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Twist-bend nematic liquid crystal phases are fundamentally interesting as chiral macroscopic structures
arising from achiral molecules, as well as from the perspectives of photonics and switching applications.
Conical angle and orientational order are the key properties of the twist-bend nematic phase. In the
present case, we investigate the conical angle in 1”,7"-bis(4-cyanobiphenyl-4'-yl)heptane (CB7CB),
which displays ordinary nematic (N) and twist-bend nematic (Ntg) phases, utilizing 2°Xe shielding and
2H quadrupole splitting in CB7CB-D4. When applying the 129%e shielding, measured with respect to an
external gaseous xenon sample, the bulk susceptibility effect must be considered. For this purpose, the
diamagnetic susceptibility tensor was computed. The analysis of the ?H NMR data necessitates the
knowledge of the ?H quadrupole coupling tensor element along the C-D bond. Computations and data
analyses show that the commonly used value of 168 kHz is slightly underestimated. Another property
investigated is the temperature dependence of the 2°Xe linewidth (1y,,). It reveals two things: (i) when
approaching the phase transitions from the high-temperature side, vy, increases abruptly, but decays,
after the transition, exponentially toward the values in the isotropic phase, and (ii) upon cooling under
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ca. 355 K in the Ntg phase, 11/, increases exponentially. Subtraction of the linewidth distributions at the
phase transitions reveals that vy, remains independent of temperature in the isotropic and nematic
DOI: 10.1039/d5cp02069g phases, and partially also in the twist-bend nematic phase. The assumption that the 129%e linewidth

reveals the T, relaxation rate, 1/T,, leads to the conclusion that the rate is independent of temperature
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Introduction

The discovery and experimental verification of the twist-bend
nematic (Ntg) phase are some of the most important develop-
ments in the field of liquid crystals. It reveals the fundamental
physics of liquid crystals, provides insight into molecular self-
organization, and opens technological opportunities in fast
electro-optic and photonic applications. As described by
Dunmur," this led about 15 years ago to great interest among
liquid crystal scientists. The most studied compound, displaying
the conventional nematic (N) phase and the twist-bend nematic
phase, is 1”,7"-bis(4-cyanobiphenyl-4’-yl)heptane (CB7CB). Although
the properties of the twist-bend nematic phase in CB7CB have been
extensively investigated, there remains uncertainty about the tem-
perature dependence of the conical angle between the helical axis
and the liquid crystal director.

129%e NMR of dissolved xenon gas has appeared as a power-
ful method for the determination of various properties of liquid
crystals. Xenon has two NMR active isotopes, "*°Xe and "*'Xe.
The former possesses a spin of 1/2 while the latter has a spin of
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in the isotropic and nematic phases and partially also in the twist-bend nematic phase.

3/2, i.e., it is quadrupolar. Both isotopes have a relatively high
natural abundance, which in this respect is quite favourable for
NMR studies. However, detection of **'Xe NMR is demanding
because of its short T, relaxation time, resulting in a broad
linewidth. Furthermore, the spectral intensity is distributed
between three lines in the solid and liquid crystal phases. In
the case where experiments are successful in these phases, **'Xe
NMR spectra reveal a property not available via **Xe NMR, which
is the electric field gradient (EFG) at the nuclear site created by the
environment and deformation of the electron distribution of the
atom.” Comparison of *’Xe and "*'Xe shielding in the same
liquid crystalline environment reveals the biaxiality of the
environment.*> This is based on the second-order quadrupole
shift (SOQS) in the *'Xe spectra. *Xe NMR of a liquid crystal
solution can be used to extract a lot of versatile information such
as temperature dependence of the orientational order parameter,®
phase transitions,” temperature dependence of the solvent den-
sity (isobaric thermal expansion coefficient),® the sign of the
diamagnetic anisotropy,” the occurrence of induced smectic
phases,' the anisotropy of the **Xe shielding tensor due to the
deformation of the electron cloud,® and the temperature depen-
dence of the conical (tilt) angle in chiral smectic and twist-bend
nematic phases.® The conical angle and the orientational order
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parameter are the key properties of the twist-bend nematic phase
in CB7CB. Therefore, it is most important that these properties
are known as accurately as possible. Earlier investigations have
reported a large scatter of the conical angle values, applying
different methods.""*?

