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Raman Scattering studies of order parameters in liquid 
crystalline dimers exhibiting the nematic and twist-bend 
nematic phases 

 

Zhaopeng Zhang,a Vitaly P. Panov,a Mamatha Nagaraj,a Richard J. Mandle,b John 
W. Goodby,b Geoffrey R. Luckhurst,c J. Cliff Jonesa,d and Helen F. Gleesona,d,*  

Polarised Raman Spectroscopy (PRS) is used to quantify the orientational order in the 
conventional (N) and twist-bend (NTB) nematic phases of a homologous series of liquid 
crystalline dimers. The dimers investigated have 7, 8, 9 and 11 methylene groups connecting 
two cyanobiphenyl mesogens and data for 4-pentyl-4ʹ-cyanobiphenyl (5CB) and 4-octyl-4ʹ-
cyanobiphenyl (8CB) are included for comparison. Simulated and measured Raman spectra for 
the materials are compared. PRS is used to determine both 𝑃!  and 𝑃!  order parameters 
across the nematic temperature range and immediately below the NTB-N phase transition using 
a model that takes into account the molecular bend of the odd dimers, which is described in 
detail. In the nematic phase, the odd dimers are found to exhibit rather low order parameters 
with 𝑃!  taking values between 0.3 and 0.5 and 𝑃!  about 0.25. In contrast, the even dimer 
shows extremely high values of the order parameters with 𝑃!  taking values between 0.7 and 
0.8 and 𝑃!  between 0.4 and 0.45. For the odd dimers, the values of 𝑃!  in the NTB phase are 
similar to those of the N phase, whereas 𝑃!  jumps by approximately 5-10% and then 
decreases with temperature. On comparing the experimental data with the theoretical 
predictions, we find reasonable qualitative agreement for all materials with molecular field 
theory. The odd dimers, however, show higher 𝑃!  values than obtained from theoretical 
models, a factor attributed to the neglect of molecular flexibility and biaxiality in the PRS 
analysis.  
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1 Introduction 

Use of the liquid crystal (LC) nematic phase has revolutionised 
display technology over the past thirty years and this state of 
matter promises to be equally important in emerging non-
display applications. 1  The success of liquid crystal phases 
(mesophases) in applications is driven by their unique 
combination of fluidity and orientational anisotropy. The 
nematic (N) phase is the simplest LC phase, in which the 
molecules tend to lie with their long axes oriented parallel to a 
single symmetry axis, the director, described by a unit vector n. 
Variations of the N phase exist, the most common being the 
chiral nematic phase (N*), which occurs in chiral systems and 
is characterised by a helicoidal structure. The long-predicted 
twist-bend nematic (NTB)2,3,4 phase was discovered recently.5,6,7 
In common with the N and N* phases, the NTB phase has no 
long-range positional order, and several studies imply a locally 
helicoidal structure with a pitch of approximately 8nm, 8 , 9 
though Hoffmann et al have recently suggested an alternative 
structure10. However, in contrast to the N* phase, the local 
director in the NTB phase is reported to be tilted from the helix 
axis by a temperature-dependent angle of between 9° and 30°.11 
An increasing number of materials are being discovered that 
exhibit the NTB phase, though the most-studied examples are 
liquid crystalline dimers with an odd methylene spacer unit, 
which exhibit both N and NTB phases. 
 The NTB phase is found for molecules with, on average, 
some degree of bend,12,13,14,15,16,17,18 a property that is known to 
have a strong influence on the nematic elastic constants.12, 19, 20 
The NTB phase is most commonly exhibited by dimeric 
molecules, such as those shown in Fig. 1 with odd alkyl spacer 
lengths.5, 6, 8, 9, 21 On average, such molecules exhibit a bent 
shape and, in common with systems with the nematic phases 
formed from molecules with bend in the rigid core,22 intriguing 
properties such as self-assembly of the non-chiral molecules 
into chiral structures 6, 8, 9, and unusual electro-optic, elastic and 
flexoelectric behaviours 5, 21, 23, 24 , 25, 26are observed. 
 

 
Fig. 1. Molecular structures of the materials under 
investigation: dimers with n = 7, 8, 9 and 11; and the 4-
alkyl-4ʹ-cyanobiphenyl reference materials with m = 5 (N 
35°C Iso) and m = 8 (SmA 32.9 °C N 40.8 °C Iso)27. 

 
 

 
 
Fig. 2 Polarizing optical microscopy textures of the dimer 
materials in planar devices. The white arrow (R) denotes 
the antiparallel alignment layer rubbing direction. The 
crossed polarizers are parallel to the image frame. a) 
Textures deep into the NTB phase showing parabolic 
defects and stripes with periodicity equal to the twice the 
5 µm cell gap below. b) The N (upper right) to NTB (lower 
left) phase transition in a 15 µm thick planar device.  
 
