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Phase transitions in a high magnetic field of an odd, symmetric liquid crystal dimer having
two nematic phases, Ny and Nyg, studied by NMR spectroscopy
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Both 'H and '3C NMR spectra have been obtained in a static magnetic field of 23.5 T on a bent-shaped dimer
molecule, 1”,7”-bis(4-cyanobiphenyl-4’-yl) nonane (CB9CB), which shows the sequence of liquid crystal phases
twist-bend nematic, Ny, and uniaxial nematic, Ny, before entering the isotropic phase. The 'H spectra are used
to locate the temperature at which the sample melts to form a twist-bend nematic, T¢,ny,, and then Ty, ; when
the isotropic phase is entered, both in a magnetic field of 23.5 T, and to compare these with those measured
at the Earth’s field. The differences between these transition temperatures are found to be zero within the error
in their measurement, in stark contrast to previous measurements by Salili e al. [Phys. Rev. Lett. 116, 217801
(2016)]. In the isotropic phase in the presence of the field the sample exists in a paranematic phase in which the
molecules of CBICB are partially ordered. The 'H and '*C NMR spectra in the paranematic phase are used to
measure the critical temperature 7* below which this phase is unstable. The spectra are also used to study the
structure, molecular orientational order, and distribution of molecular conformations in the paranematic phase.
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I. INTRODUCTION

It is well known that the application of just a moderate
magnetic field (~0.1 T) to a uniaxial nematic phase Ny,
having a positive diamagnetic susceptibility anisotropy, Ay =
X|| — X1, will align the director n of the phase parallel to the
field. There is also another effect, possibly of greater, current
interest, namely that the field B will increase the nematic-
isotropic temperature 7y, by a small amount depending on
arange of macroscopic properties including the field strength.
We shall refer to this transition temperature as 7yj to simplify
the nomenclature and to connect with previous discussions
in the literature. Rosenblatt [1] has predicted the shift in the
transition temperature 67n; produced by the application of a
magnetic field based on a thermodynamic approach. This has
the advantage of relating the predicted §7x; to the macroscopic
properties of the nematogen. His derivation starts with the
differential thermodynamic potential

dG, = —S;dT — M;dB, (1)

where G; is the Gibbs potential for phase i either nematic, Ny,
or isotropic, I;S; is the entropy, and M; is the magnetization,
equal to x;B where y; is the susceptibility parallel to the field.
This leads to dG in the isotropic and nematic phases which

can be combined at 7Ty; where the differential free energies
are the same, thus giving

—S1dT — MidB = —SndT — MndB. 2)

Combining the terms in the entropy and those in the magneti-
zation followed by integration of Eq. (2) yields

—(S1 — ST (B) — Tar(0)] = (i — xn)B*/2. (3)

The magnetic susceptibilities x; and xn for the two phases
can be written in terms of the principal components of the
susceptibility tensor x as

x1 = (xy +2x1)/3 4)
and
AN = X||- @)
These give
x1— xn = —(2/3)Ax (6)

and so the resultant expression for the field-induced shift in
the transition temperature is
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where [/ is the initial and N is the final state in accord with
convention [2]. The transitional entropy in zero magnetic
field, ASyy, is readily available. In addition, to predict the
shift, §Tyy, it is also necessary to know the anisotropy in
the magnetic susceptibility, Ax = (x; — x.) for the nematic
phase.

By writing the transitional entropy in terms of the enthalpy
of transition, AHy, the shift in the transition temperature
becomes

8Tai = Tai(0)Ax B> /3AHy, 9)

as found by Rosenblatt [1]. His approach has the benefit of
being able to determine the field-induced shift in temperature
from quantities which are relatively accessible.

It is interesting to note that the thermodynamic prediction
of 6T is consistent with that based on the Landau—de Gennes
theory [3]. This starts with the expansion of the Helmholtz
free energy F in terms of the defining order parameter Q of
the nematic phase which measures its orientational order; it is
related to the principal components of the traceless tensor Q.
The expansion is

F = (3/4)ao(T — T*)Q* — (1/4)bQ?
+ (9/16)cQ* — (1/2)Ax0B* Q, (10)

where q is the leading coefficient, b controls the cubic term
and c the quartic; all of these coefficients are taken to be
independent of temperature. 7% is the critical temperature
below which the isotropic phase is not stable. The magnetic
contribution to the free energy is determined by Ayxg, the
anisotropy of the magnetic susceptibility for the perfectly
ordered uniaxial phase, as well as by Q and B. Minimization
of the free energy with respect to the order parameter gives
the nematic-isotropic transition temperature in zero field as

Tai(0) = T* + b*/(27agc). (11)

The shift in the transition temperature caused by the mag-
netic field is

8Tt = 3¢AxoB?/agb; (12)

this result can be simplified by using the expression for the
transitional enthalpy change AHyy, which leads to

8Tai = Tai(0) OniA xoB? /3AHyy, (13)

where Qg is the value of Q at Tny. Equation (13) can be
restructured to reveal its equivalence to that found by Rosen-
blatt with his thermodynamic approach [cf. Eq. (9)]. Thus,
the product of On; and Ay gives the anisotropic magnetic
susceptibility of the phase Ax. Additionally, the transitional
entropy in zero field, AS, is AHyi/Tni- Substituting these
relations in Eq. (13) gives the thermodynamic result shown
in Eq. (9).

In his paper, Rosenblatt [1] estimates the shift in the tran-
sition temperature for a magnetic-flux density of 10 T to be
of the order of 10~3°C. The specific values of AHy; and
Ay employed in this estimation are not given but we take
them to be characteristic of a nematogen, such as 4-octyl-4’'-
cyanobiphenyl (8CB), that Rosenblatt studied experimentally
[1]. The Bitter magnet used was capable of reaching fields
of about 15 T and in the experiments the field was increased

from 7.3 to 14.8 T. Over this range the transition temperature
increased by 1.4 x 1073 to 5.5 x 1073 °C; this proved to be
in accord with the theoretical predictions.

The small increase in §7y; found by Rosenblatt [1] is in
contrast to a much larger value reported in 2008 by Ostapenko
et al. [3] who studied a bent-core mesogen (BCM), namely
4-chlororesorcinol bis[4-(4-n-dodecyloxybenzoyloxy) ben-
zoate] (CIPbis10bbs). They used a 31-T resistive solenoid
which, in their experiments, reached a magnetic field of 30
T, and at this point the shift in the nematic-isotropic tem-
perature was found to be 0.67 °C, clearly significantly larger
than that determined for 8CB. A part of this increase can be
attributed to the higher magnetic field, but the structure of the
BCM, along with its large biaxiality, may also be a significant
factor, however, the properties needed to test the predictions
of Eq. (9) for CIPbis10bbs do not appear to be available.
However, when the properties needed to estimate §7y; are
not available the molecular biaxiality can be informative. The
expression in Eq. (9) derived by Rosenblatt relates the shift
in the transition temperature to the ratio of the anisotropy
of the magnetic susceptibility and the transitional enthalpy.
According to molecular field theory A is linear in S whereas
AHy is quadratic in S so that the ratio Ay /AHr is in-
versely proportional to S. Molecular-field theory also predicts
that the orientational order parameter at the N-I transition
decreases with the molecular biaxiality [4]. Accordingly, as
the molecular biaxiality increases so the shift in the transition
temperature might be expected to grow.

