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Abstract: Fourier-transform infrared polarized spectroscopy was employed, to obtain the 
three components of the infrared absorbance for a series of bent-shaped dimers containing 
double fluorinated terphenyl core (DTC5Cn (n=5,7,9,11)). The data were used to calculate 
both uniaxial and biaxial order parameters, for various molecular groups of the dimers. The 
molecule bend was estimated based on the observed differences between the uniaxial order 
parameters for the terphenyl core and central hydrocarbon linker. The orientational order, 
distinctly reverses its monotonic trend of increase to decrease at the transition temperature, 
from the  uniaxial nematic to twist-bend nematic phase as result of the director tilt in 
latter/(twist-bend) phase. The molecular biaxiality, which is negligible in the nematic phase, 
starts increasing on entering the twist-bend nematic phase, following a  sin-square  
relationships with  the tilt angle. The local director curvature is found to be controlled by the 
molecular biaxiality parameter. 

 
Introduction:  
 An important leitmotif in the science of soft and liquid crystal materials is the 
understanding of the mutual relations between the shape of a molecule and macroscopic self-
organization and the search for new possibilities of ordering based on the study of various 
molecules shapes [1-10]. A fairly recent, and quite remarkable, manifestation of spontaneous 
chirality in the fluid of achiral molecules is the nematic twist-bend (NTB) liquid crystal phase, 
which is formed by long-range 1D ordered molecules following the heliconical precession of 
the director [4,5,11-17]. The structure is based mainly on the twist of the biaxial molecular 
order around the molecular long axes, quantitatively related to the curvature of the bend of 
the molecule. In order to elucidate the structure of the heliconical nematic, here called NTB 
phase following the current convention, several models based on rigid molecules have been 
used [3,18,19], however the ongoing discussion on the correct phase assignment is noted 
[20]. The models [18, 19] were interpreted on the basis of nanophase segregation of the 
flexible central alkyl linker, terminal chains and the rigid molecular subcomponents, the 
mesogenic cores; molecular ends find entropic freedom by associating with the flexible 
centers. This, together with the X-ray observation of the half-molecular length periodicity 
along the NTB helix, lead to a proposal of a model of self-assembly of half molecule-long 
segments into helical tiled chains of molecules as the basic structural element of the NTB 
phase [8,9,21]. Molecular arrangements, proposed for the CB7CB [17,18,22,23] and for 
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series of DTC5Cn [19,24-26] appears to offer a useful benchmark for relating the molecular 
structure and macroscopic behavior of the NTB phases. Recently, the twist-bend nematic 
phase transitions in a series of DTC5Cn dimers with increasing spacer length were 
experimentally observed, mainly by a combination of experimental techniques such as: 
polarized microscopy (POM) [27-29], dynamic light scattering (DLS) [30], dynamic 
calorimetry and X-ray diffraction (XRD, SAXS, WAXS, GIXRD) [19,26,29], Resonant Soft 
X-Ray Scattering [29] and freeze-fracture transmission electron microscopy (FFTEM) [14]. 
Additionally, the arrangement of the NTB phase, the molecular dynamics, and order 
parameters were also studied for DTC5Cn dimers by electro-optical [27], dielectric [28] and 
nuclear magnetic resonance studies (NMR) [24,31]. 
 In this paper we employ infrared spectroscopy to study the orientational order of the 
DTC5Cn terphenyl dimer series (n=5-11), for a number of molecular segments: the terphenyl 
core, the central alkyl linker and the tail ends/terminal chains. By comparing the order 
parameters of the terphenyl core and the central alkyl linker, we examined the bend of the 
molecule in the nematic phase. In the NTB phase the order parameter reverses its trend due to 
the helical tilt of the director. Using the ratio of the NTB order parameter and the extrapolated 
trend from the nematic phase, the tilt angle for the different dimer segments can be 
calculated. It can also be useful to evaluate the local director bending [18]. 

Experimental  

The chemical structure of 2´,3´-difluoro-4,4´´-dipentyl-p-terphenyl-n-alkanes (DTC5Cn, 
where n = 5, 7, 9, 11) are given in Figure 1. Details of synthesis, phase behavior and resonant 
X-ray scattering data for these materials have been reported recently [14,19,32]. The samples 
for the IR studies were aligned in between the two optically polished ZnSe windows. In order 
to obtain the homogeneous orientation of molecules, windows were spin coated with a SE-
130 commercial polymer aligning agent (Nissan Chemical Industries, Ltd). The cells were 
assembled with parallel arrangement of the rubbing direction. In order to obtain the 
homeotropic alignment of samples we used a commercial solution of the AL 60702 polymer 
(JSR Korea). Mylar foil was used as a spacer and thickness of cells fabricated was 
determined to be in the range from 5.1 – 5.6 µm, by the measurements on the interference 
fringes using a spectrometer interfaced with a PC (Avaspec-2048). The samples were 
capillary filled by heating the empty cell in the nematic phase, five degrees below the 
transition to the isotropic phase. 

The quality of the alignment was tested using polarizing microscopy. The textures of the 
samples was monitored using a polarizing microscope that was used for identifying the phase 
prior to its investigation by polarized IR spectroscopy.  