 The structure of the NTB phase has been studied widely and 
it appears to be best explained as a hierarchy of assemblies on 
different length scales (from nanometers to microns). In 
contrast to the higher ordered smectic liquid crystal phases, the 
molecules in the NTB phase do not seem to exhibit layered 
structure, a feature that has been confirmed by x-ray5 and 
freeze-fracture transmission electron microscopy studies.8, 9  
The helicoidal structures that are reported form despite the fact 
that the dimer molecules are achiral, so domains with both left- 
and right-handed helices usually exist in a sample of such 
materials.28, 29 The NTB phase can be distinguished from the 
conventional nematic phase using polarizing microscopy, with 
typical textures shown in Fig. 2. The intriguing stripe patterns 
exhibited form spontaneously and while they are undoubtedly a 
consequence of the NTB structure, they are still not completely 
understood.5, 30 , 31   Importantly for this work, the texture 
remains extremely uniform over a narrow temperature-range 
just below the N-NTB transition, though a clear phase boundary 
can be observed.  
 The NTB phase is currently generating much excitement; it 
is a challenge to understand the structure of the phase as well as 
the molecular features that dominate its formation. However, a 
key aspect of understanding any LC phase is to quantify the 
orientational order of the system as this allows a test of theory 
as well as a more complete description of the state of matter. 
This paper reports a detailed study of the orientational order of 
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the N and NTB phases exhibited by odd dimers. The order 
parameters deduced are compared with those determined for the 
N phase of an even dimer and well-known rod-like 
cyanobiphenyl materials, none of which exhibit the NTB phase. 
We use Polarized Raman Spectroscopy (PRS) as this allows a 
deeper insight into liquid crystal order than many other 
experimental techniques.32 
 The orientational order of a nematic phase composed of 
uniaxial molecules can be described by the orientational 
distribution function represented by a series of Legendre 
polynomials PL(cosβ) where β is an Euler or polar angle 
between the prime molecular axis and the director, and L is 2, 
4, etc., with the resulting order parameters commonly denoted 
by 𝑃! ,    𝑃!  etc. Most experimental measurements of the 
orientational order in liquid crystals are restricted to 
determining 𝑃!  which is the first non-trivial term in the 
expansion of the orientational distribution function.32 PRS is a 
particularly powerful technique for determining order 
parameters as it allows both 𝑃!  and 𝑃!  to be accessed 
readily, therefore providing better accuracy in the orientational 
distribution function at low order.27 The idea of using Raman 
spectroscopy to determine liquid-crystalline order was 
originally proposed by Jen et al.,33, 34 and the approach was 
later modified to include an analysis of the full Raman 
depolarization ratio27, 35 , 36  to achieve realistic values of 𝑃!  
and 𝑃!  for simple mesogenic molecules such as the 
cyanobiphenyls shown in Fig. 1. Here, we employ PRS to 
deduce both 𝑃!  and 𝑃!  in several liquid crystal dimers of 
different spacer length, the odd members of which exhibit the 
NTB phase. We investigate the temperature dependence of both 
𝑃!  and 𝑃!  across the conventional nematic (N) phase range 

and into the uniformly ordered regime of the NTB phase. We 
compare the order parameters determined for both odd and even 
dimers, as well as with conventional alkyl cyanobiphenyl 
materials. We further compare the results against the classical 
theoretical models (HJL (Humphries, James and Luckhurst) and 
Maier-Saupe theory)37, 38 and consider the implications of the 
LZNS (Luckhurst, Zannoni, Nordio and Segre) theory39 that 
predicts the influence of molecular biaxiality on 𝑃!  and 𝑃! . 
For many years the Maier-Saupe molecular field theory was the 
classic and particularly successful approach to the prediction 
and interpretation of the orientational order parameters of 
nematics. This theory assumed that the anisotropic molecular 
interactions were second rank and that the molecules were 
uniaxial. Subsequently Humphries, James and Luckhurst (HJL) 
removed the first assumption and added a fourth-rank 
interaction to the second rank used by Maier-Saupe. The second 
assumption that the molecules were uniaxial was removed by 
Luckhurst, Zannoni, Nordio and Segre (LZNS) who allowed for 
an arbitrary molecular symmetry although often this is reduced 
to just D2h point group symmetry. 
 

2 Experimental Details 

The general molecular structures and transition temperatures of 
the dimers used are given in Fig. 1 and Table 1, respectively. 

Glass sandwich devices (cells) with antiparallel rubbed SE130 
polyimide alignment layers with 1-2° pre-tilt and a 30 µm cell 
gap (AWAT, Poland) were used to achieve the uniform planar 
alignment necessary for the order parameter measurements. 
Such devices induce excellent alignment in the N phase but, as 
has already been noted, there is only a narrow temperature 
range in the NTB phase close to the NTB-N phase transition 
where uniform alignment of the director is observed (Fig. 2b). 
The temperature regime of uniform NTB alignment is close to 
the NTB-N phase transition and is found to be slightly wider for 
the dimers with longer spacer alkyl chains where the transitions 
are weaker. The width of the NTB regime having a uniform  
 

Length of alkyl chain (n): name NTB – N  N – I  
7: CB7CB 106.5 118.9 
8: CB8CB - 205.0 
9: CB9CB 109.9 126.4 

11: CB11CB 108.8 125.1 
Table 1. The transition temperatures (in oC) of the liquid 
crystalline dimers studied determined by polarized optical 
microscopy on the Raman microscope. The phase ranges are in 
excellent agreement with those quoted elsewhere, with some 
differences in absolute values of transition temperatures.  
Details of CB8CB can be found in Ref. 40 . 
 
