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Abstract

Using proton and deuterium NMR spectroscopy, this work provides a description
of the molecular orientational order of the mesogenic groups in both the Ny, and the
classical nematic phase (N), of the liquid crystal dimer CB-C9-CB. The proton NMR
data were collected at high field (7 Tesla) with the nematic domains aligned by the
field. Deuterium NMR data obtained from aligned samples at 11.7 Tesla, published
by Hoffmann A. et al. Soft Matter 2015, 11, 850 were also considered in this study.
Using first order perturbation theory, we carry out detailed simulations of the proton
spectra from the terminal mesogenic groups along with the quadrupolar splittings from
the CD bonds in the first chain positions, which allow for the determination of the
Saupe order tensor for the mesogenic groups. We show that the main mechanism that
induces the change of the 'H NMR spectrum and the quadrupolar splittings at the
N-N;;, phase transition is the change in the orientation of the most ordered molecular
frame (eigenframe of the Saupe tensor), along with the onset of the molecular biaxility
parameter, D. This orientation change is associated to the achiral symmetry breaking

at the N-Ny, phase transition.

Introduction

Up to 2010 only four distinct nematic ground states had been found,! for achiral molecu-
lar systems, the uniaxial nematic and the biaxial nematic; for chiral molecules the helical
nematic and the blue phases. In 1973, however, Meyer suggested the theoretical possibil-
ity that molecular interactions that favour bend deformations might lead to a twist-bend
nematic phase, in which the director will have an helical distribution with a constant tilt
angle between 0 and %_2 In 2001 Dozov? when analysing the second-order elastic energy in
a nematic phase composed of achiral “banana-shaped ” molecules showed that two solu-
tions may occur, a periodic oscillation of the local bend or a continuous conical twist-bend

strucutre. The latter is twofold degenerate permitting left and right handed twist. Both



solutions were proved to be energetically stable and could appear in mesogens with real-
istic molecular parameters. Independently, Memmer* carried out Monte-Carlo simulations
in molecular systems composed of banana shaped molecules and discovered that, near the
transition to a highly ordered smectic phase, a nematic phase with hints of achiral symmetry
breaking appears. This theoretical prediction sparked interest in banana-shaped molecules
that may actually exhibit this new twist-bend phase (Ny,). Molecular dimers can behave
like these bent shaped mesogens at relatively low temperatures and therefore be candidates
for this phase. For instance, the liquid crystal dimer CB-C7-CB had already been reported
in 1993, to have a high temperature uniaxial nematic phase followed by a lower tempera-
ture smectic phase.’ This was odd, considering that similar compounds only exhibited an
uniaxial nematic phase. Taking this into account, the authors in ref.® made a comprehen-
sive study of this compound in order to verify if this intermediate phase was actually the
twist-bend nematic phase, and arrived at results that agree with this interpretation. More
recently, Robles-Herndndez et al.” focused on the study of the liquid crystal dimer system
CB-C9-CB, which was also reported to have a nematic-nematic phase transition,®? and ob-
tained similar results that also agree with the existence of periodically modulated structures.
Papers® and” demonstrate, through deuterium NMR, that the two carbon-deuterium (CD)
bonds at the terminal methylene groups of the linking chain loose their equivalence when

£.10 went even further and demonstrated that all

entering the Ny, phase. The authors in re
the methylene groups in the linking chain of the CB-C7-CB compound in the Ny, phase have
non equivalent bonds, except for the central group because of its two-fold symmetry. Other
NMR studies using proton, deuterium and/or carbon 13, on CBC7CB,'! CBC9CB,!*1°
and similar compounds'® have been reported in the literature. These studies confirmed the
uniaxial character of the Ny, phase.