The infrared spectra are recorded using an Agilent Cary 670 FTIR spectrometer with  
a resolution of 1 cm-1 and these spectra are averaged over 32 scans. An IR-KRS5 grid 
polarizer is used to polarize the IR beam. The polarized IR spectra are measured as a function 
of the polarizer rotation angle. Measurements were performed on slow cooling and heating at 
the rate of 0.1 K/min. Temperature of the samples was stabilized using PID temperature 
controller within ±2 mK. 
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 In order to establish the geometric parameters of the dimers and other IR 
spectroscopic properties, quantum mechanical density functional theory (DFT) was used. All 
calculations  were performed using the Gaussian 09 program, version E.01 [33,34]. 
Molecular structures, harmonic vibrational force constants, and absolute IR intensities were 
calculated using DFT theory with the Becke’s three-parameter exchange functional in 
combination with the Lee, Yang, and Parr correlation functional the B3-LYP method with the 
diffusion basis set: 6-311+G [33,34]. In order to find the most stable conformation of the 
dimer to be investigated the optimization of the geometry was performed in a number of  
steps (see information in the SM). The possible structures of the each arm of the dimer can be 
classified by the torsion angles: ϕ1 - ϕ8 (see Fig. 1a). The rotation around the inter-ring bonds 
of the terphenyl it showed the two most energy-favorable conformers: helical (ϕ2=-40, ϕ3=-
40) and twisted (ϕ2=40, ϕ3=40). On the other hand, the rotation around the bond C-C-C-C 
between terphenyl and the linker or tail defined by ϕ1 and ϕ4 angles showed a minimum 
energy for value of 90°. For the fully optimized geometry for the DTC5C5 dimer (Fig. 1b), 
we obtained the torsion angle values: ϕ1 =-90.25, ϕ2=-43.7, ϕ3=-43.5, ϕ4=93.4, ϕ5 = 85.3, 
ϕ6=-43.5, ϕ7=-43.7, ϕ8=-90.25 for the helical conformer and ϕ1 = -89.2, ϕ2=-42.7, ϕ3=43.5, 
ϕ4=-84.5, ϕ5 = 95.6, ϕ6=-42.8, ϕ7=43.5, ϕ8=-90.93 for the twisted conformer. The value of 
the ϕ4/ϕ5 angle is the most crucial for determining the bend angle of the molecule. In this case 
the opening angle of the molecule was determined to be 110.6 degrees. 

 All of the observed bands in the NTB phase have been explained by the coexistence of 
the helical (D2) and the twisted (C2h) conformers.  Most of the observed bands are assigned to 
the overlaps of the bands attributable to the helical and the twisted conformers. Most changes 
in the FTIR spectra associated with different terphenyl conformation concern bands in the 
wavenumber range from 500-800 cm-1. The supplementary material presents the 
experimental polarized spectrum in the NTB phase (Fig. 1s) and calculated FTIR spectrum for 
DTC5C5 (Fig. 2s).  

  
 

 

 

 
 
 
 
 
 

 
Fig.1. 2´,3´-difluoro-4,4´´-dipentyl-p-terphenyl dimers (DTC5Cn) (n=5,7,9,11). (a) 
Transition temperature and molecular structure of DTC5Cn. (b) Simulated structure of the 
helical conformer of a DTC5C5 molecule. β−  angle, that the  para-axes of rigid cores make 
with each other. 

 

110.6o 

(b) 

 

DTC5Cn n=5,7,9,11 

MTC5: Cr 34 N 116.5 Iso 
DTC5C5: Cr 103.3 Sm 114.7 NTB 121.6 N 134.0 Iso 
DTC5C7: Cr 98.6 NTB 127.5 N 156.6 Iso 
DTC5C9: Cr 95.9 NTB 127.9 N 165.8 Iso 
DTC5C11: Cr 94.3 NTB 1225 N 166.7 Iso 

ϕ1 
ϕ6 

ϕ7 

ϕ5 

ϕ8 

ϕ4 
ϕ3 

ϕ2 ϕ1 

(a) 
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The order parameters in terms of the components of the IR absorbance 

For an anisotropic system the use of vibration spectroscopy can provide information 
about the orientational order of individual functional groups of molecules, and about specific 
intra- and intermolecular interactions of these groups. The average IR absorbance’s’, Ai, of 
the particular vibrational modes, are determined by how the electric dipole moment of the 
system changes with the atomic oscillations. To the lowest order, the required quantities are 
proportional to the derivatives of the dipole moment with respect to the vibrational normal 
modes, i, of the system, evaluated at the equilibrium geometry. The IR absorbance of the ith 
vibrational mode is given by [35]:  