A more surprising increase in the field-induced shift in Tng
has been reported by Francescangeli er al. [5] also using a
BCM which was based on 2,5-bis(p-hydroxyphenyl)-1,3,4-
oxadiazole (ODBP-Ph-OC;;H;5). This material has a richer
phase behavior, but of primary interest are the nematic and
smectic-C phases which in zero magnetic field have transition
temperatures: Ty; of 204 °C and Tgyen of 193 °C. It may also
be of relevance that the value of Ty = 204 °C is over twice
that for CIPbis10bbs (91 °C) [3]. The magnetic field used
by Francescangeli et al. [5] is fixed at the relatively small
value of 1 T. The locations of the two phase transitions were
determined from the x-ray scattering patterns of the samples
aligned using either the magnetic field or a rubbed polyimide
surface in zero field. Despite the relative weakness of the mag-
netic field it is found that it still increases the two transition
temperatures Tn; and Tsmen by a remarkable 4 °C. Under-
standing this result presents a challenge, which is attributed
by Francescangeli et al. to the presence of so-called cybotactic
clusters of the curved molecules of ODBP-Ph-OC,H»s5 [5].

A more recent study of the effect on transition temperatures
of applying a magnetic field has been reported by Salili et al.
[6], based on three liquid crystal dimers which form both
nematic Ny and twist-bend nematic Ntg phases. One of the
dimers of primary interest to the present study is 1”,7”-bis(4-
cyanobiphenyl-4'-yl) nonane (CB9CB). The spacer linking
the two-mesogenic groups of the dimer contains an odd num-
ber of methylene groups and so on average the dimer has
a curved shape, as shown in Fig. 1, which is also the case
for the BCM systems studied by Ostapenko ef al. [3] and
Francescangeli et al. [5].

In the work by Salili et al. [6] the maximum field of the
split-helix resistive solenoid magnet is 25 T and the transition
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FIG. 1. Structure (top) and atomic labeling of the symmetric
liquid crystal dimer CB9CB.

temperatures Ty; were monitored by observing changes in
the effective birefringence. Remarkably the shift in Ty for
CB9CB was found to be about 13 °C, and also surprising is
that the shift in the transition temperature was found to be
linear in the magnetic field unlike the theoretical predictions
[1,3,7] and previous experimental measurements [1,5] where
they are quadratic. Salili et al. [6] hypothesized that this un-
expected behavior could be a consequence of a change of the
average molecular structure from bent to linear.

In addition to the use of experiments to explore the in-
fluence of magnetic fields on the nematic-isotropic transition
temperatures there are, as we have seen, also theoretical ap-
proaches such as molecular-field [7] and Landau—de Gennes
[3,5,7] theories. As well as these approaches it is possible
to employ Monte Carlo computer simulation methodology
to obtain a potentially more reliable understanding of the
way in which the shift, §7x(7), depends on the molecular
structure as well as specific interactions. One such study has
been undertaken by Ghoshal et al. [8] using a simple cubic
lattice model analogous to that developed by Lebwohl and
Lasher [9]. Here the interactions between the uniaxial, oblate
molecules are confined to nearest neighbors and take a partic-
ularly simple, second-rank form [8,9]. Added to this potential
is a term representing the interaction between a molecule and
an external magnetic field. This was given the form

Ujﬁeld = —e£[(3/2)(W - z)> — (1/2)], (14)

where ¢ is related to the strength of the anisotropic molecular
interactions, and w; is the orientation of a vector in molecule
j which interacts with the magnetic field aligned along the
lattice Z axis and denoted by z. The strength of the magnetic
field interaction is given by

£ = AxmoB? /3106, (15)

where A xmo1 = (Xj| — X1 )mol 18 the anisotropy in the molec-
ular magnetic susceptibility, and g is the permeability of
free space [cf. Egs. (3) and (10)]. As well as using a
system of uniaxial molecules, a set of biaxial molecules
having Dy, point-group symmetry was also studied. Their
biaxiality is denoted by A which is related to the princi-
pal components of the molecular polarizability tensor c.
Here A is /(3/2)(0s — 1)/ (23—t —rp) and, for Dy, oblate
molecules, passes from 0 to a maximum of 1/ \/6 in the molec-
ular biaxiality. In the simulations by Ghoshal et al. [8] A was
equal to the modest value of 0.2.

The largest systems used in the MC simulations contained
40° particles and they were performed over a narrow tem-
perature range in the vicinity of 7yy within which the system
remains uniaxial. The shift in the transition temperature, § Ty,
caused by the applied magnetic field increases until the growth
stops at a critical value & when the nematic and parane-
matic phases are equivalent. This behavior is predicted by
molecular-field theory [7] as is the reduction in &- with the
molecular biaxiality; indeed, this shows that for the maximum
biaxiality the nematic-paranematic transition reaches a critical
point. What is not predicted by molecular-field theory is that
the dependence of §7n; on the magnetic field found by the
simulations is greater than quadratic. In addition, the increase
in 8Ty with the field is greater for the biaxial than the uniaxial
molecules.

Intrigued by this diverse set of experimental, theoretical,
and simulation results for the influence of a magnetic field on
the nematic-isotropic transition temperature it was decided to
record 'H and >C NMR spectra of CBOCB (see Fig. 1) at a
constant magnetic field of 23.5 T; this is one of the compounds
studied by Salili ez al. [6]. The transition temperatures for our
sample of CBICB in the Earth’s magnetic field are Cr 86 °C
Ntg 108 °C Ny 124 °C I [10], which are comparable to those
reported by Salili et al. [6].

The main advantages in using NMR spectroscopy to study
the effect on a liquid crystal of an applied magnetic field
are first that the sample is in a uniform magnetic field and
is free from any competing effects of surface forces on the
director alignment, and second both 'H and '*C spectra can be
recorded at temperatures above 7% in the paranematic phase.
In this pretransitional region the presence of a magnetic field
induces residual dipolar couplings Df ; for several sites in
the molecules [11,12], and their temperature dependence in
the pretransitional region allows a value of 7* to be obtained
for this curve-shaped nematogen. The values of the Df ; also

allow order parameters S% s induced by the magnetic field B
within the sample to be obtained for rigid fragments such as
the phenyl groups and for each CH, group in the flexible
nonane spacer. The values of S%; can also be used to test
models for the conformations adopted by the flexible nonane
spacer when the orientational order of the molecules is close
to zero. Note that although CB9CB does form the twist-bend
nematic phase a direct study of this does not form part of our
investigation. It should also be noted that in two molecules
with similar bent-shaped structures, there is evidence for
a splay-bend nematic phase between a twist-bend and a
normal uniaxial nematic phase [13,14]. However, in both
molecules the transition to the isotropic phase is from a Ny
phase.
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FIG. 2. 600-MHz 'H spectrum of CBICB, acquired at 14.1 T.
The spectrum scale is reported in ppm with respect to the TMS
reference at 0.00 ppm.