An alternative model for the molecular organization in the low temperature nematic phase

(labeled Nx) exhibited by these materials, supported on deuterium NMR measurements, has

been proposed.!” The authors allege that if the helical distribution of the director was present



in the Nx phase, then the deuterium spectrum, after a sample rotation of 90° about an axis
perpendicular to the magnetic field, should be a superposition of peaks corresponding to the
continuous helix. Instead what they obtained was a typical spectrum of the perpendicular
orientation relative to the magnetic field of a uniformly oriented director. According to this
model, the molecules are arranged into small chiral clusters with opposite chirality giving
rise to a phase structure with a global common director. However, the global heli-conical
structure, corresponding to the Ny, phase could still be compatible with the deuterium data
presented in'7 if it is assumed that the molecular diffusion is fast enough regarding the NMR
observation time. This interpretation is expanded in.!®

The molecular organization in the Ny, phase, according to® is similar to that found in
related crystalline systems determined in the bulk by XRD studies!? or by the characteriza-
tion of thin films by means of AFM.?° In recent studies, the chiral arrangement in the Ny,
phase was probed by resonant X-ray diffraction giving evidence for an helical pitch of the
order of 10 nm, corresponding to two or three molecular lengths.?!??

In this work we present a Proton and Deuterium NMR study of the molecular orien-
tational order in the liquid crystal dimer system 17,9”-bis(4-cyanobiphenil-4’-yl) nonane,
usually labeled as CB-C9-CB. A numerical model that, for the first time, is able to simu-
late both the 'H NMR spectra in conjunction with the deuterium splittings reported in'7 is
proposed, allowing the determination of the Saupe order matrix for the mesogenic molecular
units. A detailed discussion of our results and their implications on the molecular orienta-
tional order of this system is presented. It specifically addresses the origin of the unusual
dipolar splitting narrowing on decreasing the temperature in the Ny, phase and the double
quadrupolar splitting observed from the first deuterated positions in the molecular chain
found in this phase.

The detailed simulations presented herein show that the most ordered molecular frame
(eigenframe of the Saupe tensor)?® changes its orientation on crossing the N-Ny, phase tran-

sition. The orientation observed in the Ny, phase is compatible with a twisted conformation



of the mesogenic units. This is clearly compatible with the onset of the helical structure of
the Ny, phase, at least at a local level.

The layout of the paper is as follows: In section "Experimental Details’ we present and
discuss the experimental details concerning the studied system and the 'H NMR data ac-
quired. In section ’Model” we describe the model developed for the proton NMR spectra.
In section 'Data and Model Results’ we discuss the results obtained with the prosed model.

Finally, concluding remarks are summarized in section 'Final Remarks’.

EXPERIMENTAL DETAILS

The material considered in this work is the symmetric liquid crystal dimer 17,9”-bis(4-
cyanobiphenil-4’-yl) nonane, CB-C9-CB, presented in figure 1. This compound belongs to
the CB-Cn-CB series which consists of two cyanobiphenil (CB) mesogenic units linked by a
flexible alkyl chain with n carbon atoms. This compound was synthesized in the department
of chemistry of the University of Hull in the United Kingdom,.? The phase sequence was
determined using polarizing optical microscopy. The recorded transition temperatures are
in good agreement with those presented in” and.”

The 'H NMR spectra were recorded on a Bruker 300 MHz spectrometer, which has a
magnetic field of 7.04T, equiped with a Bruker Avance II console. The sample was vaccum
sealed in a tube with 5 mm in diameter. The absortion spectra was measured using a 90°
pulse width of 6us. The recyling delay was set at 4s. For each temperature 256 free induction
decay signals, FIDs, were recorded.

The sample was heated until it reached the isotropic liquid phase, which in the high
magnetic field happened at 399.1 + 0.8 K, indicating that the magnetic field induces some
order in the system as reported in ref.?* for this and similar systems. After the sample
stabilised in this phase, the NMR spectra were acquired in a temperature sweep from 398

K to 339.3 K with a temperature step of approximately 2 K. The sample temperature was



A\
7

Ny — 380.1 0.2 KN — 395.7+£ 0.2 K Iso
Iso = 3953+ 02 KN — 379.5 £ 0.2 K Ny

Figure 1: (a) Structure of the CB-C9-CB molecule. (b) Phase sequence obtained using
polarising optical microscopy, POM.

controlled by an Eurotherm temperature controller.

