transition temperature and the temperature
dependence of the “tilt” angle of the principal ordering axis of
the CB units, assumed to be approximately the same for
monomers and dimers, in the low temperature nematic phase
is obtained directly by the birefringence measurements. The
corresponding temperature dependence of the local ordering
properties are calculated from the MF theory, as if the system
was in its uniform nematic phase. This approximation is well
justified from the successful fitting of the birefringence.

Assuming that the mass density is approximately the same
for all studied systems and taking into account, that the
molecular weight of the dimer, Mcgocg, is practically twice of
that of the monomer, Mcgocg X 2Mscp, it turns out that the
number density, pcn, of the CN groups is constant and inde-
pendent of the composition of the mixture. Assuming a mass
density of ~1.0 g cm? in the whole temperature range, we get
that pen/9e0ks ~ 220K D2 The refractive indices ny| = Nigo +
2An/3 and n, = nis, — An/3 are estimated using the experimen-
tally calculated temperature dependence of An for each sample

This journal is © The Royal Society of Chemistry 2023
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(shown in Fig. 3), with n;5, = 1.6 for all systems, since this is a
typical value for nCBs’* and CBnCBs.**

Dipole-dipole associations and temperature/composition
dependence of dielectric permittivity

Up to this point, we have introduced a minimalistic model that
satisfies the C,y symmetry of a symmetric dimer and captures
its key conformational properties in an isotropic environment.
In addition, the experimentally measured phase transition
temperatures of the studied systems, have been utilised to
build a parameter-free M-S mean field theory for the self-
consistent calculation of the temperature/concentration depen-
dence of the orientational order parameters related to the
ordering of the CB-groups, as well as the calculation of the
statistics of conformations of the dimer in an anisotropic
environment and the corresponding intramolecular orienta-
tional correlations. The required tilt to describe the nanoscale
modulation of the orientational order in the N, phase is
obtained directly from birefringence measurements and is
assumed to be the same for CB units of the dimer and of the
monomers in the mixtures. The only term that enters in the
Kirkwood-Frohlich theory of dielectric permittivity and it is not
possible to be calculated in the MF level are the orientational
correlations between the CN dipoles belonging to different
molecules. To take these correlations into account, we assume
that the temperature dependence of the Kirkwood correlation
factors can be expanded in a power series of the reduced
temperature and represented as gi'|{') = 1 + o + % +
0(x%), x = T/Tyy, and as giHe) = 1 + agx + fox® + O(x®), in the
nematic and the isotropic phases respectively. Truncating the
power series at the 3rd rank terms, the coefficients oy, f,,
w =0, ||, L are the only adjustable parameters, different for
each phase, required to fit the experimentally measured static
dielectric permittivity in the whole temperature range.
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In the top graphs of Fig. 5, we present the experimental
results (open circles) together with the theoretical predictions
(solid lines) of the temperature dependence of the dielectric
permittivity in the isotropic and nematic phases of all studied
systems. The corresponding dipole correlation factors are pre-
sented in the bottom graphs, where the solid and dashed lines
refer to the inter- and intra-molecular correlations, respectively.
Note that for the 5CB system, a grey background is used to
indicate the different scale of the ¢-axis (right axis in Fig. 5).

In view of the several approximations already involved in the
Kirkwood-Frohlich theory for the dielectric permittivity, and of
the rough estimations of the values of the prefactors of the
mean square dipole moments, the success of the MF approxi-
mation is rather satisfactory provided that corrections due to
the inter-molecular dipolar correlations are considered. More
importantly, ignoring these correlations results to complete
failure to reproduce the experimental measurements even in
qualitative grounds (see also the discussion in Section II of the
ESIt).

Neat 5CB system

To facilitate the rationalization of our experimental findings for
the neat dimer and its mixtures, we discuss initially in some
detail our results on the simpler and extensively studied neat
5CB system. The temperature dependence of the Kirkwood
dipolar factors of 5CB, suggest that the antiparallel association
of the molecular dipoles, already present in the isotropic phase,
exhibits a strong variation at the IN phase transition. As it is
suggested by the theory, the jump of A¢ = ¢ — ¢, at the IN
phase transition, as well as its temperature dependence in the
nematic phase, are associated with two distinct mechanisms.
The first mechanism is connected with the onset of long range
orientational order, a collective property that alters the mean
square dipole moment [u*]s, of the isotropic phase by a multi-
plication factor 1 + 2S and a diminishing factor 1 — S in
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Fig. 5 (top) Temperature dependence of the components of the static dielectric permittivity of the neat CB9CB, 5CB and DM mixtures. Open circles
correspond to experimental measurements and solid lines to theoretical predictions. (bottom) Kirkwood correlation factors in the isotropic and nematic
phases. Inter-molecular dipole—dipole correlations, gﬂ‘i”), are presented with solid lines and intra-molecular, gi1¥%), with dashed lines, with the black
and green coloured lines corresponding to the perpendicular (L) and parallel (||) components, respectively. In the neat 5CB system gy (1), are referred