texture depends on the sample heating/cooling rates, varying 
from approximately 0.5 K in CB7CB, 1 K in CB9CB and 2 K 
in CB11CB for 30 µm cells. It is this uniform regime that 
dictates the temperature range over which PRS can be used to 
determine order parameters in the NTB phase. 
 The apparatus used to acquire Raman spectra has been 
described in detail elsewhere27 and is summarised briefly here. 
Raman spectra were acquired using a Renishaw 1000 Raman 
microscope in a backscattering geometry. The homogenously 
aligned nematic liquid crystal was held in a temperature 
controlled environment provided by a Linkam hot stage and 
temperature controller with a relative accuracy of ±0.1 °C. A 
microscope rotation stage allowed spectra to be acquired for 
specific orientations of the nematic director with respect to the 
input and output polarisation states. The Raman spectrometer 
was equipped with a 515.32 nm solid state laser (Spectra 
Physics) set to provide ~1 mW of power to the sample. The 
laser beam is focused to a 5 µm diameter spot size using a 50× 
objective lens, and the spectra were collected using GRAMS 
data acquisition software coupled to a charge coupled detector 
(CCD). The 1 mW incident laser power was combined with an 
exposure time of 30 s to achieve an optimal signal/noise ratio 
while avoiding any sample ageing. This can be a feature of 
organic molecules held at the relatively high temperatures at 
which the nematic phases of the dimers occur. An increase in 
the background signal indicates fluorescence which is 
associated with sample ageing; any such samples were 
replaced. We have observed no evidence of heating in these or 
other liquid crystal samples with this exposure time and laser 
power. 
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3 Calculations of the Raman Spectra 

Density functional theory (DFT) was employed to calculate the 
Raman spectra (peak positions and intensities) of the dimer 
molecules studied, CB7CB, CB8CB, CB9CB, CB11CB and 
two additional molecules 8CB and 5CB. This allows the 
unambiguous assignment of the experimentally determined 
Raman peaks for the dimers, as well as an understanding of the 
evolution of the Raman spectra as a function of the molecular 
structure in the systems under study. The calculations were 
performed using Becke-(3-parameter)-Lee-Yang-Parr (B3LYP) 
hybrid functional and 6-31(d) basis set in the Gaussian 09 
package.41 The 6-31(d) basis set has been applied successfully 
to large organic molecules42 , 43  and liquid crystals.44, 45 , 46 , 47 
Geometry optimization for all molecules was carried out 
without imposing constraints. Fig. 3 compares the calculated 
spectrum of the dimer molecule CB7CB with the experimental 
data. It also shows the calculated Raman spectra for all of the 
materials; peak assignments are listed in Table 2. 
  

 
 
Fig. 3. The simulated Raman spectra of the dimers 
compared with the experimental data for CB7CB at 104 
oC in the NTB phase (top line). The letters refer to specific 
vibrations defined in Table 2. 
 

a C-C stretching in the alkyl chain 
b C-H deformation in the outer phenyls 
c C-C stretching of the biphenyl ring 
d CH2 scissoring mode in the alkyl spacer 
e Aromatic C-C stretching, asymmetric 
f Aromatic C-C stretching, symmetric 
g C≡N stretching 

 
Table 2. Assignment of the Raman peaks shown in Fig. 3. 
 
 A comparison of the calculated spectra reveals that although 
the spectra for the different materials are very similar, some 
small shifts are expected in some of the peak positions as the 
molecular structure of the dimers is changed. For example, the 
calculated position of peak (a) corresponding to the C-C stretch 

of the spacer alkyl chain shifts from 1075 cm-1 in CB7CB to 
1099 cm-1 in CB11CB (Fig. 3, green arrow). The equivalent 
peak in the calculated spectrum of 5CB is the C-C stretch of the 
terminal alkyl chain, which occurs at 1016 cm-1 and has a much 
lower intensity.  This position is consistent with the 
experimentally observed Raman spectrum for 8CB in the 
nematic phase (see, for example Fig. 5 in Ref. 27).  
 The calculations can be compared to experimentally 
determined Raman spectra for the dimers; experimental data for 
CB7CB is included in Fig. 3. We find excellent agreement 
between the calculated peak positions and those determined 
experimentally, but the relative intensity of the Raman peaks 
can vary. For example, the intensity of peak c is almost 2.5 
times stronger than peak b in the calculated spectra, whereas in 
the experimental data the difference is less than a factor of 1.5. 
Further, peaks a and d are extremely weak experimentally, with 
relative intensities almost 3 times lower than the simulation 
implies. Such differences can be attributed to the influence of 
the molecular environment in the liquid crystal phase, which is 
not taken into account in the simulation where the calculations 
are for isolated molecules. The strongest peak both 
experimentally and from the simulation is attributed to the C-C 
stretch of the aromatic rings (peak f). This peak has been shown 
to be an excellent choice from which to evaluate the order 
parameters using PRS, in addition to offering the best signal to 
noise ratio; it is this peak that we use in our PRS analysis.  
 

4 Obtaining orientational order parameters 
from the depolarization ratio: molecules with 
a bent average shape 

The application of PRS to determining orientational order 
parameters for liquid crystals has been limited, almost entirely, 
to rod-like molecules.27,32,33,34,35,36 Further, the most commonly 
used Raman vibration is the phenyl C-C stretching mode,32 
which, as can be seen from Fig. 3, provides the strongest 
scattering peak, with a Raman shift of ~1600 cm−1.  This mode 
is strongly polarized along the molecular long axis for rod-like 
molecules such as 5CB and 8CB and satisfies the assumptions 
made in determining order parameters from Raman spectra. 
Here, we briefly describe a model that can take a bent 
molecular geometry into account. Such a modification is 
required since it has been shown that using a simple linear 
model for bend molecules can result in anomalously low values 
of order parameter being calculated from the experimental 
data.48, 49 As mentioned, a key defining feature of molecules 
forming the twist-bend nematic phase is their averaged bent 
form so ignoring the molecular bend may not be justified. 