MODEL

The Saupe order matrix characterizes the orientational order of rigid molecular segments

3 in our case, the Saupe order matrix for the mesogenic units is evalu-

in uniaxial phases,?
ated in both the N and Ny phases using proton and deuterium spectra recorded over the
temperature range studied. The determination of the Saupe order matrix for the CB-C9-
CB mesogenic units is based on a detailed simulation of the proton NMR spectra from a
fully protonated sample along with an additional contribution from published data on the
quadrupolar splittings obtained from a deuterated sample with deuterated positions in the
first methylene groups of the flexible chain.'” The Saupe order matrix was determined for the
molecular segment composed of the first methylene group of the chain and the two benzene
rings of each mesogenic unit, considering the approximation that the different conformers
of the mesogenic unit are obtained solely by 7 flips of the benzene rings and thus share the
same Saupe order matrix. It is also considered that the two halves of the molecule are NMR
equivalent. An approximate simulation of the proton spectrum arising from one half of the
molecular chain is also included in the spectra simulation.

The high field proton NMR spectra in liquid crystalline systems are dominated by the

direct dipolar interaction between pairs of protons, due to the fast molecular self diffusion



and the 1/r® decay of the dipolar interaction, the monodomain proton spectrum is identical
to that of a single LC molecule. The proton spin system of each molecule still includes a large
number of spins and further approximations must be considered to reduce the dimension of
the associated Hilbert Space to a workable size. The molecule CB-C9-CB is composed of two
identical mesogenic parts linked by a flexible alkyl chain with an odd number of methylene
groups. The NMR results published so far on similar compounds and our own data sets
indicate that the two identical halves of the molecule are NMR equivalent. Hence simulation
can be simplified by considering a molecular half. Each half is composed of a mesogenic group
and of half of the flexible alkyl chain, with the central chain methylene group separating the
two molecular halves. Thus, in our simulation of the proton spectrum, each half molecule
is divided into 3 interacting spin groups. The first group is composed of the mesogenic
unit and the adjacent first methylene group of the chain. The second one is composed of
the flexible hydrocarbon (half)chain (three methylene groups). The third one includes the
central methylene group of the chain (see figure 1). The reason for this approach is to reduce
the dimension of the Hilbert space associated with the spin groups or, in other words, make
the analysis possible. The spectrum is a sum of the contributions from each one of these
three groups. The relevant NMR spin Hamiltonian for the spectrum evaluation from each

interacting proton spin group includes 4 terms as follows.?’

H=Hy+H,+H;+Hp, (1)

where Hz is the Zeeman term, H, is the chemical shift, H; is the indirect spin coupling
and Hp the direct dipolar interaction. In our case, as we are analyzing the proton spectra
from anisotropic LC phases the indirect spin coupling term 7 is small in face of the direct
dipolar interaction term Hp?® and will be neglected in our analysis. In high field NMR

spectroscopy only the secular part of the Hamiltonian is relevant leading to the form?®



7'_[2 + 7'_[0 == Z/yhlk,z(l - 619722)30’

) o nin [ 1 ] ~2h2 3
Hp = — Iood — —(Ler I 4+ I~ 1p ) (1 — =T z) ’ (2)
4 Tk 4 T T H

where v is the gyromagnetic ratio for protons, & is the Plank’s constant divided by 2w, I; ;
is j component of the angular momentum spin operator for spin i, By is the static magnetic
induction defining the z lab. frame axis, o is the vacuum magnetic permeability. The

quantities 0y ., and Dy, .. with

D 22 = 5 5 3 l—— ) 3
kl, p ( 2 Tkl,z) (3)

are the zz components in the laboratory frame of motionally averaged second rank tensorial
quantities, respectively the chemical shielding tensor for spin k and the direct dipolar inter-
action tensor for spins k and 1. The quantities Dkl’zz can be related to the molecular defined