In the present work, we first concentrate on the methods based
on *°Xe NMR of xenon dissolved in CB7CB-D, on the one hand,
and on the utilization of the ?H quadrupolar splitting in the
determination of the conical angle, on the other hand. Moreover,
we discuss another property of '*Xe NMR which reveals valuable
information about the liquid crystal used as the solvent. This
property is the linewidth, full width at half height, for which v,
will be used as a symbol, detected as a function of temperature.

Experimental

129%e NMR experiments were performed in CB7CB-D, (see

Fig. 1). The solubility of xenon in CB7CB is not known but
utilizing typical values one can estimate that the mole concen-
tration of Xe in CB7CB is ca. 1 mol%. The transition tempera-
tures for CB7CB doped with xenon are 387.1 £+ 0.5 K and
374.4 £ 0.5 K for the N-I and Np-N transitions, respectively;
these are 2.2 and 2.3 K lower than those for the pure com-
pound, where there is no xenon.

Details of the synthesis and NMR measurements are
described, for example, in ref. 6. The *°Xe shielding in CB7CB-
D, was referenced to the value of external gaseous '*°Xe, which
was considered independent of the temperature. However, when
experiments are carried out in different environments, it is
necessary to consider the difference in the diamagnetic suscept-
ibilities of the environments. This will be discussed in the next
section. The *H NMR data were originally reported in ref. 12 and
were used in ref. 6, as well.

Computations

In the present case, the '**Xe NMR shielding was measured
relative to the respective signal of an external gaseous sample.
In such a case, the effect of bulk susceptibility must be
considered. This, however, requires the knowledge of the
diamagnetic susceptibility tensor (DST) of CB7CB, and that of
the xenon gas. Unfortunately, no information on the full DST
could be found in the literature. The diamagnetic properties of
CB7CB are often claimed to be similar to those of 5CB.** The
calculations carried out here do not quite agree with this.
Quantum-chemical calculations were carried out using
density-functional theory (DFT) for DST and *H quadrupole

HsC
N

Fig. 1 Structure of CB7CB-D4 (left) and 5CB (right). For CB7CB, the two
dihedral angles ¢, and ¢,, used in rotational averaging of the quantum-
chemically calculated diamagnetic susceptibility tensor, are indicated.
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coupling constant of the CB7CB molecule. The first two properties
were, for comparison, also calculated for the Xe atom and for the
5CB molecule. First, the geometries of the CB7CB and 5CB
molecules were optimised in vacuo, in an all-trans configuration,
using the PBEO exchange-correlation functional®® and the def2-
TZVP basis set'® on the Turbomole software.'” The semiempirical
D4 dispersion correction"® was applied. The optimised geometries
are provided in the SI. The *H quadrupole coupling constants were
obtained for the -CD, groups next to the innermost phenyl rings,
in the optimised geometry, using similar methodology to that
applied for optimising the geometry. Additionally, a locally dense
basis set with the def2-QZVPPD basis set'® was applied on these
groups, while the rest of the system was treated with the def2-TZVP
basis set.

The DST calculations were done on all the three systems at
the optimised geometry at the PBEO/def2-TZVP level on the
Gaussian 16 programme.>’

The results of the molecular property calculations are given
in Table 1. In fact, instead of DST, the related single-molecular
property which is calculated is the molecular magnetizability &,
from which an estimate of the susceptibility of a medium
consisting of such molecules can be obtained as y = uoNxE.>?
The DST is typically well-reproduced by DFT with the present,
triple-zeta level basis set, and the data should be representative
of a molecule in vacuo, at the equilibrium geometry. It can be
noted that, as an extensive molecular property, the isotropic
susceptibility yiso = —3.83 x 1072 m® mol " is roughly doubled
in value in CB7CB as compared to 5CB, which is in line with the
molecular structures in question.