To determine the order parameters from PRS, spectra are 
measured at 10° intervals over a 360° sample rotation around 
the beam optical axis, for both parallel and perpendicular 
polariser-analyser orientations. The C-C stretching peak is 
fitted with a biased Lorentzian function in order to obtain 
precise peak intensity, separated from the background. The 
need for absolute intensity measurements is removed by 

Page 4 of 12Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal	  Name	   ARTICLE	  

This	  journal	  is	  ©	  The	  Royal	  Society	  of	  Chemistry	  	   J.	  Name.,	  2015,	  00,	  1-‐3	  |	  5 	  

defining the depolarisation ratio R(θ)=I⊥(θ)/I||(θ), calculated for 
each polarisation angle, θ, by taking the ratio of the measured 
intensities for polarizations perpendicular and parallel to the 
director. 
 The model used for the dimer system is shown in Fig. 4 and 
is essentially the same as that of Ref. 48 described in more 
detail here. For dimers with even spacers the conformationally 
averaged molecular shape has the two monomer arms anti-
parallel to each other, i.e. Ω = 180°, while an odd spacer 
produces an averaged bent shape for the mesogenic molecule. 
We have fitted our data using both cases to show the 
differences in the orientational order parameters deduced from 
the two models. 
 

  
 
Fig. 4. The geometry employed for the analysis of the 
dimer system. The laboratory frame is defined by the 
axes 𝑥!𝑦!𝑧!  while the  𝑥!𝑦!𝑧!  axes describe the director 
frame in which the director lies along the 𝑧! axis. In the 
PRS measurements, 𝑧! rotates in the 𝑥!𝑂𝑧! plane through 
a rotation angle 𝜃. The 𝑥!𝑦!𝑧! frame is the molecular 
frame with the molecular long axis lying on the 𝑧! axis. 
𝑧!"! and 𝑧!"! indicate the directions of the two conjoined 
semi-rigid core units for the bent molecular shape. 
 

In order to predict the scattered intensity for the dimer 
systems, the two mesogenic arms are treated as an entirety, both 
of which contribute to the molecular Raman tensor. The 
intensity of the Raman scattered light is proportional to the 
square of the polarizability derivative with respect to the 
displacement 𝑄 as described in eqn 1: 

 

𝐼!"#"$ ∝
𝜕𝛼
𝜕𝑄 !!!

!

= 𝛼! !    .                            (1)   

 
In an aligned liquid crystal the polarizability derivative 𝛼! is a 
second-rank tensor, known as the Raman tensor. By selecting a 
reference frame, which depends on the vibration direction, the 
Raman tensor can be written in a diagonal form that only 
depends on the diagonal components 𝛼!!! , 𝛼!!!  and 𝛼!!! . 
Further, assuming a uniaxial vibrational mode, the Raman 
tensor can be simplified so that 𝛼!!! = 𝛼!!! ≠ 𝛼!!!, i.e., 
 

𝜶! =
𝛼!!! 0 0
0 𝛼!!! 0
0 0 𝛼!!!

=
𝛼!!! 0 0
0 𝛼!!! 0
0 0 𝛼!!!

= 𝛼!!!
𝑟 0 0
0 𝑟 0
0 0 1

     , (2)   

 
where 𝑟 = 𝛼!!! 𝛼!!!  is the differential polarizability ratio. For 
the phenyl stretching mode the vibration frame coincides with 
the molecular frame for linear molecules. Thus the Raman 
tensor expressed in eqn 2 reflects the microscopic properties of 
the molecules. However, it is the bulk properties of the material 
that are measured and the Raman intensity in eqn 1 is a 
macroscopic property of the bulk material. Thus the 
macroscopic Raman tensor is considered as the contribution 
from all molecules such that the intensity can be expressed as  
 

𝐼!" ∝ 𝛼!! !"
! = 𝑑𝛼

!!

!
𝑠𝑖𝑛𝛽𝑑𝛽
!

!
𝑑𝛾

!!

!
𝛼!! !"

!  𝑓 𝛼,𝛽,𝛾 ,         𝑖, 𝑗

= 𝑥,𝑦,𝑧 ,      (3) 
 
where 𝛼!! !" are the components of a microscopic or molecular 

Raman tensor expressed in the laboratory frame. 𝑓 𝛼,𝛽,𝛾   is the 
orientational distribution function (ODF) which describes the 
probability of each molecule adopting a particular orientation 
defined by the Euler angles 𝛼,𝛽,𝛾 in the laboratory frame. 
Considering a uniaxial nematic liquid crystal formed from 
cylindrically symmetric molecules, the ODF is usually 
expressed as50  
 

𝑓 𝛽 =
1
2
1+

5
2
𝑃! 3cos!𝛽−1

+
9
8
𝑃! 35cos!𝛽−30cos!𝛽+3 ,            (4) 

 
where 𝑃!   and 𝑃!  are the orientational order parameters. Note 
that in general the truncation of the orientational distribution 
function after just the fourth rank term not justified. However, 
because the functions being averaged by 𝑓 𝛽  in eqn. 3 are only 
of second and fourth rank, then for this application the 
truncation is allowed. Combining eqn 3 and eqn 4, we can 
express the spectral intensity with three parameters (i.e., 
𝑃! ,   𝑃!  and 𝑟). Thus, the order parameters can be measured 