 
2

2

1 3
)( 








== ∫

i

i
i dQ

d
c

NdAA µπνν
ν

ν

     (1) 

where: N is the number of molecules per unit volume, μ is the molecule dipole moment, and 
Qi is the normal coordinate corresponding to the ith mode. The orientation of the laboratory 
frame (X,Y,Z) in the N phase: for the planar sample Z is an axis along and Y is perpendicular 
to the optical axis, respectively (optical axis coincides with rubbing direction). The same 
reference system remains in the NTB phase but now Z coincides with the helix axis., which is 
symmetry element of the NTB phase. For homeotropic sample Z is normal to the sample plane 
so X and Y are in the sample plane.  For a dimer we choose a molecular system as follows: 
the long axis (bow string) as a z-axis, the x-axis normal to the bent plane and the y-axis (bow 
arrow), see Fig. 2. In IR spectroscopy we used normal beam incidence and thick sample 
approximation [36]. Infrared wavelength is much longer than the helical pitch (∼10nm)  
observed for the molecules and the helical correlation length (∼60 nm) [37], so the system in 
NTB phase is seen as an averaged along the Z-direction and over the azimuthal angle. Thus in 
the infrared frequency window the system can be considered as being uniaxial. The 
absorbance component of the selected vibrational bands are related to the orientation of 
corresponding transition dipole moments as below:  
     

              (2) 
 
Where: A0 is an average absorbance equal (AX+AY+AZ)/3, σ is a polar angle between 
transition dipole (µ) and the z axis of the molecule, ϕ is the azimuthal angle that the transition 
dipole makes with the  x-z plane in the molecular system, see Fig.2. The various values of the 
angle σ for the different bands were obtained from the molecular structure simulation (see 
paragraph “Results and discussion”). S and D, are: orientational order parameters, of the long 
axis and molecular biaxiality, respectively, in the uniaxial nematic phase.  

Z
yy

Z
xx

Z
zz SSDSS −== , .     (3) 

Following the Saupe ordering matrix [38,39], the parameter S is a measure of the increase in 
compatibility of the molecule long axis z, with a Z-axis of the laboratory reference system 
while D describes the rotational biasing of the short molecular axes. 

2 23 1
, 0 2 2

2 2
0

1 ( sin 1) sin cos 2

1 (2 3sin ) sin cos 2
X Y

Z

A A S D

A A S D

σ σ ϕ

σ σ ϕ

= + − +

= + − −
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Thus IR absorbance components can, at least in principle, bring information about the 
ordering in the LC phase, via analyzing the order parameters S and D. In the nematic phase 
the order parameter, S, follows the Mayer – Saupe model well [39]. However, in the NTB 
phase, it has been demonstrated that the temperature dependence of the S-order parameter 
distinctly reverses its monotonic trend of increase to decrease at the transition temperature 
from the nematic (N) to the twist-band (NTB) [26-31,40-42]. This is due to the rearrangement 
of molecules in the NTB phase as a helical structure appears. The orientation of the director 
gradually deviates from the helix axis, which is macroscopically observed as a reduction of 
the order parameter similar to the SmC phase [43-45]. Using polarized IR spectroscopy we 
can directly deliver the temperature dependence of the absorbance components in the 
temperature range of the nematic and the NTB phases. For a planar sample we measured two 
components of the absorbance: one along the optical axis, as AZ, and a second perpendicular 
to optical axis as an AY component. For homeotropicaly aligned samples we measured an 
average of two perpendicular components A⊥=(AX+AY)/2. As it can be predicted from the S 
parameter, we can expect distinctly different behavior of the absorbance components for the 
bands; the transition dipole is either longitudinal or transversal with respect to the mesogenic 
core axis.  

We analyzed the temperature dependence of the absorbance components for several 
bands with transition dipoles parallel and perpendicular to the terphenyl core in the range of 
the nematic and the NTB phases. Figures showing the temperature dependencies of the 
absorbance of the analyzed bands for selected dimers can be found in the supplementary 
materials (Fig.3s - Fig.5s). Also, the absorbance components for the structurally related 
monomer MTC5 were analyzed as reference data. By combining the IR results for the 
homogenous planar and the homeotropic alignment of the sample we can obtain all (AX, AY, 
AZ) components of the IR intensities. The average intensity A0 and related transition dipoles 
were analyzed for the series DTC5Cn in the temperature range of the N and the NTB phases 
and for the monomer MTC5 in the N phase. Several vibrational bands are selected to be 
analyzed in the mid FTIR range, which provide significant dichroism of the band. These are 
the phenyl stretching band (νCC) at wavenumbers: 1485, 1460 and 1406 cm-1. The 
combinational band at 905 cm-1 that can be assigned to the phenyl in plane stretching with 
symmetric C-F stretching (νCC+νsCF), the phenyl in plane deformation with asymmetric C-
F stretching at 890 cm-1 (βCC +νasCF) and phenyl out of plane deformation with asymmetric 
C-F stretching at 800 cm-1 (βCC +νasCF).  

In order to determine the orientation of the short molecular axis of the dimer, we used 
the bands characteristic of an alkyl linker, which were assigned based on simulated 
vibrational spectra. To calculate the order parameter for the alkyl linker, we used: asymmetric 
deformation of the methylene groups called twisting vibration (γasCH2 + βCH in plane of the 
terphenyl) at 1320 cm-1 and bending vibration - scissoring (in phase, βs CH2) at the 1510 cm-1 
wavenumber. To determine the orientation of the terminal alkyl chains, we used symmetrical 
and asymmetric CH stretching vibrations of the of the methylene groups at 2890 and 2950 
cm-1, respectively (νsCH, νasCH). 
 