tensors Dy ., as follows

Dkl,zz 21%3 zaﬁ zkl a8 (4)

where the sum is extended over the different conformers of the molecular segment, p; is
the probability of conformer ', 7%, is the Saupe order tensor of conformer 'i’ and D},
is the direct dipolar iteration tensor in the molecular frame associated with conformer ’i’.
Summation over repeated indices is implied. When the molecular segment is rigid or the
order tensors for the different conformers are the same, one order matrix sets the relation
between thzz and D%m - This is the case for the mesogenic units where we have considered
that the different conformers are generated by 7 flips of the two benzene rings. In this case

equation 4 becomes

_ 2
Dkl,zz - 5 é%D]]{j\l{aﬂ (5)



where Do% is the direct dipolar interaction tensor in the molecular frame. A similar relation
could be considered for the tensorial quantities oy ., but their dependence on the magnetic
susceptibility of the NMR probehead?” make them more difficult to simulate. Introducing
the eigenframe of the Saupe order tensor 'p’ and the order parameters S = SZ2? and D =

Sia? — Sp=P the relation 5 can be cast in the form

_ D
M, M, M,
Dkl,zz = SDzzp + 5 (Dx:r:p - Dyyp) (6>
where the quantities Df\f P are given by a similarity transformation in terms of the dipolar

interaction tensor D% in a preset molecular frame and the rotation matrix R(«, (5,0) as

follows

D?J{Lp = le(aaﬁvé)DlgﬁRZ(aaﬂad) (7)

The Euler angles «, 8 and ¢ define the orientation of the most ordered frame (eigenframe)

8

according to figure 2. The order parameters

Z

of the Saupe order tensor in the preset frame?

Figure 2: Representation of the Euler angles according to the convention defined in.?®

S, D and the angles «, f and § associated with the mesogenic unit spin group are fitting

parameters in the model. The preset molecular frame is chosen with its y-z plane perpen-



dicular to the plane defined by the two CH bonds of the first methylene group of the chain
and bisecting the angle between these two CH bonds, the y axis is chosen perpendicular
to the plane defined by the x axis and the benzene rings rotation axis and the z axis is
perpendicular to the y and x axis.The orientation of each benzene ring in the mesogenic
group is parametrized by one angle between the normal to the ring plane and the x axis.
The two angles corresponding to both benzene rings are fitting parameters, see figure 3 for

details. For the remaining two spin groups, the half chain and the central methylene group,

X

Figure 3: Ball and stick representation of the simulated system. The blue (zyz) and red
(Zy z) arrows define the selected and the most ordered molecular frames, respectively. The
represented plane corresponds to the plane of symmetry defined by the two CH bonds of the
first methilene group of flexible chain of the CB-C9-CB.

respectively, the averaged dipolar interaction tensors were evaluated assuming that there ex-
ists a dominant conformation corresponding to the all trans conformation of the methylene
groups. The relations 5 to 7 for these groups were considered with the respective D order
parameters set to 0 and the order parameters S for each group taken as fitting parameters.
The two angles [ for these spin groups were set equal to the angle § from the mesogenic

unit, while the angle a of the central chain spin group was set to /2. This value was taken
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in order to maintain the two hydrogens NMR equivalent (producing equal NMR signals) at
all temperatures.'® The angle o from the half chain spin group was set equal to o from the
mesogenic unit.

For the averaged chemical shift tensor components oy, .., three independent fitting quanti-
ties were considered, one corresponding to the protons attached to the aromatic rings, other
to the half chain protons and the third to the central methylene protons.