The layout of our paper is as follows. Section II describes
how the NMR spectra were obtained and assigned within
the temperature range ~50 °C to 145 °C. The accuracy with
which the temperature of the sample can be set in this range
is a vitally important aspect of these experiments, and the
calibration procedure is described here in detail. Section III
describes how the change from very broad 'H to very narrow
resonance adsorptions is used to detect the transition to the
isotropic phase at Ty;. In Sec. IV the 'H and '*C spectra ob-
tained on cooling in the paranematic phase are described, and
in Sec. V the induced residual dipolar couplings (RDCs) ob-
tained are used to locate T*. Section VI shows how the RDCs
obtained at a fixed temperature in the paranematic phase are
used to obtain molecular orientational order parameters, the
structure of the biphenyl group, and how the distribution of
conformers of the nonane spacer chain is characterized. Our
conclusions are summarized in Sec. VIIL.

II. NMR EXPERIMENTS

A. Assignment of 'H and *C resonances of samples
in isotropic phases

The main aim is to assign resonances in the spectra ob-
tained at 23.5 T of a sample of pure CB9CB in the isotropic
phase. This task was achieved by first recording 'H and '3C
spectra on a sample of CB9CB dissolved in CDCI; on a
600-MHz Bruker spectrometer equipped with a TCI 5-mm
cryoprobe. The 600-MHz proton spectrum was recorded with
a single repeated pulse sequence with a 90° pulse angle,
128 scans were collected in 1.96-s acquisition time (recovery
delay, 1.04 s). The spectra are shown in Figs. 2 and 3. The
chemical shifts and scalar coupling constants obtained from
these spectra are given in Tables I and II.

A one-dimensional (1D) '3C NMR spectrum was recorded
with a power-gated proton decoupling sequence and a 90°
13C pulse angle, and 1024 free induction decays (fids) were
collected. Each fid was acquired in 1.10 s with a recovery
delay 8.90 s before a scan. The spectrum is shown in Fig. 4.
The chemical shifts of the '3C nuclei are given in Table III.

The linewidths in these spectra of the sample dissolved
in CDCl;5 are an order of magnitude smaller than those of

20, 21 19, 22
15, 18 16, 17
T T T T T T T )
4650 4600 4550 4500 4450 4400 4350 Hz
32, 33, 34,
28, 29 35, 36, 37
30, 31
I L M
1500 HZ 1050 1000 95 0 350 750 Hz

FIG. 3. Enlargements of the 1D 'H spectrum of CB9CB shown
in Fig. 2. On the top of each peak the 'H assignment with the
atomic positions of Fig. 1 is reported. To highlight the J coupling
between peaks, the x axis is reported in Hz with respect to the TMS
reference at 0.00 Hz. The spectrum is processed with a Gaussian
window function (GB = 1.0 and LB = -0.5 Hz) to better detail the
J-coupling fine structure.

the spectra of pure CBICB leading to much better signal-to-
noise ratios and making possible the recording of various 2D
correlation spectra. A 'H gCOSY 2D NMR experiment [15]
was performed with 4096 real points in the direct dimension
(F2), acquiring four scans for each of 1024 indirect (F1) 1,
increments, with spectral widths of 5102 Hz in both F2 and
F1. The overall F1 acquisition time was 401 ms and a recycle
delay of 3.0 s was used. A 'H-'*C gHSQC 2D NMR experi-
ment [16] was acquired with 2048 real points with four scans
for each of 20481, increments, with spectral widths of 8403
Hz in F2 and 41067 Hz in F1. The overall indirect acquisition
time was 122 ms with a recycle delay of 1.38 s. A 'H-13C
gHMBC 2D NMR experiment [17] was acquired with 3072
real points with 16 scans for each of 1024 ¢, increments with
spectral widths of 9014 Hz in F2 and 31746 Hz in F1. The
overall acquisition time was 170 ms with a recycle delay of
1.33s.

The assignment information gained from the experiments
on the spectra of the sample of CBICB dissolved in CDCl3
at 600 MHz and 298 K formed a basis for analyzing a
2D gradient-INADEQUATE spectrum [18] obtained for pure
CBOICB in the isotropic phase at 135 °C. The spectrum shown

TABLE 1. Values of the 'H chemical shifts for a sample CB9CB
dissolved in CDCl; in ppm at 298 K relative to the internal TMS
reference.

Nucleus Chemical shift/ppm
32-37 1.25-1.40
30,31 1.64

28,29 2.65

16,17 7.28

15,18 7.50

19,22 7.66

20,21 7.70
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TABLE II. Values of the 'H-'"H J-coupling constants (Hz) ob-
tained from the sample of CB9CB dissolved in CDCl; at 600 MHz
and 298 K.

TABLE III. The *C chemical shifts (ppm relative to TMS) ob-
tained from the 150-MHz spectrum of CB9CB dissolved in CDCl;
at 298 K.

ij Jij/(Hz) Nucleus Chemical shift/ppm
30,32 74+£0.2 25 29.30
30,28 7.8 £0.1 26 29.48
16,15 8.3+0.1 27 29.49
19,20 8.4+ 0.1 24 31.39
23 35.63
_ 10 110.56
in Fig. 5 was acquired at 23.5 T (1000 MHz) on the pure 13 119.03
liquid crystal sample in the isotropic phase at 135°C. The 37 127.08
13C 90° pulse was 15.75 us, and a '"H WALTZ decoupling 12.8 127.47
sequence of 4.166 kHz was used for the duration of the pulse 46 129.18
sequences and the acquisition times. A total of 4096 x 126 9,11 132.56
real points was acquired in the direct and indirect dimensions, 2 136.47
respectively. The acquisition times were 32.768 and 0.6930 5 143.76
ms for the direct and indirect dimensions, respectively, with 1 145.60

192 scans per increment and 50 s of recycle delay. The spec-
trum was processed in magnitude mode. The assignment of
the '3C resonances using the 2D INADEQUATE spectrum
followed the pathway indicated in Figs. 6(a)—6(c).

In an INADEQUATE spectrum each pair of directly con-
nected 13C carbons, C; and C;, which share a one-bond scalar
coupling, ljij, give a pair of doublets centered at the chemical
shifts §; and §; in the dimension F2. This pair of doublets
generate a pair of crosspeaks with the same frequency in the
indirect dimension, F1, which corresponds to the sum of the
chemical shifts, 8; and §;, of the two B¢ spins. Starting from
the cross peak associated to the carbon-1 nucleus (280 and
144 ppm) (!3C assigned following the numbers in Fig. 1) in
Fig. 6(c), moving horizontally we find the cross peak of the
coupled carbon-2 (280 and 135 ppm). Conversely, moving
vertically we find another cross peak (270 and 144 ppm)
with the same chemical shift of carbon-1 but is horizontally
coupled to carbon-8 and carbon-12.