Results and discussion 
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z 

y 

µ 

x 
ϕ 

σ 

(a) (b) 

The terphenyl orientational order 

The most prominent IR peaks belong to phenyl C-H and C-F vibrations in the terphenyl 
core. We can distinguish the C-F bands at 905 cm-1 (νCC+νsCF), 890 cm-1 (βCC +νasCF), 
and 800 cm-1 which involve mostly the C-F bond of the central phenyl in the terphenyl core. 
They correspond to the longitudinal transition dipole and the transverse transition dipole, 
respectively. For calculation of the orientational order of the terphenyl core it is useful to 
introduce a local system of reference, shown in the Fig. 2b, as follows: the z’-axis along the 
para axis of the terphenyl group, the x’-axis is normal to the bent plane and the y’-axis is 
normal to the z’-x’ plane. Using the eq. (2) we can directly calculate the order parameter S for 
the para axis of the terphenyl core of the DTC5Cn dimers (see Fig.3). The S parameter found 
for DTC5C9 is in excellent agreement with the data obtained by 13C NMR spectroscopy by 
[21], both approach S=0.49 at the maximum.  

The temperature dependences of the obtained order parameters can be related to the 
corresponding behavior for the monomer MTC5 (also shown in the Figure 3). For an odd 
number of carbons in the linking group, the low energy of the all trans conformation results 
in a bending angle of the mesogenic terphenyl groups; however due to the flexibility of the 
central hydrocarbon chain other conformations of the linking chain need to be considered. 
Finally we need to convert the orientational order of the terphenyl core to that of molecular 
(long) axis. In order to do so we consider the angle β2=β/2, that the terphenyl core makes 
with the bow string axis of the dimer; or in other words the shortest line between the ends of 
the mesogenic groups.  
 

 

 

 

 

 

 

 

 

Fig.2.(a)  Molecular frame of reference: z- long axis (bow string), x-axis normal to the bent 
plane, y- bow arrow, σ - polar angle between transition dipole, µ, and z-axis of the molecule, 
ϕ is azimuthal angle that transition dipole makes with x-z plane. (b) Frame of reference for 
molecular groups: terphenyl core - z’-axis along the para axis of the terphenyl group, the x’-
axis is normal to the bent plane and the y’-axis is normal to the z’-x’ plane, linking chain - 
the reference frame coincides with the molecular frame of reference. (only part of molecule is 
shown). 
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The bend angle β is estimated/determined to be β=69.4o (see Fig.1b), for an all trans 
conformation of the linking chain as found from the DFT calculations. In the higher 
temperature range, the population of other conformers has a significant share, which means 
that the average bend angle is effectively reduced. The corresponding second rank order 
parameter for the terphenyl para-axis of the dimer is smaller than that of the monomer, 
because in the dimer the transition dipole is at a polar angle σ=β2.  Thus the corresponding 
order parameters can be related by multiplying SMON by the factor P2(cosβ2): 

            2 2(cos )DIM MONS S P β=       (4) 

where:  P2(cosβ2) is the Legendre polynomial. Typically, it is expected that the orientational 
order is designated for the long axis of a molecule (bow string axis) of the dimer. We can 
convert the order parameter calculated for the terphenyl core only if we know the bending 
angle of the two mesogenic groups for a particular dimer. However, this angle is growing on 
decreasing temperature. For the short spacered dimers, DTC5C5 and DTC5C7 the order 
parameters are much lower (≅ 25%) than that for the monomer. We found that it is not 
possible to convert SMON to SDIM, by the Legendre polynomial, P2(cosβ2), as in eq (4), using 
only one particular β2 angle. In order to obtain the correct scaling it is necessary to increase 
the angle, gradually from 54o to 56o for DTC5C5 and from 50o to 52o for DTC5C7 on 
approaching the NTB phase. It has to be noted, that on approaching the NTB phase one could 
expect strong fluctuations in nematic phase – short-living NTB-like domains (“clusters”) 
within the N phase – this can significantly affect effective absorption anisotropy. Such 
fluctuations were analyzed for the N-NTB sequence on a basis of birefringence measurements 
[46]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. Comparison of the S-order parameters for terphenyl core of DTC5Cn dimers with 
monomer MTC5 determined from 1485 cm-1 band absorbance. Dashed lines – Fitting exp. 
data using the power law eq.(5). Symbols:,,,, are for n=5,7,9,11 respectively. 
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For dimers with a longer link such as DTC5C9 and DTC5C11, the S parameters are initially 
closer to that of monomer, in the range of the N phase up to 25 K below the I-N transition 
temperature. This is probably due to a much higher flexibility of the linker. Scaling Legendre 
polynomials, P2(cosβ2), using for conversion (in eq.4), correspond to the angles of 43.5o and 
42o for DTC5C9 and DTC5C11, respectively. But on further cooling, the bent angles 
significantly increase up to 50o, for both dimers. Significantly, the observed temperature 
dependences of the angle β2 are also similar for dimers DTC5C9 and DTC5C11. This leads to 
the conclusion that the population of more straightened conformers increases as the 
temperature rises in the nematic range [19].  
 When we compare the cases of successive homologues, it becomes clear that the angle 
β2 is decreasing on increasing the number of carbons in the linker (n) for subsequent dimers. 
This is mostly the effect of the spacer flexibility which increases as n increases. Going from 
the NTB to the N phase, the molecules abandon the helix in favor of more straightened 
conformations [19], which leads to an easier formation of a uniaxial order and increases 
translational freedom. To achieve an overall straightened shape, the molecules must reduce 
the bend β  by twisting the spacer C–C bonds even further away from the trans state. For the 
above reason the temperature behavior of the order parameter cannot be correctly described 
by the Haller method [47]. The resulting critical exponent in that case may not have the 
proper physical significance, because it describes a system in which the share of components 
is variable.  
 For these reasons the temperature dependence of the nematic S-order parameter for the 
terphenyl moiety is flattened, and therefore the corresponding critical exponent, γ is found 
significantly smaller than predicted by molecular models for monomers.  
      γ)/1(0 CTTSS −=        (5) 