To build the spin Hamiltonian for each interacting spin group we must also obtain the
spin operators respectively Iy, ., I} and I _. This is achieved by expanding the spin oper-
ators for one spin to the dimension of the Hilbert space of the spin group using the tensor
product.? The spin Hamiltonian is then evaluated in the rotating frame through a unitary
transformation. 3
Next, the eigenvalues E; and eigenvectors [¢;) of the Hamiltonian in the rotating frame

are determined using a Jacobi routine®' and the simulated free induction decay after a /2

pulse follows as
E Ek

ci i ije Jrimls (8)

=1 k>j

with Wiy oc ¢ |(¥;] I [4)?3 and

i S )
Zk 1 ka

with Xy = (| I |1/)J>| . Wi is zero unless the NMR selection rule Am = £1% is obeyed.
In this case dm = m; — my = 1, where m; and my, are the magnetic quantum numbers of
states j and k. N= 2" is the number of spin states and n is the number of spins in the spin
group, K} are line broadening fitting parameters for each spin in the spin group considered.
The proton NMR absorption spectrum is obtained by Fourier transforming the simulated
free induction decay with contributions from the 3 spin groups properly scaled to account
for the number of spins in each group.

Quadrupolar splittings were also recorded for CB-C9-CB and reported by Hoffman et

11



al.'” as referred above and their relation to the Saupe order tensor is detailed next. Due to

the quadrupolar interaction, the quadrupolar splitting arising from a CD bond is given by

3e()
Av = — zz
YT on

(10)

where e is the elementary charge, h is Planck’s constant, Q is the electric quadrupolar
moment of the deuterium nucleus and V., is the average zz component of the electric field
gradient tensor present at the nucleus site in the lab. frame. The quantity %E can be
related to the quantity vg = %VZ/Z/ through the Saupe order matrix of the rigid segment
attached to the CD bond, the z’ axis refers to an axis parallel to the CD bond. v is known
from solid state and for sp3 bonds takes the value of 170 + 5K H z.33 For an aligned sample
with the director along the external magnetic field, the quadrupolar splitting arising from

the k CD bond becomes

eQ

Ay, = Tsfgv,ggﬁ. (11)

In the most ordered frame ’p’ the relation 11 takes the form

3 3 1 D
Ay, = §VQ [S (571%)2}, — 5) + 5 (ni,Xp — niyp) (12)

where ny i, = ngip (o, 8,0) is the 1’ component of the k CD bond direction aligned unit
vector in the 'p’ frame (eigenframe of the Saupe order tensor), these quantities are functions
of the angles «a, 3, ¢ introduced above. In the Ny, phase two quadrupolar splittings arising
from the non-equivalente CD bonds of the first methylene groups in the chain are observed
experimentally, giving rise to two equations that merge into one in the N phase, these
equations are linear in the order parameters S and D. They are solved to obtain S and D for
the mesogenic unit from the experimental quadrupolar splittings and the angles «, § and
0. As the values for the biaxiality parameter are generally very low, we also considered the

angle ¢ that minimised D.
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DATA AND MODEL RESULT'S

The aim of our simulation of the proton spectra, along with the quadrupolar splittings

reported in,!

7 of this liquid crystalline system was the determination of the Saupe order
tensor for the mesogenic groups, in the hope of drawing some conclusions regarding the
molecular orientational order. The acquired proton NMR spectra are represented in figure 4a.
In figure 4b we represented the deuterium splittings reported in'” and included interpolation
results that matched the temperatures of our proton spectra.

Careful examination of the proton spectra reveals that it varies continuously with tem-
perature. The line splittings increase in the high temperatures of the uniaxial nematic
phase, however, at approximately 7' = 387K the line splittings start decreasing. This de-
crease appears to be approximately monotonous with decreasing temperature. Regarding
the quadrupolar splittings, it is evident that in the onset of the Ny, phase, the carbon deu-
terium bonds loose their equivalence since the quadrupolar splittings cease to be equal. The
difference between the two quadrupolar splittings increases with decreasing temperature.