Thus, each pair of directly connected carbons generated
a pair of cross peaks horizontally aligned while along the
vertical direction we can connect one coupled pair to another

CDC13

8, 12
3 7

24

26, 27
23 25

15 2 10 ™S

T T T T T T T T T

T T T T T T T
150 140 130 120 110 100 9 8 70 60 50 40 30 20 10 0 ppm

FIG. 4. 150-MHz *C-{'H} spectrum of CB9CB dissolved in
CDCls, acquired at 14.1 T. The spectral scale is reported in ppm with
respect to the TMS reference at 0.00 ppm. On the top of each peak is
the 'H assignment with the atomic positions of Fig. 1 reported.

pair sharing the same nucleus. On this basis, moving zigzag
horizontally and vertically following the red dashed line in
Fig. 6(c) we can assign the whole carbon backbone of the
molecule. For example, from position 1 in Fig. 6(c) we can
assign horizontally the chemical shift of carbon-2, then mov-
ing vertically following the red dashed line we find a cross
peak (260 and 135 ppm) which is horizontally coupled with
carbons-3,7 (260 and 126 ppm). We can then move vertically
and we find the couple of cross peaks corresponding to the pair
of carbons 3,4 and 6,7, and again horizontally we determine
the shift of carbon, 4,6. The path can be followed until the
whole carbon backbone is assigned. The assignment thus ob-
tained was confirmed with that determined using experiments
on the sample dissolved in CDCl; solution at 25 °C. This
comparison also made it possible to precisely assign carbon
26 and 27 that are poorly resolved in the INADEQUATE
spectrum. The chemical shifts reported in Table III refer to the
solution of CB9CB in CDCl; at 25 °C and may differ slightly
from those obtained from the INADEQUATE spectrum on
pure CB9CB at 135 °C.

N o

100

150
200
" 250

~300

150 140 130 120 110 100 920 80 70 60 50 40 30 20 pPpm

FIG. 5. 250-MHz '*C-'3C INADEQUATE spectrum of pure
CBOCB at 23.5 T in the isotropic phase at 135 °C.
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FIG. 6. Assignment pathway of the '3C-'*C INADEQUATE
spectrum shown in Fig. 5. Three different enlargements (a)—(c) are
reported. A red dotted line highlights the assignment pathway from
one cross peak to another. Numbers report the assigned cross peaks
with the positions given in Fig. 1.

B. NMR spectra obtained on a pure sample of CB9CB

The 'H and 3C spectra of CBICB in its liquid crystal
and isotropic phases were recorded on a Bruker Avance III
spectrometer at a fixed magnetic field of 23.5 T at the High
Field NMR Centre in Lyon using a standard 5-mm double
resonance broadband (BBO) probe. The sample was con-
tained in the outer annulus of a Wilmad coaxial tube of type
WGS-5BL, which has a 5 mm o.d. and an inner coaxial tube
of 2 mm o.d. The inner tube contained DMSO-dg, which was
used to provide a deuterium signal for field-frequency lock-
ing. Temperature variation and control of the sample was by
heating a stream of N, gas which passed over the sample. The
temperature is controlled to = 0.1 °C using a PT100 resistor
located inside the probe, close to the sample. As the resis-
tor is external, there is a difference between the temperature
measured and that inside the sample tube; for this reason the
temperature calibration described here is performed in order
to compensate for this temperature difference and to provide
an accurate measurement of the effective sample temperature.
The calibration of the temperature sensor of the instrument
was made on the basis of the chemical shift difference, AS,
for the two proton signals observed with the standard sample
of 80% ethylene glycol in DMSO-ds (Ad). This difference is
related to the sample temperature by [19]

Toampie (K) = —108.33 x AS(ppm) + 460.41. (16)

The temperature inside a NMR sample tube depends on
the rate of flow of the heating nitrogen gas, and the position of
the tube in the spectrometer probe, and these factors must be
the same when measuring Ad on the standard sample and the
NMR spectra of CBICB. To produce a high stability of the
temperature inside the standard sample, it was left for more
than one hour in the probe at each of the three temperatures
144 °C, 121 °C, and 72 °C before measuring the chemical shift
difference between ethylene glycol protons for calibration.
With the values obtained, a temperature calibration curve was
produced by a procedure described in the Bruker Variable
Temperature User Manual [19]. This temperature calibration
was confirmed by using another sample, composed of pure
ethylene glycol without solvent, following the calibration
curve reported in the literature [20]. The temperatures cali-
brated using these two standards differ by <0.1 °C confirming
the accuracy of the method described above. In practice
the setting accuracy of the temperature when recording the
spectra of the sample of CBICB in liquid crystal phases is
estimated to be of the order of 0.5 °C [20], with a long-term
stability of better than 0.1 °C (Bruker spectrometer specifica-
tions).

Proton spectra were first recorded automatically on heating
the sample from ~70 °C to 145 °C in steps of 2 °C, waiting 30
min for thermal equilibrium to be reached. The 'H NMR spec-
tra when the sample is in the solid or the two nematic phases
are spread over ~40 kHz. The solution NMR probe used
here to have optimal temperature control cannot withstand the
required rf power at 1000 MHz to excite uniformly the protons
over this broad frequency range with a 90° excitation pulse.
To record the "H NMR spectra with uniform excitation was
achieved by application of single, repeated 30° pulses each
of 5.5 wus duration. Each spectrum is the result of averaging
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(@)

/

(b)

20000 0 - 20000
proton chemical shift (Hz)

FIG. 7. 1000-MHz 'H spectrum of CBOCB observed close to the
melting point. The narrow peaks near the center of the spectra are
from a proton impurity in the DMSO-ds sample which is contained
in the inner, coaxial tube. Spectrum (a) was recorded at 83 °C when
the sample is in the solid phase, and (b) at 85 °C when the sample is
in the twist-bend nematic phase.

64 fids each with a 0.164-s acquisition time (relaxation delay,
1.5 s). A 1-Hz line broadening was applied before Fourier
transformation. 'H chemical shifts are referenced to the deu-
terium DMSO-d; signal (2.49 ppm).

III. DETECTION OF THE PHASE TRANSITIONS

The phase transition from the solid to a liquid crystal pro-
duces a change in the broad line shape at between 83 ° and

85 °C compared with the melting point of 86 °C character-
ized by differential scanning calorimetry with a value for the
enthalpy of melting of 0.72kJmol~! [10] and a transitional
entropy, AS/R, of 0.33. Spectra below and above the melting
transition are shown in Fig. 7.

Above 85 °C until the transition to the isotropic phase at
~123 °C the broad resonance absorption retains the same
shape, but varies in width as the temperature is increased.
There is a small, gradual increase in width until ~109 °C
followed by a decrease until the isotropic phase is reached.

Salili et al. [6] found that their sample of CB9CB became
isotropic in a field of 22 T at ~140 °C, and guided by this re-
sult our sample continued to be heated, while recording proton
spectra at 2 °C intervals until ~5 °C above this temperature.
The transition to the isotropic phase for our sample of CB9CB
was marked by a dramatic decrease in the overall width of the
'H spectra and the appearance of sharp lines above ~123 °C.