One can fit eq. (5), a so-called power law, to the experimental data with the following critical 
exponents: 0.14, 0.16, 0.172, 0.175 for n=5,7,9,11 respectively. Fitted curves are shown by 
dashed lines in Fig.3. The approximation of the fitting curve can later be used as a reference 
for calculation of the tilt of the terphenyl core in the NTB phase.  

Orientational order of the central linker chain and molecular biaxiality of the dimer  

There are only few, rather weak IR-bands, which can be used for the calculation of the 
S parameter of the aliphatic linking group. We have chosen the 1512 cm-1 band, which is 
assigned to the CH2 scissoring vibration (in phase, βs CH2) and a rather complex band at 1320 
cm-1, which is assigned to the CH2 twisting vibration mixed with the phenyl in plane 
deformation vibration (γas CH2 + β CH). The transition dipole of the 1512 cm-1 band is along 
the bisection of the CH2 groups of the spacer chain, and this defines the y-axis of the 
molecular group (see Fig. 2). The transition dipole of the 1320 cm-1 band is perpendicular to 
the long axis of the spacer, i.e. θ = 90° (in all trans conformation of the spacer) and its 
azimuthal angle is φ ≅ 45°. In this case the second term in eq. 2 vanishes (sin2φ=0) and the S-
parameter can be directly calculated from the 1320 cm-1 band. 
As the bent conformers are more dominant on lowering the temperature, the dimer linker 
becomes almost aligned along the long axis of the dimer (bowstring axis). Therefore, the 
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orientational ordering of the linking chain follows that of the overall long axis of the 
molecule. Figure 4 shows the experimental temperature dependence of the order parameter, 
S, for the dimer linker. Indeed, going from the isotropic to the nematic phase, the S 
parameters of the dimers coincide well with the S-parameter of the monomer, but gradually 
diverge from it on further cooling. This can be explained by the growing population of bend 
conformers, which diminishes the compatibility of dimers with the uniaxial director. Using 
this procedure, we directly obtained the quantitative value of the order parameter, (again we 
do not use Haller's method). In the range of nematic phase, the resulting order parameter S is 
only 4-6% lower than that obtained for the monomer MTC5. Results for DTC5C9 are also in 
good agreement with data determined using diamagnetic anisotropy measurements [28] 
(parameter S varies between 0.4 and 0.65) while the results obtained from optical 
birefringence [27] experiments give values as high as S=0.67. The latter high S values, 
however, are obtained by applying the Haller method and surmise an orientational order 
higher than that found for the monomer. Fitting of the power law eq. (5) to the IR data the 
following critical exponents are obtained: 0.13, 0.16, 0.180, 0.184 for n=5,7,9,11 
respectively, as shown by the dashed lines in Fig.4. These values are significantly lower than 
found for the monomer MTC5 (γ=0.24). The reason for that is that the number of bent 
conformers increases on reducing the temperature. The growing population of bending 
conformers reduces the S parameter, see eq. (4) and flattens the temperature dependence of 
the order parameter for the dimer. Thus the resulting critical exponent factor,γ, becomes 
significantly lower than expected, based on the classical theoretical models of the nematic 
phase. This approximation of the fitting curves can be useful as a tool to calculate the tilt of 
the terphenyl core in the NTB phase. As can be seen in Figure 4 after the transition to the NTB 
phase, the upward trend of the order parameter is reversed. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig.4. Temperature dependence of S-order parameters (𝑆𝑆 = 𝑆𝑆𝑧𝑧𝑧𝑧𝑍𝑍 ) of the central linker for all 
DTC5Cn dimers, determined from 1320 cm-1 band absorbance. The black line is the  S-order 
parameter of the monomer MTC5 as a reference. Dashed lines – Fitting the power law eq. (5) 
to the data. Symbols: ,,, are for n=5,7,9,11 respectively. 
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The corresponding order parameter in the NTB phase, STB can be found in reference to 
that in N phase as a product:     

    )(cos2 tNTB PSS θ=           (6) 

where: θt is cone angle of the helix. 