for monodomain nematic samples.   
 This basic approach, which is relevant for linear molecules, 
can be adapted for the dimer system as follows. Fig. 4 shows 
the basic model of a V-shaped dimer system with a bend angle 
of Ω. The molecular long axis, zM, lies in a certain direction in 
the molecular bend plane, having a set of Euler angles (𝛼,𝛽,𝛾) 
with respect to the nematic director n. Two different Raman 
active arms (arm 1 and arm 2) are assumed to be along the two 
rigid mesogenic groups that have different tilt angles from the 
molecular long axis. The tilt angles of arm 1 and 2 with respect 
to the molecular axis zM are 90°−Ω 2  and 90°+Ω 2 
respectively. Thus, the conformationally averaged dimer 
molecule can be taken to be a combination of two moieties 
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separated by the angle Ω making tilt angles of 90°−Ω 2 and 
90°+Ω 2  with respect to the molecular long axis, zM. For our 
particular odd dimers (1) the two arms have exactly the same 
vibrational modes, (2) the modes for each arm exhibit 
cylindrical symmetry and (3) the liquid crystal system has no 
ferroelectric properties which means n= -n in keeping with the 
phase symmetry of D∞h and D∞ in the N and NTB phases, 
respectively. 

Since no global phase biaxiality was found in the nematic 
phases for this class of molecules6 eqn 4 can still be used. The 
effect of the molecular biaxiality will be ignored, in common 
with all other published work on PRS, although we recognise 
that bent (dimer) molecules are certainly biaxial. We can justify 
making this assumption as analysis of the C-C phenyl stretch in 
the cyanobiphenyl and bent-core molecules results in values of 
𝑃!  deduced from PRS that are comparable to those determined 

using other approaches.20,32 However, we note that neglecting 
molecular biaxiality in this analysis will lead to higher than 
expected values of 𝑃!  being calculated from the data. Details 
of this complex issue will be the subject of a further 
publication, although this point will be mentioned again in the 
discussion section of this paper.  All the other assumptions that 
are implicit in determining 𝑃!  and 𝑃!  from PRS are also 
made here. Specifically we combine the assumptions that the 
Raman active vibrations have cylindrical symmetry and the two 
vibrations are the same so that the Raman tensor for each arm 
can be obtained. They can be expressed in the diagonal form 
given in eqn 2. It is worth noting that the two diagonal tensors 
are in different frames. The 𝑧 axes for arm 1 and arm 2 are 𝑧!!! 
and 𝑧!!! , respectively (see Fig. 4). In order to derive the 
intensity expression, the Raman tensor of each arm needs 
appropriate coordinate transformations to the laboratory frame. 
Both arms of the dimer will scatter the beam inelastically and 
so contribute to the same Raman peak intensity. Following the 
approach of Ref. 48, the contributions are treated as 
superimposed so the total Raman scattered intensity can be 
expressed as:  

 

𝐼!"#$% ∝ 𝑓 𝛽   𝛼!!"!#$
! sin𝛽𝑑𝛽

!

!

= 𝑓 𝛽   𝛼!!!"#!+   𝛼
!
!!"#!

!
sin𝛽𝑑𝛽

!

!
    (5) 

 
where   𝛼!!!"#! and   𝛼!!!"#! represent the Raman tensor of each 
arm in the laboratory frame. After the calculations based on 
eqns 4 and 5, the final expressions for the components of the 
Raman intensity obtained when the analyzer is parallel and 
perpendicular to the polarizer respectively are: 
 

𝐼∥ =
2
15

5 1 + 2𝑟 + 3𝑟! + −1 + 𝑟 ! cos 2Ω

−
1
42

𝑃! −1 + 𝑟 5 + 9𝑟 − 6 3 + 4𝑟 cosΩ

− −1 + 𝑟 cos 2Ω 1 + 3 cos 2𝜃

+
1

4480
𝑃! −1 + 𝑟 ! 25 − 20 cosΩ

+ 19 cos 2Ω 9 + 20 cos 2𝜃
+ 35 cos 4𝜃                                                                                                           (6)	  

𝐼! =
1
30

−1 + 𝑟 ! 5 + 3 cos 2Ω

+
1
84

𝑃! −1 + 𝑟 ! 1 − 12 cosΩ + 3 cos 2Ω

−
1

4480
𝑃! −1 + 𝑟 ! 25 − 20 cosΩ

+ 19 cos 2Ω − + 35 cos 4𝜃                       (7)	  

 The depolarization ratio R is given by 𝑅 = 𝐼! 𝐼|| from eqns 
6 and 7. The depolarisation ratio for every sample rotation 
angle 𝜃 can be obtained and a fit to the full depolarisation data 
made; the order parameters can be deduced from the fitting 
process. The depolarisation ratio expression has five variables 
with which to fit the scattering data: the order parameters 𝑃!  
and 𝑃! , the differential polarizability ratio r, the bend angle Ω, 
and the initial azimuthal angle of the sample with respect to the 
polarization plane of the incident beam. To keep only 
independent fitting parameters, we take the bend angle Ω to be 
known and constant. For the dimers, we have assumed Ω as 
determined from the known chemical structures of the 
molecules and measured experimentally.12 This assumption 
eliminates any redundancy and makes the fitting feasible.  
 

	  
Fig. 5. Fitting the depolarization ratio with eqns 6 and 7 
for CB9CB at T=120°C in the N phase.  Black squares – 
experimental data, red line - fitted curve (the two 
theoretical fits are indistinguishable). 
 