For each proton spectra inside the valid interpolation region of the quadrupolar splittings
reported in,!” which includes one spectral point in the N phase and seventeen points in the
Nx/Ny, phase, we used our model to simulate the spectra. A selection of the obtained
results, including one spectral point in the N phase is shown in figure 5 for the assignment
|vg1| > |vg2] and in figure 6 for |y, 1| < |v,2|. The simulations for both assignments fit the
data well and the difference between assignments is almost negligible. The main regions
where the difference between the experimental data and the simulations is noticeable are in
the deeps in the low negative frequencies, where the spectra are appreciably asymmetric.

The results presented in figures 5 show that the biggest contribution to the profile of the
spectra comes from the mesogenic group, while the flexible chain predominantly accounts for
the lower frequencies and the deeps at higher frequencies. The contribution of the central
methylene group in the spectrum is essentially in the fine details of the more intense peaks.

In figures 7 and 8 we present the evolution of the molecular parameters with tempera-

13
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NMR spectra, recorded on a cooling run. (b) Deuterium splittings published in,!” digitised
results (), interpolation results (s).

14



ture, namely the order parameters S and D and the orientation angles «, § and § for both
assignments, |v, 1| > |v,2| and |y 1| < |v,2]-

Regarding the molecular order parameter, we observe that the values remain almost
constant, fluctuating between ~ 0.44 and ~ 0.47 with a maximum deviation from its average
of ~ 3% for the assignment |v, 1| > |v,2| and ~ 1.8% for |v,1| < |v,2|. Hence, we conclude
that in this temperature region, the evolution of the order parameter is not responsible for
the change in the profile of the 'H and ?H NMR results. The results we obtained for S
are of relatively small values considering the related system 5CB, for which S ~ 0.52 has
been reported, at T = Tx: — 9 K, where T¢ is the clearing temperature.3* Since the chemical
structure of the 5CB molecule is similar to the molecular segment we simulated, this indicates
that the bent structure of CB-C9-CB induces packing constraints that reduce the value of
the order parameter, S, of the system.

The molecular biaxiality parameter D is null in the N phase and, with decreasing tem-
perature it increases if |v,1| > |v42| and decreases if |v,1| < |y 2| until it stabilises at
approximately T' = 363.2 £+ 0.8 K. It is noteworthy to point out that its evolution is symmet-
ric with respect to the axis defined by D = 0. This means that, if we consider |v, 1| > |v,2],
the director distribution function in the molecular frame is predominant in the vicinity of the
xOz plane of the most ordered frame while if v, ;| < |v,2| it is predominant in the vicinity
of the yOz frame. This result is concordant with the hypothesis that the molecules pack
themselves in twisted and bent domains with opposing chirality. The helical ordering of the
mesogens with a tilt of the aromatic groups at an angle 3 is responsible for the measured
molecular biaxiality:.

Regarding the angular parameter 3, which describes the angle between the most ordered
molecular frame’s z axis and the z axis of the molecular frame we defined, it increases almost
linearly with decreasing temperature. This behaviour matches the results we obtained in®®
with an approximate description of 8. The angles o and ¢ exhibit a symmetric evolution

between assignments. It is also worth mentioning that these two parameters together with
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D stabilise at about T" = 365K, while § continues to increase as temperature decreases. It
is clear that the angular parameters together with D are the main mechanism that causes
the change of profile in the spectra. In figure 9, the evolution of the molecular frame (see
figure 3) relative to the most ordered molecular frame (eigenframe of the Saupe tensor) with
decreasing temperature is shown. In both assignments we can observe that the z axis of
the most ordered frame tilts significantly away from the para axis of the benzene rings, and
that, as soon as we enter the Ny, phase, this axis leaves the plane of symmetry of the carbon-
proton bonds of the first element in the linking chain, causing the loss of NMR equivalence of
those bonds. In other words, this represents the first direct experimental evidence that the
methylene groups in the linking chain are not in the all-trans conformation, in accord with
the proposed twisted conformation of the molecules in the Ny, phase. The angle between
the z axis of the most ordered molecular frame and its projection on the symmetry plane of
the carbon-proton bonds of the first element in the linking chain, changes from zero in the
N phase to values in the range of 0.009 to 0.3 rad in the Ny, phase, according to the results
presented in figure 8. This departure from zero translates the loss of achiral symmetry giving
rise to the chiral Ny, phase. This behaviour is comparable to the one described in reference?¢
where the evolution of the Saupe order tensor is studied going from a non-chiral racemic
system to a chiral one. The biaxiality parameter D and the angular parameters «, [, §
shown in figures 7, 8 and 8b all exhibit significantly larger uncertainties in the T=375 K to
T=365 K temperature range. This increase is a result of numerical indeterminations in the
least squares minimisation algorithm.