exclusively to inter-molecular dipole—dipole correlations.
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directions parallel and perpendicular to the nematic director,
respectively (see eqn (8)). In the case of 5CB, the onset of the
long range orientational order is not sufficient to capture
quantitatively neither the jump of Aeg, nor its temperature
dependence in the nematic phase. This discrepancy is relaxed
considering the second mechanism that is associated with
the development of local intermolecular orientational dipolar
correlations along and perpendicular to the nematic director.
These correlations reduce significantly [1*]; due to substantial
antiparallel correlations between the projections of the
molecular dipoles of neighbouring mesogens on the nematic
director. Interestingly, the fact that g, , < 1 suggests, that
antiparallel correlations, to a lesser extent, are also present
between the projections of the dipole moments perpendicular
to the nematic director. This finding indicates a preference
towards states, where neighbouring molecules rotate in a
synchronized fashion ie., as a single supramolecular anti-
parallel associated entity, as illustrated and discussed in Fig. 6.
We note here that, comparable values for the g-factors in the
nematic phase of 5CB have been previously reported (at a single
temperature) on the basis of Kirkwood-Frohlich approximations.>

Neat CB9CB and DM mixtures

Concerning the static dielectric properties of the neat CB9CB
system, we note initially that its dielectric permittivity in the
isotropic phase exhibits stronger temperature variation com-
pared to the corresponding variation of its monomeric analo-
gue, as evident from Fig. 4 and 5. This is in accordance with
previous studies on CBnCB systems.*****®7 At temperatures
slightly above the NI phase transition the dielectric permittiv-
ities of the neat compounds are ¢;cg ~ 11 (see ref. 45 and
references therein) and ¢cpocg & 8.5. Assuming that at the
corresponding temperatures both materials have similar ¢,
(a) (b) (c)
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Fig. 6 Four different possible pair arrangements of rigid, rodlike, dipolar
particles. In the MF approximation all have the same probability, since the
orientations of the individual particles are either ¢ or t—¢, where ¢ is the
angle between the molecular direction L (arrows within the particles) and
the symmetry axis of the phase, A. (L,-A)(L,-A) is the same for all the pairs,
therefore contributing identically to gi'®”. However, only pairs with
synclinic, with respect to the director, orientations, i.e. the pairs (a) and
(b), have (LA )(L>h,) < 0 and therefore contribute with higher prob-
ability to g1, 1 < 1, suggesting a discrimination between synclinic (a, b) and
anticlinic (c, d) antiparallel arrangements in favour of the former.

=>
o
>
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for the ratios of both sides of eqn (4) we obtain
2
NI i50:5C,
( :“CN2 Psce I NLCBICB 8lis0;5CB ) ~ 1.3, with g the dipole
2uen*Pepacs INIscs &1iiso;CBICH

correlation factor between the dipole moments of the CN groups
in the isotropic phase of the dimer and of the monomer.
Substituting the measured transition temperatures and taking
into account, that both materials have approximately the same
mass density, which gives that pscg & 2pcocs, We conclude that
Z1iso;508 = g1,iso;cpoce- 1N other words, both materials have similar
Kirkwood dipole correlation factors at temperatures just above the
onset of the NI phase transition. This observation becomes rather
interesting given that the onset of the nematic phase results to
a quantitatively and qualitatively different dielectric behaviour
of the two materials. Since the g-factor of 5CB is connected
exclusively with intermolecular dipole-dipole orientational corre-
lations, while the corresponding g-factor of the symmetric dimer
accounts for both intra- and inter-molecular correlations, the
lower &, of CB9CB compared to that of 5CB can be attributed
to a slightly higher population of the more elongated molecular
conformers (Fig. SI4, ESIt). Otherwise, in the absence of any
internal orientational correlations CB9CB should have similar &g,
to 5CB.