Figure 5 shows the tilt angle of the central linker calculated using eq.(6), where SN is 
reproduced by eq. (5) using the fit parameters for the N phase extended over the NTB phase 
range. For shorter dimers (n=5,7) the tilt angle of the terphenyl core clearly vanishes on 
approaching the transition temperature, whereas for longer dimers (n=9,11) the transition 
region (10 K to 15 K above the NTB transition) can be distinguished, where the terphenyl core 
is already tilted. We note that the enthalpy of the transition to the NTB phase is a very weak 
for n=9,11 [19]. 
 In the next step, the absorbances of the two bands: 1512 cm-1 and 1320 cm-1 for the 
central linker were used to obtain the biaxiality of the short molecular axes. For both bands 
transition dipoles are normal to the long axis of the dimer, but they are at a different 
azimuthal angle, φ. If both absorbances are combined, we are able to determine two elements 
of the Saupe ordering matrix: 𝑆𝑆𝑥𝑥𝑥𝑥𝑍𝑍 , and 𝑆𝑆𝑦𝑦𝑦𝑦𝑍𝑍 . They describe how short axes of the central 
linker, x and y, respectively, are oriented with respect to the Z-axis of the laboratory frame. 

 

 

 

 

 

 

 

 

 

 

 

Fig.5. Tilt angle of the molecular long axis, determined from the absorbances of the 1320cm-1 
band. Symbols: ,,,, are for n=5,7,9,11 respectively. 

 The difference of the two parameters defines the molecular biaxiality, 𝐷𝐷 = 𝑆𝑆𝑥𝑥𝑥𝑥𝑍𝑍 −  𝑆𝑆𝑦𝑦𝑦𝑦𝑍𝑍 , thus 
describing which one of two: x and the y axis are declined more from the laboratory Z-axis. 
Figure 6 shows the Saupe 𝑆𝑆𝑦𝑦𝑦𝑦𝑍𝑍  and 𝑆𝑆𝑏𝑏𝑏𝑏𝑍𝑍  and recalculated 𝑆𝑆𝑥𝑥𝑥𝑥𝑍𝑍  parameters for the dimer 
DTC5C7 and also 𝑆𝑆𝑦𝑦𝑦𝑦𝑍𝑍  (≅ 𝑆𝑆𝑥𝑥𝑥𝑥𝑍𝑍 ) for the monomer MTC5 as a reference. Here 𝑆𝑆𝑏𝑏𝑏𝑏𝑍𝑍  is determined 
for transition dipole b of  the 1320 cm-1 band, which has an azimuthal angle, φ ≅ 45o.  
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Fig.6. Saupe 𝑆𝑆𝑦𝑦𝑦𝑦𝑍𝑍  and 𝑆𝑆𝑏𝑏𝑏𝑏𝑍𝑍  and calculated 𝑆𝑆𝑥𝑥𝑥𝑥𝑍𝑍  parameters for the dimer DTC5C7:  - 1510 
cm-1,  - 1320 cm-1, ---- calculated 𝑆𝑆𝑥𝑥𝑥𝑥𝑍𝑍  . 𝑆𝑆𝑦𝑦𝑦𝑦𝑍𝑍  for the MTC5 monomer as reference - . 

 In the nematic phase all of  𝑆𝑆𝑖𝑖𝑖𝑖𝑍𝑍 (i=x,y,b) coincide with each other and also agree well 
with that of the monomer. In the NTB phase, however, both 𝑆𝑆𝑏𝑏𝑏𝑏𝑍𝑍  and 𝑆𝑆𝑦𝑦𝑦𝑦𝑍𝑍  decline from the 
trend of the monomer, because the molecules are tilted with respect to the Z-laboratory axis 
(helical axis). What is even more important, the y- axis remains preferably perpendicular to 
the Z-axis while the x-axis comes closer to the Z-axis. As a result the biaxiality parameter, D, 
which is a measure of such a difference, 𝑆𝑆𝑥𝑥𝑥𝑥𝑍𝑍 −  𝑆𝑆𝑦𝑦𝑦𝑦𝑍𝑍 , is positive and furthermore it gradually 
increases on cooling in the NTB phase. Figure 7 shows the set of values for the molecular 
biaxiality parameter, D, for all the DTC5Cn dimers. In the range of the nematic phase, D 
parameters are not significant, (D≅0.01), with values similar to those observed for the MTC5 
monomer, as the latter is assumed to show a uniaxial nematic phase. However, on entering 
NTB phase D for the dimers starts to grow on reducing the temperature. It is noted, that the 
values grow more steeply for the compounds with a shorter linker, as these have a larger bend 
angle, β, thus a higher shape biaxiality. A significant increase of the molecular biaxiality, D, 
is shown to be related to the growth of the twist-bend fluctuations of the director at the N-NTB 
transition temperature that induces the effective bend of the molecule and forms the helical 
structure. Increasing D on cooling indicates the hindering of the rotation of the short 
molecular axis. Such behavior is of a great importance for the phase behavior as biaxiality 
can be related to the local bending of the director that finally drives the transition to the 
nematic twist-bend phase. 
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Fig.7. Molecular biaxiality parameter (D).  Symbols: ,,, for all DTC5Cn dimers, 
with n=5.7,9,11, respectively and for monomer MTC5 (solid black line). The local bending, 
<sin2(β2)> calculated for the dimer mixture (‘Se45’)-[29] (dashed red line). (Bottom T-TNI 
and left Y axes are for DTC5Cn dimers but top T-TTB/TTB-Tc and right Y axes are for the 
dimer mixture (‘Se45’). 
 