IV. 'H AND 3C NMR SPECTRA ABOVE Ty, IN THE
PARANEMATIC PHASE

Proton and carbon spectra were recorded automatically on
cooling the sample from 130 °C to 123 °C in steps of 0.3 °C,
and then down to 121.8°C in steps of 0.2°C, waiting 10
min after each temperature step for thermal equilibrium to be
reached. Below 121.8 °C the sample is completely in the Ny
phase. 'H NMR spectra were recorded with a single, repeated
pulse sequence with a 'H 30° excitation angle pulse of 5.5
us ("H 90° pulse 16.5 us), eight scans per spectrum, and
an acquisition time of 1.818 s (recycling delay, 1.5 s), and
13C NMR spectra were acquired with a single repeated pulse
experiment with a short excitation pulse of 3.0 us (1*C 90°

19 -22 145 °C
15,18 16,17 28,29 30,31 32,37
T T T 1 T T T T T T T T T T
6500 6400 6300 Hz 1900 1800 1700 1600 Hz 800 700 600 500 Hz
127 °C
T T T 1 T T T T T T T T T T
6500 6400 6300 Hz 1900 1800 1700 1600 Hz 800 700 600 500 Hz

FIG. 8. 1000-MHz 'H spectra of CB9CB observed in the paranematic phase at 145 °C and 127 °C.
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pulse 15.75 ps), and the acquisition time was 1.049 s. A
total of 1024 fids were collected each with a recycle delay of
0.2 s, and averaged before Fourier transformation to give the
spectra. The 'H spectrum obtained at 145 °C is shown in Fig. 8
together with a spectrum recorded after cooling to 127 °C.
The 'H spectra of the sample change slowly on lowering
the temperature from 145 °C as residual dipolar couplings
D5, induced by the magnetic field grow in magnitude in the
paranematic phase. These residual dipolar couplings add to
the scalar couplings J; j to give total spin-spin couplings T ;:

Ty = Jij+ 2D} (17

By 127 °C the values of DBj are noticeably affecting the !
spectrum, as seen in Fig. 8. Thus the doublet sphttlngs on
peaks 15,18 and 16,17 have a separation of ~7.0 Hz at 145 °C,
but these have become broad singlets at 127 °C as the values
of D15 6= D17 13 change from ~0 to ~—7 Hz. The negative
signs of Dfs 14 = D17 1 Teveal that S2 the field-induced order
parameter for an axis fixed parallel to the C1-C2 direction
of the cyanobiphenyl groups, is positive. The sign of sz is
determined by that of A x,,, the component along the z axis of
the anisotropy of the molecular magnetic susceptibility.

Below ~127 °C the peaks in the 'H spectra broaden fur-
ther. In the small interval from 123 to 122.6 °C there is a rapid
increase in the doublet splitting from peaks for protons 28 and
29, as shown in Fig. 9; then at 122.4 °C a small amount of the
signal from the liquid crystal phase appears, which grows at
temperatures down to 121.8 °C when only a trace remains of
the isotropic phase. The splitting of the doublet is ~3D§8,29.

Examples of '3C spectra recorded on cooling in the parane-
matic phase are shown in Fig. 10. The '>C spectra are
essentially unchanged until ~123 °C when the values of DgiHj
begin to increase together with broadening of the peaks. On
cooling slowly the sample froze at ~57 °C compared to the
melting point of ~84 °C found on heating from the solid
phase.

V. MEASUREMENT OF THE CRITICAL
TEMPERATURE T*

The values of both Df; , and D¢, are predicted to depend
upon temperature in the same way [21], namely

Dy, = Aun /(T = T%), (18)
DgiHj =Acy /(T —T*); (19)

here T* is the critical temperature introduced in Eq. (10).

The dipolar couplings in the paranematic phase given
by the relationships in Eqgs. (18) and (19) are predicted to
hold strictly only for nematogens which are rigid and axially
symmetric. The molecule CBOCB is certainly nonrigid, and
probably exists as a distribution of conformers each of which
is strongly biaxial. In practice the dependence on temperature
close to Ty of values for both D7, and D¢, are in good
agreement with Eqs. (18) and (19). The temperature depen-
dencies of all nine values of D¢, #, are shown in Fig. 11, and
the results of fitting each coupling to Eq. (19) by a nonlinear,
least-squares procedure are given in Table IV. The nine values

123.0°C
122.8°C
122.6°C

122.2°C

122.0°C

121.8°C

1800 1700 1600 Hz

FIG. 9. The growth in the doublet splitting on the peak from
H28 and H29 as the transition to the nematic phase of CBOCB is
approached in the paranematic phase. At 121.8 °C the sample shows
spectra from both the paranematic and nematic phases with most of
the sample being in the nematic. The spectrum for the nematic phase
is not shown.

of T* were then averaged to give a value for 7% of 394.49 £
0.05 K.

Only one proton-proton field-induced coupling, Dg&zg,
could be extracted from the 'H spectra close to 7yy for use
in obtaining a value for 7%, as shown in Fig. 12.

The data for Dg&zg gave T* = 394.36 &+ 0.05 K, which is
equal to within experimental error to the average of the nine
sets of values of D(B:H, as expected [21]. Taking Ty = 3954 K
to be when the presence of the liquid crystal signal is first
detected in the 'H spectrum on cooling gives the mean value
of the difference, Tni—T7*, to be 0.9 &+ 0.1 °C. Wiant et al.
[22] have reported that Ty —T* for 16 different monomeric
calamitic liquid crystals has a mean value of 1.7 °C, while
for a bent-core compound they measured a value of 0.38 +
0.02°C. Attard et al. [23] measured Ty — T* for the ne-
matogen 5CB by deuterium NMR to be 0.9 °C. Values of the
difference Ty —T* for other bent as well as Z-shaped liquid
crystal dimers have been measured previously and are given
in Table V, and their structures are compared with CB9CB in
Fig. 13.
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9 145 °C
83
23
10 27,25,26
15 2 13 .
I T I I [ [ T T T T T T T
140 135 130 125 120 115 ppm 35 34 33 32 31 30 29 Ppm
123 °C
| JL
140 135 130 125 120 115 35 34 33 32 31 30 29 pm

122.2°C ﬂ

140 135 130 125 120 115

ppm 35 34 33 32 31 30 29 ppm

FIG. 10. 250-MHz '3C NMR spectra of CBYCB recorded in the paranematic phase in a field of 23.5 T.