 Fig. 5 shows typical data in the form of the experimentally 
determined depolarization ratio and the fitting results for 
CB9CB. In order to ensure that our model does not introduce 
artefacts into the order parameters measured, we perform the 
fitting using two sets of values for the angle Ω. Simple rod-like 
molecules have Ω = 180° while we assume that the  dimer 
molecules  have Ω = 122°, corresponding to measurements of 

Page 6 of 12Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal	  Name	   ARTICLE	  

This	  journal	  is	  ©	  The	  Royal	  Society	  of	  Chemistry	  	   J.	  Name.,	  2015,	  00,	  1-‐3	  |	  7 	  

the bent conformers of the odd dimers.11 Fig. 5 shows the 
results of the fitting procedure for these two cases. The fitting 
curves for both models are indistinguishable. However, the 
changes in the molecular bend angle lead to different values for 
the order parameters 𝑃!  and 𝑃! . In this particular case the 
deduced order parameters at T=120˚C are:  
 

• Ω = 180° leads to 𝑃!  = 0.40±0.03, 𝑃!  = 0.18±0.03, r 
= −0.27±0.03;  

• Ω = 122° leads to 𝑃!  = 0.45±0.03, 𝑃!  = 0.19±0.03, 
r = −0.34±0.03.  

 
The uncertainties quoted are those described in Ref. 48. 
Although excellent fits are obtained in both cases, there are 
clear differences in the order parameters with the linear model 
leading to lower values compared with those of the V-shaped 
model with its bend. 
 

5 Order parameter results and discussion 

Fig. 6 shows the temperature dependence of the order 
parameters 𝑃!  and 𝑃!  for the odd dimers. The data for the 
even dimer are shown, together with results for 5CB and 8CB 
(included here for comparison)27 in Fig. 7. For the odd dimers, 
we have presented the order parameters deduced from fits using 
both linear and bent models as discussed; the rod-like model 
has Ω = 180° and the bent model with Ω = 122° In both cases, 
the order parameters are for the molecular z-axis. It can be seen 
that inclusion of the molecular bend angle clearly affects the 
values of 𝑃!  and 𝑃!  obtained, with consistently lower order 
parameter values obtained if the molecular bend is neglected. 
For all the nematic mesogens the order parameters decrease 
with increasing temperature, which is a natural consequence of 
the thermal fluctuations with respect to the director. Figs. 6 and 
7 include lines calculated from the HJL37 theory and the 
LZNS39 theory; the parameters λ and γ are as defined in the 
original references, and reprsent deveiations from molecular 
cylindrical symmetry. We note that the LZNS approach 
includes molecular biaxiality, neglected in our determination of 
the order parameters and of more relevance to the odd dimers 
than to the effectively linear molecules shown in Fig. 7. The 
order parameters obtained for the monomers 5CB and 8CB and 
the dimer CB11CB show reasonable agreement with HJL 
theory, while CB7CB and CB9CB are in marginally better 
agreement with LZNS theory. CB8CB (Fig. 7) does not fit with 
either approach.  An overall comparison with LZNS theory 
suggests that the measured values of 𝑃!  determined 
experimentally should be lower for the odd dimers, which they 
would be if molecular biaxiality was considered in our analysis 
model, a point returned to later.   

There are several features of  the results in Figs. 6 and 7 
worthy of discussion. We consider first the behaviour of the 
order parameters at the NTB-N phase transition, in Fig. 6 only. 
The discussion assumes the helicoidal model of the NTB phase, 
but we note that it is would also be consistent with the model  

 
Fig. 6 a), b), c): 𝑃!  (squares) and 𝑃!  (circles) order 
parameters measured for odd dimers fitted assuming rod-
like model (Ω=180°, filled symbols) and bent model (Ω= 
122°, empty symbols). a) CB7CB, b) CB9CB, c) CB11CB. 
Theoretical lines based on HJL and LZNS theory are also 
shown. For the HJL theory, the red lines represent 
λ=0.15, γ=4 and blue lines λ=0.25, γ=0; the solid and 
dashed lines represent 𝑃!  and 𝑃!  respectively. For the 
LZNS theory, the orange lines represent λ=0.1, and the 
green line λ=0.2. 
 
proposed by Hoffmann et al who proposed a structure based on 
highly correlated chiral assemblies.10 Although the 
spontaneousformation of the defect texture in the NTB phase 
makes the measurements impossible over a wide temperature 
range, some data can be determined in the uniform state over 
the narrow temperature region close to the NTB-N phase 
transition. At the transition to the twist-bend nematic phase the 
helix axis is parallel to the rubbing direction on the surface. The 
director is tilted with respect to the helix axis but the tilt angle 
is found to be small at the transition.11 Accordingly, despite the 
helical structure of the phase, the director remains in effect 
parallel to the rubbing direction which facilitates the analysis of 
the angular dependence of the Raman scattering intensity.  
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Fig. 7 The 𝑃!  (black squares) and 𝑃!  (red circles) order 
parameters measured in CB8CB, fitted assuming linear 
molecules, compared with the monomers 5CB (up-down 
triangles) and 8CB (left-right triangles). The values for 
8CB are taken from [23]. Theoretical lines based on HJL 
and LZNS theory are also shown. For HJL theory, the red 
lines represent λ=0.15, γ=4 and blue lines λ=0.25, γ=0; 
the solid and dashed lines represent 𝑃!  and 𝑃!  
respectively. For the LZNS theory, the orange lines 
represent λ=0.1, and the green line λ=0.2. 
 