In order to analyze the results we can generally follow the geometrical model of the 
NTB helix [18,19,29]. The proposed structure is mainly due to the twist of the biaxial 
molecular order around the long axes, quantitatively related to the curvature of the bend of 
the molecule. Nevertheless, we have to consider the fact that the molecules perform fast 
molecular rotations involving the short axes; spinning around the long molecular axis, 
additionally precessions around the director or segmental spinning of the core (>10-9 s-1) also 
need to be taken into account. Therefore the bend of a molecule is locally seen as a statistical 
average over all orientations and possible conformational changes. In the uniaxial nematic 
phase the distribution averages the net bending to zero. But in the NTB phase rotation 
becomes biased i.e. the biaxiality of the distribution of short axis appears, D≠0.  

By definition of the pitch we have q ≡ dα/dz, and from the geometry of the helix cosθt = 
dz/ds, we find dz/ds = qcosθt [19] or 𝛼𝛼/𝑑𝑑2 = 𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞θ𝑡𝑡[19], where α is the azimuthal rotation 
of the director per half the molecule length, d2. Based on this, the bend magnitude of the helix 
is B=qcosθtsinθt [18]. 

 2 2sin( ) ( / 2)sin 0.5 cos sint t ttg d qβ α θ θ θ= ≅ ⋅      (7) 

It was already shown [19] that the local bending, sin(β2)/(d2cosθt), is linearly dependent on 
sinθt. In a molecular system, however, the bending vector has to be considered statistically, 
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so its magnitude, <sin2(β2)>, is a result of transforming the bend of the molecule sin(β2M) to 
the statistically averaged value: 

2 2
2 2sin ( ) sin ( )MDβ β≅       (8) 

As a result the molecular biaxiality parameter, D, due to eq (7) and eq (8) is accordingly 
dependent on sin2θt.  

( )2 2 2 2
2 2 2sin ( ) / sin ( ) sinM tD d Cβ β θ≅ ≅      (9) 

where: C=(d2 sinβ2)-2 is a slope of the “D vs. sin2θt “. 
Figure 8 shows the dependence of molecular biaxiality parameter on sin2θt for all DTC5Cn 
dimers. Following eq. (7), it is possible to calculate the local bending <sin2(β2)> for DTC5C7 
using the data for the dimer mixture (‘Se45’) consisting of 55% DTC5C7 and 45% of a 
structurally related selenoether [29]. The result, which is shown as a <sin2(β2)> by the red 
dashed line in Fig.7, indicates a good coincidence with the biaxiality parameter, D, for the 
dimer DTC5C7. The molecular bending that can be calculated from eq. (7), β2M = 34o 
corresponds surprisingly well to the bending of the ground state conformer of DTC5C7 from 
DFT calculation, β2M = 34.7o. In addition, if we analyses results for all dimers, it can be 
clearly concluded that the dependence of “D vs. sin2θt“ is becoming steeper for shorter 
linkers and less steep for longer linkers. In fact, the shortest dimer has highest aspect ratio 
(width/length) and furthermore elongation of the linker significantly reduces the molecular 
shape anisotropy.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.8. Molecular biaxiality parameter, D vs. sin2θt, for all DTC5Cn dimers: ,,, are 
for n=5,7,9,11 respectively and the solid lines are linear fits to the data (0,0 origin). 
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The final conclusion is that the local bending <sin2β> and the magnitude of the director bend, 
B, in the helix are clearly dependent on the molecular biaxiality and the molecular tilt, Fig.9.  

 
Fig.9. In the nematic phase the dimers perform uniaxial rotation, D ≤ 0.01, while in the NTB 
phase rotation becomes restricted (biased) and biaxiality parameter, D, grows up to 0.15. 
 
 Recently, the measurements of pitch data for very similar dimers: two novel sulfur-
containing analogues of fluorinated terphenyl dimers were reported [37]. Using the reported 
helical pitch for n=7,11 homologues and the IR tilt angles, we reproduced B=qcosθtsinθt as 
shown in Figure 10. They also correspond well with our D values. 
 We note that both perpendicular components of the absorbance, Ax, Ay are very 
similar in the range of the nematic phase [ESI], except in the interval of a few degrees above 
the transition from the N to the NTB phase for DTC5C7 and DTC5C9 dimers. That was the 
reason to consider the nematic phase as uniaxial and also to simplify the structure analysis. 
Such an exception, however, can indicate the possibility that the biaxial nematic phase might 
appear in between the nematic uniaxial (NU) and the twist-bend (NTB) phase [5,10]. A small 
sample biaxiality, which was found in NTB phase by comparing corresponding perpendicular 
absorbance components (in both alignment), AY≠Ah, are likely to be induced by anchoring 
effect [39-41]. It seems, observation of true biaxiality is not possible without application of 
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external field that can align secondary director. For a proper analysis of the biaxiality of the 
phase we need to control the orientation of all spatial components, i.e. one parallel to the 
primary nematic director and two perpendicular, which are along secondary directors. Such 
conditions can be achieved through the anchoring effect or by an external electric field. This 
has been carried out previously for tetrapodes [48] and a bent-core system [49]. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.10. Molecular biaxiality parameter, D: -DTC5C7,  -DTC5C11 compared with the 
bend magnitude of the helix B=q⋅cosθt⋅sinθt [18] calculated using helical pitch data for very 
similar dimers: two novel sulfur-containing analogues of fluorinated terphenyl dimers, for 
n=7,11, appears as in an on-line paper [37]. Blue solid lines: DTC5C7, red dashed line 
DTC5C11.   
 