The results for the transitional entropy and the tempera-
ture difference shown in Table V for a range of nematogens
suggest that ASnr/R increases with (Ty—7*). This empirical

60 |
50 |
40 |

D®. (H
cn (H2)
30 |

20 |

10

395.0 3952 3954 394.6 3948 396.0

T (K)

FIG. 11. The dependence of each value of D2, on temperature
for CBI9CB observed in the paranematic phase with a magnetic field
of 23.5 T. The solid lines show the best, least-squares fits of the
experimental values to Eq. (19). The points are m C23; { C25;

+ C27; A C26; JC24; v C8; * C9; 0 C4; A C3.

dependence is apparent in Fig. 14, although more results
are needed to test this in detail. However, a more formal
relationship may be obtained from the Landau—de Gennes
theory starting from Eq. (11) where the magnetic term has
been removed. This can be rearranged to give the temperature

120 |

100 |
Dst,zg (Hz)
80

60 |

40 |

20

3948 3950 3952 3954 3956 3958 396.0
T (K)

FIG. 12. Temperature dependence of D%, (+) close to Ty for
CBICB at a field of 23.5 T. The solid line shows the best fit to
Eq. (18).
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TABLE IV. The parameters Ac,y /Hz and T#/K obtained for the different sites in CB9CB by a nonlinear, least-squares fitting procedure.
4

PG P

Site i 9 8 3 4

23 24 25 26 27

Acu 52 £ 0.6 6.6 £ 0.6 5.6 £ 0.6 54 £ 04

315 £ 25

194 £ 09 205 £48 173 £ 1.1 263 £5.7

T*  394.60 & .04 394.68 £ 0.04 394.52 £ 0.06 394.60 £ 0.03 394.48 + 0.05 394.44 4 0.0.03 394.6 £ 0.1 394.56 + 0.03 394.4 £+ 0.2

difference as
(Tni — T*) = b*/27agc. (20)

The transitional entropy may also be obtained in our notation
from the enthalpy of transition as [28]

ASnt = agb?® /27 (21)

Eliminating »*> from both equations gives the relationship
between them as

(Tai — T*) = cASni/ao’; (22)

P S A N N
NC CN

/©/©/0\ BCBOY \©\©\CN

Q”W\“@a

BCBO10

NC

Je .
<t
3 @A‘) Y ¢
o Ny
RO OR

R = CH, = CH(CH,),,
CIPbis10BB

e} \/\/\/\/\/0
[ ]’ [
/|)\0 \©\0J\
\ QO
/ R=CsH 5-9-5
R sty \R\R
Neg
7
o /@ﬂ\/\/\/\/\/\o
O/O)\O
f \ R=CsHyy

R

5-10-5

FIG. 13. Bent- and Z-shaped mesogens.

this is broadly in keeping with the results in Fig. 14. For this
to be true the ratio ¢/ag? should be the same for the different
nematogens. It is perhaps more interesting to remove the term
in ¢ from Egs. (20) and (21) which leads to

(Tai — T*)? = b* ASni1/27a0°. (23)

The Landau—de Gennes theory is now seen to predict that the
transitional entropy is quadratic in the temperature difference,
a result which does not appear to be consistent with the exper-
imental results in Fig. 14; in addition the ratio b*/ay>® should
exhibit a universality. A more detailed set of results is needed
to test both the Landau—de Gennes predictions. It would be
interesting to explore whether the tendency of Tyy — T to
vary linearly with the change in entropy at Ty is observed
for other mesogens.

VI. DEPENDENCE OF THE FIELD-INDUCED DIPOLAR
COUPLINGS ON STRUCTURE, ORIENTATIONAL
ORDER, AND CONFORMATION

The molecules in liquid crystal phases are moving rapidly,
but not randomly, as whole entities, and there is also internal
motion between Nops conformations, which is usually also
sufficiently rapid that the observed dipolar couplings D; ; be-
tween nuclei in uniaxial liquid crystal phases are averages
over both types of motion to give

D;; = ZPLC (m)D; j(n). (24)

Here P c(n) is the probability that a molecule is in the nth
conformation with a dipolar coupling D; ;(n), which is related

TABLE V. Values of (Ty; — 77%)/°C and ASni/R for some bent-
shaped and Z-shaped mesogens.

Mesogen Tni/°C (T —T7)/°C ASni/R Ref.
CB9CB 124 09 £ 0.1 0.33 This work
BCBO9 173 48 £ 1.0 0.94 [24]
BCBOI10 186 14.8 + 0.5 2.14 [24]
CIPbis10BB  76.5 0.38 + 0.02 0.37 [22,25]
5-9-5 131.3 1.1 £ 03 Not available [26]
5-10-5 149 8.5 2.16 [26,27]
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121

8 |
(Ty,—T%) (deg)

4]

0.0 0.5 1.0 1.5 2.0 2.5
(ASNIR)

FIG. 14. The variation of (Ty; — T*) with ASn;/R the change in
entropy at Ty; for the mesogens in Table V. The straight line passing
through the origin is a least-squares, linear fit to the data.

to both geometry and orientational order by
D; j(n) = — K; j(n){S..(n)(3cos*6;;. — 1)
+[See(n) = Syy(M)](cos’6;jr — cos’6;jy)
+ 48y, (1) cos 0 jxcosb; jy, + 48, (n) cos 6;;,cosb;

+ 48, (n) cos 0;;,cos6;;.}, (25)
where
HoYivih
K i(n) = ———2— 26
) 32731}, (26)

The angles 8, are between an axis « and the internuclear
vector ryj, fixed in a common reference frame x,y,z in each

(@)

16,17

TABLE VI. The values of D and D¥, for the paranematic
phase of CBICB at 395.0 K with the atom labels as in Fig. 1.

i, J DgiHj/HZ i, J Dfli,Hj/HZ
3,15=17,18 5.8 £ 0.1 15,16 =17,18 —-21.4 £ 0.5
4,16 = 6,17 6.7 £ 0.1 28,29 32.6 £ 0.5
8,19 =12,22 9.8 + 0.1 30,31 11.43 £ 0.05
9,20 =11,21 89 £+ 0.1

23,28 =23,29 29.45 + 0.05

24,30 =24,31 17.15 £ 0.05

25,32 =125,33 22.13 £ 0.05

26,34 =26,35 19.50 + 0.05

27,36 =27,37 20.60 £ 0.05

conformation. The field-induced dipolar couplings ij also
obey Egs. (24) and (25).

The spectra obtained at a temperature of 395.0 K, which
is in the region where the paranematic and Ny phases coexist,
are shown in Fig. 15 and were used to obtain a set of values of
DE,; and D5, at this fixed temperature. The values of DgiHj at
395.0 K are given in Table VI and shown in Fig. 16.

A. Structure and orientational order parameters
for the cyanobiphenyl group

The values of D¢y and Dijy; can be used to investigate
the structure of CB9CB in exactly the same way as used
for molecules in a uniaxial liquid crystal phase, as illustrated
previously with data obtained in the pretransitional region for
5CB [11] and 5O0CB and MBBA [12]. The values of DéHj and
Dijyy; at 395.0 K in the molecular fragment shown in Fig. 17
are compared with values calculated from Eq. (25) modified

28,29

6.9 6.8 6.7 6.6 6.5 6.4 6.3 6.2 ppm

21 2.0 1.9 1.8 1.7 1.6 1.5 1.4 ppm

T
133 132 131 130 129 128 127 126 ppm

36 35 34 33 32 31 30 29 ppm

FIG. 15. (a) 1000-MHz 'H and (b) 250-MHz '3C spectra at a field of 23.5 T for selected regions of the spectrum measured for CBOCB at

395.0K.
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FIG. 16. The site dependence of D¢,y for CBICB in the parane-
matic phase at 395.0 K.

for a single conformation:

Df] = —I(ij [SZ (3005291'_1'1 - 1) + (Sfx - Sg;')

X (coszé‘,jx — coszeijy) +4Sﬁcosijycosijz], 27

where the order parameters S? 5 are for CB9CB molecules in
the paranematic phase.