However, the director distribution changes rapidly with 
temperature in the vicinity of the transition,11 presumably 
causing the defect textures to form. We have assumed that the 
uniformly aligned NTB phase can be treated in the same way as 
the N phase, i.e. that the helix axis is aligned parallel to the 
rubbing direction and the director is along the rubbing 
direction. Given the relatively small tilt angles associated with 
the NTB structure close to the transition to the N phase, and 
noting the averaging role of molecular diffusion along the helix 
axis, we believe that our assumptions are both pragmatic and 
reasonable, potentially leading to a slight underestimate in the 
values of the order parameters. However, strictly a further 
modification of the theory which takes into account the director 
tilt in the NTB structure is necessary, though it is unlikely that 
the additional number of parameters that would have to be 
included would allow robust fitting to the PRS data.  

Fig. 6 shows no significant discontinuity in the behaviour of 
𝑃!  and 𝑃!  at the N-NTB phase transition for the three dimers. 

This is surprising for CB7CB because the NTB-N transition has 
been shown to be first order by DSC and NMR spectroscopy,6 
though only one data point is obtained in the NTB phase for this 
system via PRS. Nonetheless some minor changes are seen in 
𝑃!  for CB11CB including an initial slight increase in value on 

cooling into the NTB phase. Moreover, the temperature gradient 
of 𝑃!  changes its sign at the NTB–N phase transition for both 
CB9CB and CB11CB. 
 The lack of a clear discontinuity in 𝑃!  across the NTB-N 
phase transition of the materials studied here can be compared 
with other observations. The birefringence is closely linked to 
the 𝑃!  order parameter and both Chen et al and Borshch et al 
report a continuous variation in the birefringence at the NTB-N 

phase transition, decreasing in the NTB phase.8, 9 The behaviour 
below the transition differs in the two reports;  the mixture 
studied by Borshch et al  exhibits a slowly decreasing 
birefringence in the NTB phase, while in CB7CB Chen et al 
describe a rapid decrease in the birefringence 2 to 4 K below 
the transition. The deuterium NMR data reported by Chen et al 
also appear to show an effectively continuous transtion with a 
small but significant reduction as the CB7CB sample is cooled 
into the NTB phase. However, the NMR data were in fact 
obtained by Cestari et al6 for CB7CB and only one of the 
prochiral splittings was included. When both are allowed for, as 
should occur, the jump in splittings is clearly observed, 
consistent with a discontuous NTB-N phase transition. 

An important feature of the PRS analysis is that it allows us 
also to determine the  𝑃!  order parameter and it is interesting 
to consider its reduction as the sample is cooled into the NTB 
phase.  Such a reduction is consistent with the tilted helicoidal 
structure adopted by the director in the phase. Indeed, we 
suggest that the change in 𝑃!  below the transition is a 
combination of two opposing influences; the director tilt causes 
𝑃!  to decrease whereas the orientational order causes an 

increase. The net reduction suggests that the effect of the tilt 
dominates.  
 We now consider the magnitude of the order parameters 
determined for the dimers. Fig. 7 shows the order parameters 
found for the even dimer, CB8CB together with two 
cyanobiphenyl monomers. One of the most striking results is 
that the order parameters for the even dimer are nearly double 
those of the odd dimers (Fig. 6) and are almost independent of 
temperature. The temperature dependence is consistent with the 
strongly first order N-I phase transition in CB8CB where ΔS/R 
is ~2.651. The maximum order parameter values for CB8CB are 
𝑃! = 0.75  and 𝑃! = 0.40 , which compare with 𝑃! =
0.50  and  0.55  and 𝑃! = 0.20  and  0.25  in 5CB and 8CB, 
respectively. The nematic order parameters measured for 
CB8CB are amongst the highest seen in nematic liquid crystals. 
This high orientational order parameter 𝑃!  is consistent with 
the predictions of a molecular field theory for flexible even 
dimers.52  
 The values for 𝑃!  obtained by PRS for both odd and even 
dimers are in good qualitative agreement with the Szz order 
parameter obtained from nuclear magnetic resonance (NMR) 
experiments for probe molecules such as anthracene with the z- 
direction along the long axis of this molecule dissolved in the 
dimers.53 For example, for the odd dimer, CB7CB, 2H NMR 
spectroscopy gives values of Szz between ~0.25 and 0.35 across 
the N phase whereas from PRS, the 𝑃!  values are a bit lower, 
varying between  ~0.2 and 0.3 across the phase.  In both cases, 
the values for even dimers are much higher. Barnes et al report 
Szz values between ~0.5 and 0.6 across the nematic phase of 
CB6CB, while Figure 7 shows 𝑃!   ~  0.75 for CB8CB, i.e. in 
both cases the order parameters are much higher for even than 
odd dimers. 
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Fig. 8. Comparison of the order parameters in the 
nematic phase for different materials. Black filled squares: 
𝑃!  for dimer materials, red filled circles: 𝑃!  for dimer 

materials, Open squares - 𝑃!  for reference monomers, 
open circles 𝑃!  for the monomers. The values for the 
odd dimers are connected to indicate the trend. 
 