Intra-molecular orientational correlations

The bonded dipole correlation factors, presented with the
dashed lines in the bottom panel of Fig. 5, suggest that the
conformational properties of CB9CB exhibit similar behaviour
both as neat compound and after mixing with 5CB. In the
isotropic phase g1 is slightly below unity, reflecting weak
antiparallel intra-dipolar correlations. The onset of the high
temperature nematic phase is accompanied by an abrupt
enhancement of the more elongated bend conformations
(Fig. SI4, ESIY), in line with the significantly below unity values
of ginr@) (green dashed lines in the bottom panel of Fig. 5 and
7a, b). An interesting feature of the temperature dependence of
g4 is that after the initial drop at the IN phase transition and
the weaker temperature variation within the N phase, it
remains practically unaffected by the N-N, phase transition
and saturates at low temperatures to values close to 0.5 both in
the neat dimer system, as well as in its mixtures with 5CB. The
behaviour of gi}™ in the N, phase can be explained in terms of
a fine interplay between the temperature dependence of the tilt
of the phase and bend angle of the dimer, schematically
represented in Fig. 7c and d. Specifically, the increase of the
tilt angle upon cooling, results in a reduction of the term ((Z;-
h)(L,-h)),, while the simultaneous increase of the bend angle
acts in the opposite manner.

In the high temperature N phase, the intramolecular
giintra) factor increases continuously with temperature and,
deeply in the N phase, assumes values slightly higher than
unity. This is consistent with a continuous increase of the
average bend angle on lowering the temperature. The slightly
above unity values of gi"{™ deeply in the N phase drop below
unity in the Ny phase, exhibiting a continuous reduction on
further cooling. These trends can be interpreted considering

This journal is © The Royal Society of Chemistry 2023
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)(L,-n)<0 (L,-h)(L,-h)<0
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Fig. 7 Intra-molecular dipolar correlations of the symmetric dimers in the
N and in the N, phases. An elongated bent-shaped molecular conforma-
tion is assumed for the demonstration. The direction of the CN dipoles in
the two arms are denoted as L; and L, and their projections to the axis of
the director frame are represented with coloured arrows. In N phase,
(a) and (b), the projections of the molecular dipoles on the director n leads
to negative values of (Ly-n)(L,-n), while in directions perpendicular to n
we have (Ly-n | )(L,-n ) > O (see Fig. SI5, ESIT). An increment in the bend
angle of the dimer has opposite effects on the magnitudes of the two
correlations, i.e., the magnitude of the correlation along n increases, while
the corresponding magnitude along n,; diminishes towards zero, as the
bend angle increases (lowering the temperature). Accordingly, in the

nematic phase we have gi"'¥ < 1. In the N, phase, the plane defined by

the two arms of the dimer does not contain the symmetry axis of the
phase, h. At any given tilt, we have (L;-h)(L,-h) < O, but in directions
perpendicular to h we have either positive correlations (c) or negative (d).
The total correlation perpendicular to h is obtained from the mean value
((Ll “hy)(Ly-hy)+ <L1 hi) (Lz -hi))/2, which for small tilts is positive
and may change sign as the tilt increases. As the bend angle increases, the
sign reversal takes place at smaller tilt angles. Due to these variations
gi"'" is greater than unity with the onset of the N, phase and shifts to
values lower than unity on lowering the temperature.

the impact of the tilt and bend angle on the relevant term
(1R, )(E,h.)), where b, denotes the direction perpendicular
to the symmetry axis of the Ny phase. In this case the simulta-
neous increase of tilt and bend angle on cooling, facilitates
the continuous drop of this term, which eventually becomes
negative (see Fig. 7).

Summarising our findings on the intramolecular g-factors,
we conclude that the tendency of the dimers to adopt more
extended conformations continues as the temperature drops.
See ESIf for a quantitative calculation for the net CB9CB
system. However, the overall increase of the molecular bend
angle on cooling is expressed differently on the projections of
the intramolecular g-factors in the direction parallel and
perpendicular to the symmetry axis of the nematic phases. In
the high temperature N phase, the intramolecular g{"/" factor
assumes progressively increasing values towards unity, indi-
cating the absence of significant intramolecular dipolar corre-
lations perpendicular to the director deep in the N phase. The
onset of the N, phase has a stronger impact on gi"™, than on
gintra) with the former exhibiting a continuous reduction on
cooling, assuming eventually values below unity.