In any investigation using residual dipolar couplings there
is always too little experimental data to investigate the
structure, orientational order, and the potentials governing in-
ternal modes of motion, and so some simplifying assumptions
are necessary. For the cyanobiphenyl-CH, fragment internal
motion is approximated as involving the ring attached to the
nitrile group rotating about the C;-C, bond through a dihe-

FIG. 17. The cyanobiphenyl-CH, fragment. The axes xyz are
fixed in the alkylated ring with x and z in the ring plane.

TABLE VII. Values of the order parameters S[’fﬂ and the angles,
Oab.c/degrees, obtained for the biphenyl-CH, fragment by bringing
calculated values of ij into best least-squares agreement with those
observed.

O1532 = b1g7, = 1169 £ 1*

Oi6.43 = 61767 =121.4 %1

01980 = 001211 = 1192 £ 1

020.0.8 = 611112 = 1203 £ 1

Sf; = 0.002 89 £ 0.000 03*

Sf\_ — va = 0.000 047 £ 0.000 002
SH = §F = —0.000643 + 0.000006

“Errors are estimated from errors in the measured values of Df;.

dral angle 83123 between four minimum energy positions,
while the alkyl chain rotates about the C5-C,3 bond through
a dihedral angle 82423 54 between two, equivalent minimum
energy positions. Values of Dg for i and j in different phenyl
rings, or in the CH, and either ring, were not observed with
the consequence that the two rings can be treated as being
coplanar, with the CH, group fixed in either minimum energy
form, that is, above or below the xz plane. The bond lengths
and angles are assumed to be invariant to the internal modes
of motion and at first are approximated as those calculated
by the DFT quantum-chemical method for the same group in
CB7CB [29].

With this set of assumptions there are seven measured
values of DgiHj for nuclei in the cyanobiphenyl-CH, fragment

and allowing values of S2, S5 — Sg,, and Sf; = Sg, the
three independent order parameters required in Eq. (27), to
vary in order to match calculated with observed dipolar cou-
plings. This resulted in poor agreement between calculated

and observed values of DgiHj, which is probably because

the magnitudes of DgiHj are very sensitive to the values
of the bond angles 053> = 6187,2; O16,.43 = 017,675 19,80 =
022.12.115 020,98 = 021.11.125 when these are close to 125.3°.
Note that this sensitivity of the Dg to the geometry of the
biphenyl group is also important when using values of D,
or deuterium quadrupolar splittings Av;, to determine order
parameters for samples in liquid crystal phases. Allowing
these four angles also to vary gave almost exact agreement and
produced the optimized values of the order parameters and an-
gles shown in Table VII. Note that the optimized values of the
geometric parameters will contain systematic errors stemming
from the adoption of bond lengths and angles calculated by
DFT, and the neglect of averaging over vibrational motion.

Note that the set of Dgy; and Dfyy; available for the
biphenyl-CH, group cannot test models for the effect of ro-
tation of the CH, protons about the C5—C,3 bond. The two
protons in the CH, group are fixed in these calculations below
the xz plane of the attached ring with the vector rpg 29 parallel
to the ring x axis. Rotation of these protons to the equivalent
positions above the xz-ring plane reverses the sign of Sy,,
but the calculated values of D¢y and Dfjyy; are unchanged,
so their values are consistent with the Hpg and Hyg protons
jumping between the two equivalent positions.
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B. Rotation about bonds in the nonane chain spacer

The values of ij obtained at 395.0 K can be used to test
models for bond-rotational motion in the nonane spacer, using

N
Df; = " PP(n) D(n), (28)
n=1

where PB(n) is the probability that the molecule is in confor-
mation n in the pretransitional, paranematic region. The values
of ij (n) are related to both conformation-dependent order

parameters Sg 5(n) and molecular geometry by
D (n) = —Ki;{SE.(n)(3cos*0;j; — 1) + [SE.(n) — S5,(n)]

X (COSZQin — COSZQijy) + 458 (n)cosG,-jycosé’ijz}.

vz
(29)

To apply Eqgs. (28) and (29) requires the adoption of models
for calculating the probabilities P2(n) and the conformation
dependent order parameters Sgﬁ (n); here we use the additive
potential (AP) model [30] which has been applied to NMR
data obtained for similar molecules in the liquid crystal phase
as well as the magnetic-field-induced paranematic phase. A
mean potential U£o1(:3’ y, n) is introduced, namely

UE (B, y,n)=UZL (B, y,n)+ Us(n). (30)

The term UZ. (B,y,n) is purely anisotropic and van-
ishes when the molecules are not in an orientationally
ordered environment, while Uiy, () survives the loss of order.
The conformation-dependent order parameters Sfﬂ (n) depend

only on UB. (B, y,n), thus
b4 2 3 1
SE(n) = Q(n)_lf sinﬁdﬂ/ dy[zcoszﬁ— E}
0 0

x exp[~Upiso(B, v, n)/RT], 31)

T 2
Sp(n) =S5 (n) = Q(n)™"! / sinBd B f d[sin*Bcos2y]
0 0

x exp[—Ufio(B, v, m)/RT], (32)
with the orientational partition function

T 2
o) = /0 sinfdp /0 dyexp[—Upio(B. v, n)/RT].
(33)

The mean potential Uyniso(B, ¥, 7) for a molecule in the nth
rigid conformation in a uniaxial liquid crystal phase may, in
general, be expressed as

Uniso(B, v, 1) = = Y_ &0 (mCLn(B,y),  (34)
L.m

where CL (8, v) is a modified spherical harmonic of rank L
and components m. The summation extends from L = 2 to o
and m = —L to +L in steps of 1, but when used for calculating
second-rank quantities, such as the order parameters, it is a
good approximation to include only those terms having L = 2.
The order parameters for molecules in the paranematic region

are ~100 times smaller than for the nematic phase, with the
consequence that the equivalent expansion of Eq. (34) for
UB. (B, y,n)is essentially exact when truncated at the terms
with rank = 2. Thus,

UboBov.m) = =Y enmCon(B.y). (39

Even the simplest model for the conformations that can be
populated for CB9CB has 81 conformations in each half of the
symmetric dimer. In the AP model a further siml)liﬁcation of
Eq. (34) is introduced in which the coefficients 8((),::1(") depend
on the structure of each conformation, and this is achieved
by relating the conformation-dependent coefficients aé?[)n (n)to

fragment specific ones, 8,(3,);)(]' ), by

gm () = 3> e@ (HDD (). (36)
Jj p

where the Wigner functions Dgr)n(an) depend on the orien-
tation, 2j,, of fragment j in the molecular reference frame in
conformation n.