The orientational order of the terminal alkyl chain 

 The terminal alkyl chains of dimers (end tails) are the most disordered part of the 
dimer in comparison to the other segments of the molecule. This is primarily due to the fact 
that the chain (the all trans conformation) bends at an angle of 35° to the terphenyl core, and 
due to their high flexibility, they tend to be less ordered, as all possible conformations can 
coexist. For the calculation of the S parameters we used the bands at the 2855 cm-1 and 2930 
cm-1 wavenumbers, which are assigned to the C-H symmetrical and asymmetrical stretching 
vibration of the methylene groups (νsCH2, νasCH2,), respectively. We define the  y-axis along 
the CH2 bisection similarly as for the linker, parallel to the symmetric transition dipole and 
the x-axis as perpendicular to the C-C-C plane of the alkyl chain. Unfortunately, there are 
both linker and tails contributing bands at the 2855 cm-1 and 2930 cm-1 and no reliable 
method to separate them can be found. Overall, the orientational order parameters S are found 
to be quite small, approaching a value of  0.2 for n=7,9,11, but only 0.13 for n=5 (see Fig. 
11). This case is quite typical for order of the terminal chain in the N phase, so it can be 
considered that they describe the order of the terminal chains of the dimers well. In the 
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nematic phase the temperature dependences for n=7 and 9 are quite similar, contrary to n=11, 
where S parameter is significantly lower than former ones presumably due to higher 
flexibility of the longest linker. However, 5 K before entering NTB phase, it grows from 0.19 
to 0.22, which probably indicates the process of segmental correlation of the dimers before 
forming the helical structure [10].  The efficient tilt angle of the tails in the NTB phase can 
be estimated using eq. (6). For n=9,11 they are 35° and 32° similar to those for the central 
linker, probably due to compatibility of helicoids when the other is shifted by half the 
molecule length d2 along director trajectory [36]. For n=5,7 they are less than 25° due to lack 
of such compatibility and additionally smaller linker flexibility. 

 

 

 

 

 

 

 

 

 

Fig.11. Temperature dependence of S-order parameters for the terminal tails for DTC5Cn 
dimers, determined from 2830 and 2950 cm-1 band absorbances. Symbols: ,,,, are for 
n=5,7,9,11, respectively and black solid line is a fit for n=7,9. 

Conclusion 

We used IR polarized spectroscopy to study orientational arrangements of the 
molecules in the nematic and the twist-bent phases for homologues series 2´,3´-difluoro-
4,4´´-dipentyl-p-terphenyl dimers (DTC5Cn) and the corresponding monomer MTC5 as  
a reference. All spatial absorbance components (AX, AY, AZ) have been measured to obtain the 
information about the ordering in the N and the NTB phase. Several vibrational bands were 
chosen to analyses the orientation of different molecular groups of the dimers: the terphenyl 
core, central linker and terminal tails and also for the monomer as a reference. For all groups 
the orientational S and D ordering parameters have been determined, the former describing 
the ordering the long molecular axis while the latter restricted rotation (biasing) of the short 
axis. By comparing the temperature dependences of S parameters in the range of the nematic 
phase, we found that molecules remain in a bent conformation despite no measurable director 
bending. Bending is larger for a shorter hydrocarbon linker ∼56o (n=5) but decreases when 
the linker becomes longer ∼40o (n= 9,11). On increasing temperature the bending angle 
gradually decreases from ∼50o to ∼40o on approaching the isotropic phase.  
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The biaxial order parameter, D, is found to be negligible in the N phase, then starts 
increasing on entering the NTB phase, following sin2θ relationship with the tilt θ  of the 
mesogenic cores. The local director deformation, B, was found to be fully determined by the 
molecular biaxiality parameter D. The former vanishes at the transition to the N phase, 
similar to D, because the azimuthal rotation of the molecules is becoming isotropic. More 
importantly, the obtained parameters the biaxial order, D, can predict the local director 
deformation, and consequently – the periodicity of the helical structure. Overall, using the 
geometric model and the obtained molecular parameters, we can predict important properties 
of the NTB phase such as the cone angle, the bend of the director, and most importantly, the 
helical pitch. Particularly the spatial periodicity is most important for photonic applications. 
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