Inter-molecular dipolar correlations

The successful reproduction of the experimentally measured
dielectric permittivities of neat CB9CB and DM mixtures (Fig. 5)
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is obtained only after the inter-molecular dipole-dipole correla-
tions are considered. From the temperature dependence of
(inft) it is evident that the neat CB9CB system exhibits strong
antiparallel dipole correlations in both directions, parallel and
perpendicular to the symmetry axes of the nematic phases.
More specifically, the well below unity values of both inter-
molecular g;-factors in CB9CB is indicative, as in the case of
5CB, of the antiparallel end-to-end dipolar association of CN
units and of the simultaneously synclinic orientational cou-
pling of neighbouring CB units belonging to different particles.
Notably, the fact that gi"[{}) < 1 indicates, that side by side
nearest-neighbour intermolecular arrangements corresponding
to pairs with coaligned steric dipoles (the arrows of the C,,
symmetric bend-shaped CB9CB dimers) are less favoured. In
the opposite case, both g-factors would assume values greater
than unity, as a result of the orientational constraints imposed
to a pair of bent shaped particles, when they are packed having
their steric dipoles parallel. Such orientational correlations,
weak in the flexible dimers, are dominant in achiral rigid
bent-core mesogens and are connected with smecticity and,
possibly, with the stabilisation of polar smectic ordering.”®
The clearly observed relatively strong dipolar association in
the nematic phases is compatible with the formation of chains
of dimers having their dipoles in the CB groups antiparallel.
The extent of this temperature dependent dynamic physical
“polymerisation” becomes limited on increasing 5CB content.
Clearly, once the CN unit of a 5CB molecule is involved in the
pairing, the “polymerisation” terminates. In the limiting case
of the neat 5CB system, this type of physical association is
restricted exclusively to pairs of antiparallel associated mono-
mers, and consequently its extent is not particularly sensitive in
temperature variations. For this reason, the temperature depen-
dence of g-factors becomes weaker as the concentration in 5CB
increases, tending to the temperature independent behaviour
of the g-factors of neat 5CB system. This finding does not
suggest a different type of local orientational correlations as a
function of concentration of 5CB, but rather reflects the extent
of the physical polymerisation.

Relationship of Kirkwood g-factors with measured
permittivities

Clearly, the jump of the dielectric permittivities at the IN phase
transition is associated with the onset of the long range
orientational order, as well as with an enhancement of the
elongated molecular conformations. The variation, however, of
the intramolecular correlations with temperature are not suffi-
cient to reproduce the measured permittivities in the nematic
phases. For instance, reproduction of the distinctive strong
reduction of ¢ in the nematic phases of CB9CB and its
mixtures, requires the consideration of strong antiparallel
intermolecular association of neighbouring CN dipoles.
On the other hand, the relatively strong variation of ¢, at the
N-N, phase transition is associated mainly with the onset of the
tilt of the direction of maximal alignment of the mesogenic
units with respect to the axis of modulation and is not con-
nected with a different mode of local dipolar correlations.
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Concerning the concentration dependence of dielectric permit-
tivity, we conclude that the observed temperature dependence
of ¢ in DM mixtures can be rationalized by the weaker
temperature variation of gi"*®” on increasing 5CB content,
along with the almost concentration independent gi}" of

the dimer.

Conclusions

We have carried out detailed dielectric and birefringence
measurements in the isotropic and the nematic phases of
selected mixtures of CB9CB with 5CB. The temperature and
composition dependence of the static dielectric permittivity is
interpreted in the framework of an anisotropic version of the
Kirkwood-Frohlich theory of dielectric permittivity. The intro-
duction of a molecular field theory, which takes into account
the molecular flexibility of the dimers, along with the estimated
tilt angle from birefringence measurements, allows for the
determination of the temperature and composition depen-
dence of the orientational order parameter of cyanobiphenyl
groups, as well as of the conformational statistics of the dimer
and the corresponding intra-molecular dipolar correlation
factors. Inter-molecular Kirkwood correlation factors were
quantified through fitting of the experimental results to the
theoretical model. Antiparallel intermolecular dipole-dipole
correlations dominate in both nematic phases of CB9CB and
DM mixtures, along and perpendicular to the symmetry axis of
each phase. Excellent agreement with the dielectric permittivity
measurements, across the whole temperature and composition
ranges, manifests the necessity of both intra- and inter-
molecular dipolar associations for the quantitative description
of the dielectric permittivity of dimeric liquid crystals and
provides valuable insight into the supramolecular organisation
within the nematic phases of these systems.
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