The probability of the nth conformation when the molecule
is in the pretransitional region is obtained from

PE(n) = (Q(n) exp{—[Uinx (n)1/RT})/Z, 37)
with
N T 2
g ZZ/O Smﬂdﬂ/o dy (exp {~[UZ, (B.y.m)]/RT}),
n=1 (38)

while P,(n), the probability that a molecule is in conforma-
tion n when there is no orientational order, is given by

N
Pio(n) = exp [—(Uso ())/RT1/ Y " exp[—(Uiso(n))/RT1,
n=1
(39)
which for molecules in liquid crystal phases may differ from
PB(n), but when the molecules are in the paranematic phase,
where their orientational order is very small, it is expected that
PB(n) will be essentially equal in value to P, (1).

P
5
| [

N X

1
)|\/\
| S],

FIG. 18. Fragment interaction parameters ¢; ; used for CB9CB
when comparing the observed values of ij with those calculated
by the AP method.

€524 = €2325 = €2426 = €25,27 = €26,28

€29,30 = €31,32

042706-13



C. T.IMRIE et al.

PHYSICAL REVIEW E 102, 042706 (2020)

TABLE VIII. Energies, Epi,/kJ mol~!, of the minimum energy
forms generated for the symmetric nonane spacer in CB9CB by
rotation about a bond C; — C; through an angle ¢;;/°, given by
Emsley er al. [13].

¢24,25 ¢26,27

TN

#2324 25,26

$1324  Emin $2425  Emin ®252  Emin $2627  Emin

180 0 180 0 180 0 180 0
+115 2.6 +112 4.0 +115 3.8 +115 3.8

C. Calculation of P®(n) for molecules of CB9CB from
values of Dff obtained at 395.0 K

The molecule CB9CB was divided into the fragments
shown in Fig. 18, together with the fragment interaction pa-
rameters &; j used to construct the sﬁ)P( Jj) in Eq. (36).

The structure of the biphenyl-CH, fragment is that opti-
mized above; the bond lengths and angles in the nonane spacer
are assumed equal to those calculated by DFT for the same
spacer in the symmetric dimer DTC5C9 by Emsley et al. [13].
The conformational distribution of an isolated molecule of
CB9CB was approximated as being between the minimum
energy conformations generated by rotations about the bonds,
C;—C; through angles ¢; j shown in Table VIII.

The values for three independent fragment interaction pa-
rameters were varied to bring the calculated values of seven
independent values of DBJ obtained at 395.0 K into best least-
squares agreement with an rms error of 1.0 Hz. The optimized
values of the ¢; j are given in Table IX.

The quality of the fit measured by the size and distribution
of the differences DB (calc.) —DB (obs.), is good but not
perfect. The values of these d1fferences could be reduced by
varying some bond lengths and angles in the nonane spacer,
but this would not be a useful exercise given the sparsity of

0.4

10. g-tg+t
11. g+tg-t
12. g+tg+t
13. g-tg-t
14. g-g+tt
15. g+g-tt
16. g+g+tt
17. ggt

:323

0.3 -

o4 3@
Qa
-~

P8(n)

-4
854
+b=:

CENOOAWN =

0.2

3
@

012345678 9111121314151617 18

conformer (n)

FIG. 19. The probabilities P2(n) of the 17 most populated con-
formers in the nonane spacer of CBO9CB predicted to exist by the
DFT calculations in the magnetic-field-induced paranematic phase
at 395.0 K.

the experimental data compared with the number of structural
unknowns. The very small values of the fragment interaction
parameters mean that in the AP calculations the distributions
PB(n) and Py, (n) obtained from Eqs. (37) and (39) are practi-
cally equal. It is possible, therefore, to conclude only that the
set of DBJ available from the spectra recorded at 395.0 K is
consistent with the distribution of conformers in the parane-
matic phase predicted for P, (n) by the DFT calculations.
The discrete distribution of the 17 most populated con-
formers predicted by the DFT calculations is shown in Fig. 19.

VII. CONCLUSIONS

The bulk sample of CBOCB used here for our NMR exper-
iments at 23.5 T has phase transitions at temperatures which
are within experimental error (~1°C) of those measured in
the Earth’s magnetic field. This behavior is in marked con-
trast to the experiments by Salili et al. [6] on CBO9CB which

TABLE IX. Optimized values of the fragment interaction parameters &;;/RT used to obtain the best least-squares agreement between

calculated and observed values of ij for CB9CB at 395.0 K.

Optimized values of the fragment interaction coefficients:
€12/RT = 0.0134 £ 0.0005

85’24/RT = 823,25/RT = 824_26/RT = 825.27/RT = 826’28/RT =0.00244 + 0.00001

829,30/RT = 831_32/RT = 0.0023 £ 0.0002
Calculated and observed D} fE

i, j D}, (obs)/Hz D} (calc)/Hz [D?; (calc) - D}, (obs)]/Hz
15,16 =17, 18 —214 £ 0.5 —22.7 —1.3

28,29 32.6 +£ 0.5 30.8 —1.8

30,31 1143 £0.5 12.42 0.99

23,28 = 23,29 2945 + 0.05 29.05 —0.40

24,30 = 24, 31 17.15 + 0.05 18.46 1.31

25,32 =125,33 22.13 £+ 0.05 22.50 0.37

26, 34 = 26, 35 19.50 £ 0.05 19.24 —0.26

27,36 = 27,37 20.60 + 0.05 19.43 —1.17
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monitored the effect of a magnetic field on the phase tran-
sitions by changes in its optical birefringence. These experi-
ments were performed on samples contained between a pair
of parallel glass plates separated by 5 um and surface treated
to produce uniform planar alignment. In contrast the NMR
spectra reported here used CB9CB contained in a cylindrical
tube with a distance between its glass surfaces of ~2 mm
and so can be considered to be free from surface forces.

The applied magnetic field produces a small, partial align-
ment of the molecules when the sample is above Tyj, which
gives rise to field-induced dipolar couplings DZ,; and DE,.
When the sample temperature is >>7Ty; the magnitude of this
partial alignment depends only on Ay B?, and is equivalent
to that obtained for molecules dissolved in isotropic sol-
vents [31,32], but when the temperature is close to 7y; and
the sample is in the paranematic phase, the values of the
field-induced dipolar couplings are dominated by anisotropic,
intermolecular forces and now DZ; and D&y are predicted
[21] and found to depend on temperature via (T — T*)~'.
The highest temperature accessed in our NMR experiments
on CBI9CB was 145 °C at which point the values of some of
the D%, and D5y are small (~1 Hz), but measurable. On
cooling from 145 °C the values of D2 and D%, followed
the expected dependence on temperature as the transition to
the nematic phase Ny was approached. It was established that
the same value of T* is obtained for ten measured values
of Dg, giving an average value of (Iyy — 7*) = 0.9+ 0.1°C
which is between that of 0.38 °C found for a bent-core ne-

matogen and a mean value of 1.7°C found for calamitic
nematogens [22].

Values of D2 and D5y obtained at a fixed tempera-
ture of 395.0 K were used to investigate the structure and
orientational order of CBO9CB when the sample is in the
paranematic phase, including the distribution of conforma-
tions PB(n) adopted by the nonane spacer. This distribution is
essentially identical to that predicted by quantum-mechanical
calculations for an isolated molecule of CB9CB.
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