 Fig. 8 compares the values of the order parameters at 
equivalent reduced temperatures deep in the nematic phase for 
all of the nematogens in this investigation. The order 
parameters for the even-spacer (on average straight) molecules 
are nearly double those as for the odd-spacer (on average bent) 
molecules. For the odd dimers both order parameters increase 
slightly with increasing spacer length in keeping with the 
molecular-field predictions.52 However, the order parameters 
associated with the odd dimers are smaller than 5CB or 8CB, 
suggesting that the dimer molecules are less likely to align 
parallel to each other as expected. More specifically, the 
monomers are rod-like and so the order parameters are expected 
to be high while the biaxiality of the odd dimers will tend to 
lower the order parameters and so are in keeping with 
molecular field theory predictions, as are the very high values 
for CB8CB.52  
 We now compare the experimentally determined order 
parameters with the theoretical predictions. In doing so, in 
addition to the observations that can be made from Figs. 6 and 
7, it is instructive to compare 𝑃!  and 𝑃!  directly, removing 
the explicit temperature dependence. This is done in Fig. 9 
which shows plots of 𝑃!  versus 𝑃!  for all of the materials 
considered across the full nematic phase regime; the values 
obtained in the NTB phase are indicated by solid data points in 
Figs. 9 (b), (c) and (d). The solid line in Fig. 9 is calculated 
from Maier-Saupe (MS) theory while the other two lines are the 
predictions from HJL theory included in Figs. 6 and 7. The first 
point to notice is that there is excellent agreement between the 
experimental data and the MS prediction for CB8CB (Fig. 9(a)) 
even though the theory does not allow for the structural of 
flexibility of the dimer. We can see that in general the 
difference between the MS and HJL theoretical predictions and 
the experimental data is comparable for the odd dimers and the 
monomers, 5CB and 8CB. However, the trend for the dimers is  

 
Fig. 9. The variation of 𝑃!  as a function of 𝑃!  for all of 
the materials, compared with theoretical predictions. (a) 
CB8CB (squares), 5CB (circles) and 8CB (triangles), (b) 
CB7CB, (c) CB9CB and (d) CB11CB. The filled data 
points in (b), (c) and (d) are in the NTB phase. The 
experimental data points are compared with with Maier-
Saupe (black line, data from Ref. 47) and HJL theories 
(red dashed line: λ=0.15, γ=4; blue dash and dotted line: 
λ=0.25, γ=0).  
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slightly different: the lower temperature points are in better 
agreement with theory than the high temperature data. 
Further,the longer the spacer in the odd dimer the better is the 
agreement with the theory at low temperatures such that for 
CB11CB (Figure 9 (d)) the low temperature data points 
coincide with the theory within the experimental error. This is 
somewhat surprising since the theory does not allow for the key 
features of the molecular structure. The increasingly poor 
agreement between theory and experiment at high temperatures 
for the shorter spacer odd dimers is somewhat unexpected, 
though it is noteworthy that the molecular-field predictions do 
seem to predict this trend. Such behaviour for the odd dimers is 
consistent with 𝑃!  and 𝑃!  taking consistently higher values at 
high temperatures than is observed for the monomer molecules.
 We now return to consider 𝑃! . Fig. 6 shows that 𝑃!  is not 
especially sensitive to the model used to analyse the PRS data 
in this work. However, the deviations of 𝑃!  from the HJL 
theory apparent in Figs. 6 and 7 are clearly worse for the dimer 
molecules than for the smaller linear systems, perhaps 
reflecting the neglect of the flexibility resulting and its 
associated influence on the conformational populations of the 
dimers that will become more marked at higher temperatures. It 
is also clear that the neglect of biaxiality in the model used to 
analyse PRS data tends to overestimate the value of 𝑃! ; 
calculations of 𝑃!  that take into account biaxiality (LZNS 
theory) predict consistently lower values (Fig. 6 and 7).  
 Finally, we note that the filled symbols in Figs. 9(b), (c) and 
(d), corresponding to data in the NTB phase, indicate that the 
assumption of using the same fitting procedure to the PRS data 
in the N and NTB phases does not lead to any discernible 
anomalies between the data and theory, i.e. that the properties 
of the two phases do not change significantly at the transition. 

6 Conclusions 

The 𝑃!  and  𝑃!  order parameters have been measured in the 
nematic phases of four dimer materials using the PRS 
technique. The model that allows the molecular bend angle to 
be taken into account in the analysis of the experimental data is 
described in detail and it is shown that for this system, taking 
the molecular bend into account returns consistently slightly 
higher values of order parameter. The magnitude and the 
temperature dependence of the order parameters are in good 
agreement with those reported from the optical and NMR  
methods as well as molecular field predictions which allow for 
molecular flexibility. Moreover, the even dimer shows 
significantly higher order parameters than in either the 
monomers or the odd dimers. We find reasonable agreement for 
the order parameters determined via PRS for the long, highly 
anisotropic molecules of the even dimer with the theoretical 
predictions when the temperature-dependence is removed (Fig. 
9). The odd dimers, however, show higher measured values of 
𝑃!  than are obtained from theoretical models, this is 

particularly obvious at high temperatures. There are two 
possible explanations for such an observation, attributable to 

either the neglect of the flexibility or the biaxiality of the 
molecules or both.  

Although the NTB phase features a spontaneous director 
deformation that restricts the Raman measurements at lower 
temperatures, it is possible to obtain the order parameters in a 
narrow temperature regime just below the N-NTB phase 
transition. The values of 𝑃!  in the twist-bend nematic phase 
are found to be nearly the same as in the N phase (to within the 
experimental error), while 𝑃!  exhibits a jump of 
approximately 5-10% followed by a change in the temperature 
gradient. We conclude that the NTB phase is very similar in 
form to the nematic phase at temperatures very close to the 
phase transition, in keeping with the weakness of the NTB-N 
transition.  
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The work deduces orientational order parameters in the nematic and twist-bend nematic 

phases. An homologous series of dimers is studied using Polarized Raman Spectroscopy. 
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