In section ’Model” we mentioned that the parameter § was obtained minimising D. In
order to ensure that this condition was not being too restrictive we relaxed it and fitted the
experimental data in some representative temperatures. The results we obtained matched
the minimums we had obtained before and did not resulted in a significant decrease in
the x?/n.d.f. (n.d.f=number of experimental points - number of fitting parameters), which

indicates that our results, with D minimized, are compatible with the best x?/n.d.f..

16



371.9K

7

o

Intensity [a.u.]
(4]

N

[N

358.8K

7

o

o

Intensity [a.u.]

~

w

x10°

x10°

05 0 05 1 15 2
Frequency [Hz] x10*

IS

w

341.4K

-

-05 0 05 1 15 2

Frequency [HZ] x10*

05 0 05 1 15 2
Frequency [Hz] x10*

ES (& o

Intensity [a.u.]
w

& b
e ’ Sy - S "

2 15 -1 05 0 05 1 15 2
Frequency [Hz] x10*

5
7% 10

S o

Intensity [a.u.]
w

2 415 -1 05 0 05 1 15 2
Frequency [HZ] x10*

x10°

(4]

Intensity [a.u.]
N

3 L 4
2 1
1k 1
g P .
0 " - r S
-2 -15 -1 -0.5 0 05 1 15 2

Frequency [Hz] %10*

Figure 5: Representative results for the assignment |v, 1| > |v,2|. Experimental data
simulation results (—) along with the contribution of the different molecular groups:
genic group contributions (-), flexible chain (---) and central methylene (- -) were included.

(+) and

1meso-



371.9K

5 5
- u— . . . . . . . 750 . . . . . . .
6 |- 4
5 . -
5 5
o 1 8,
2 2
B B
g st < g
£ £
2 |- 4
1 . -
-2 -15 -1 -0.5 0 0.5 1 15 2 -2 -15 -1 -05 0 05 1 15 2
Frequency [Hz] x10° Frequency [Hz] x10*
-5 -5
750 . . . . . . . 7520
6l 1 6
50 1 50
e )
S.4r 1 S.4¢
2 2
@3 1 @3
E £
2t E 2t
~ 3 . -
1t R e dc X . 1t
(Y Y
1 u,
0 M o7 S - LN e gy 0 s
2 15 -1 05 0 05 1 15 2 2 15 -1 05 0 05 1 15 2
Frequency [Hz] «10* Frequency [Hz] x10*
5
gl . . . . . . .
i 51
i ol
—_ ] S5F
3 )
& | .|
5 g
£ ] E3r
i A
4 1k /i
i e AT, 0 0 " B,
2 15 -1 05 0 05 1 15 2 2 15 -1 05 0 05 1 15 2
Frequency [HZ] x10° Frequency [HZ] x10°

Figure 6: Representative results for the assignment |v, ;| < |v,2|. Experimental data along
with the contribution of the different molecular groups was represented in the same way as
in figure 5.

18



05 T T T T T T T T 1
i PRSI I B B
|1
04r .
L4 gzz - {Vq,l{ > {Vq,2{ : :
A 2z — Vg1 < Vg2 |1
5 030 | ¢ Dyl = |l .
3 v D |yl <yl i
£ 02f e
f§ = * & * & 5 + * * * x : :
aj 01_ I || 7
e [z, L
O ot I: .:, ]
[ I I
01} 147 =
T *® F F F 5y oo ¥y ¥ o
_0.2 1 1 1 1 1 1 1 ||
340 345 350 355 360 365 370 375 380

Temperature [K]

Figure 7: Molecular order parameter and molecular biaxialiaty parameter as a function of
temperature for both simulated assignments. Dashed blue lines indicate the temperature
range at which the quadrupolar line splittings reported in'? loose their equivalence.

19



N
o

T T
I
".”o--o--o-""'“ ::
@ 2' I |1 A
.D_:. 04_|Vq71|2|’/q72| N ::
n A a_’V471’§’Vq72’ hs - |
o) s
g 15F | ° B = |vgil = vyl N
= v B gl < vyl I « T ::
S I I I
o I
@ e i R |
= I
> I
L ¥ - -
<05 Trer ., N
DR N
* I"‘*w-llv-
. L1

O 1 1 1 1 1 1
340 345 350 355 360 365 370 375 380

Temperature [K]

1_5 T T T T T T T | |
o s - - I
- o ode ok A |1
. I I
I
8 T ST

'g' 1f A 00— |yga| 2 |y *: : -
) |
= &
&3 T - 70
I

o] i L
= 05 A o
2 I
< - - | |
- - - - - . - [
.- - & I
I
O 1 1 1 1 1 1 1 | |

340 345 350 355 360 365 370 375 380
Temperature [K]
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the most ordered molecular frame with respect to a selected molecular frame, as a function
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quadrupolar line splittings reported in'” loose their equivalence.
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(a) Assignment |y, 1| > |v4.2]

(b) Assignment |v, 1] < |v42]

Figure 9: Representation of the evolution of selected molecular frame (defined by (z,y, 2)
and represented in black) in the most ordered molecular frame (defined by the axis (7,7, Z)
and represented in red), for each assignment with decreasing temperature. The represented
conformation of the molecule’s mesogenic group corresponds to 1" = 341.4 + 0.8K and the
curves in blue, orange and green define the evolution of each axis.
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CONCLUDING REMARKS

In summary, we have presented a NMR spectroscopy study of the CB-C9-CB liquid crystal
dimer system. We focused on the description of the molecular orientational order of this
system in the N and Ny, phases using a numerical model which, for the first time, describes
in detail the 'H NMR spectra in conjunction with the deuterium NMR data reported in.'"
This study allows for a precise characterization of the local molecular orientation in the
Ny, phase. This results are an important step for a complete description of the Ny, phase
structure.

This investigation show that the order parameter S of the mesogenic group remained
almost constant, in the studied temperature range. This result is compatible with our
previous interpretation presented in®’ since, according to the Haller law, the order parameter
shows a small variation for values far below the N-I transition temperature. Our simulations
indicate that main mechanism inducing the change of the proton and deuterium NMR spectra
is the change in the orientation of the most ordered molecular frame relative to the selected
molecular frame along with the change of molecular biaxiality (given by D parameter) varying
from zero in the N phase to a finite value, well above the experimental error, in the Ny, phase.

The angle 8 between the most ordered molecular frame’s z axis (parallel to the nematic
director) and the para-axis of the benzene rings increases approximately linearly with de-
creasing temperature. This behaviour matches the results obtained in.3® This study also
shows that, at the N-Ny, phase transition, the z axis of the most ordered molecular frame
leaves the plane of symmetry that bisects the angle defined by the two CH bond in the first
position of the linking chain of the dimer (see figure 3).

The spectra were simulated considering two possible assignments, v, 1| > |v,2| and v, ;| <
|vg2| (see figure 3). When comparing the results for both assignments, we conclude that
they are mutually compatible in the relevant parameters, S and 5. These results exhibit a
symmetry between assignments, arising probably from the quadrupolar splitting exchange

between both assignments.

22



The results obtained in the Ny, phase are in agreement with a twisted and bent collective
molecular arrangement in chiral domains as the detected molecular ordering reveals a tilted

and twisted local molecular packing of the dimer mesogenic groups.
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