The value of the susceptibility anisotropy Ay = y.c — (faa — Jbb)
depends on the molecular frame (@, b, ¢) that is chosen to
represent the tensor. The 5CB molecule forms uniaxial liquid
crystal phases and, in the case of a positive susceptibility aniso-
tropy such as in the present case, the relevant reference direction
¢ is aligned with the mechanical long axis of the molecule, ie.,
the principal axis of the moment of inertia I tensor that corre-
sponds to the minimum eigenvalue of I. In 5CB, this coincides
well with the direction from the terminal N atom on one end of
the molecule with the carbon atom of the terminal -CH; group,
at the other end. This direction is aligned with the principal
axis corresponding to the middle eigenvalue of the y tensor,
Yee = —1.79 x 1072 m® mol ™, with the two other eigenvalues
equal to yq, = —3.01 x 1077 and y, = —1.71 x 10~ ° in the same
units. Even though I is nearly cylindrically symmetric in 5CB, the
molar susceptibility tensor is noted to have a substantial asym-
metry. The reason is the very strong axiality of the local DST
tensors of the two phenyl groups of 5CB, each with unique axes
that are perpendicular to the plane of the phenyl groups, residing
perpendicular also to the long axis of the entire 5CB molecule.
The normal vectors of the two phenyl groups are at an angle of
about 37 degrees in the optimised molecular geometry, hence
their susceptibilities reinforce each other and produce the strong
asymmetry of 3. However, the molecules are expected to undergo,
in the NMR time scale, rapid rotation around the long axis of I,
which renders the time average susceptibility cylindrically sym-
metric around that axis. The presently calculated anisotropy

This journal is © the Owner Societies 2026
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Table 1 Quantum-chemically calculated molar magnetic susceptibility and 2H nuclear quadrupole coupling constant. The PBEQ/def2-TZVP level of

theory was used, unless otherwise specified

System
Property Symbol and unit Xe 5CB CB7CB
Magnetizability iso (107°°]T7?) —824 —2870 —5060
Magnetizability anisotropy® AE(1073°] T’Zg — 674 13.3
Magnetizability” 0 (107°°]T7?) — — —5110
Magnetizability anisotropy™” AE(107%°]T?) — — 520
Molar susceptibility® Ziso (10°° m* mol™ ") —0.62 -2.17 —3.83
Molar susceptibility anisotropy™* Ay (107° m® mol™) — 0.57 (0.53% 0.01
Molar susceptibility” Yiso (107° m* mol™) — — —3.86
Molar susceptibility anisotropy®” Ay (1072 m® mol ) — — 0.39 (0.86°)
%H electric field gradient H V,, (a.u.) — — —0.291 (—0.275)
’H quadrupole coupling constant® ’H gcp (kHz) — — —195 (—185)

¢ Anisotropies in the principal axis frame of the moment of inertia tensor I, AP = P35 — (Py; + P,,)/2, where the tensor component Ps; is aligned with
the long axis of I. ? Extrapolated value taking into account conformational averaging according to eqn (1). © An estimate of the molar susceptibility
of the medium is obtained from the calculated single-molecular magnetizability, assuming simple scaling with the number density of the medium.
¢ Experimental value from ref. 23. ¢ Experimental value from ref. 21./ Average over the four CD,-group deuteron nuclei. Figures in parentheses
with the locally dense basis set applied on the groups in question (see the text).

resulting for 5CB from this choice of coordinate frame, Ay =
0.57 x 107° m*® mol ', is in excellent agreement with the
experimental value of 0.53 x 10~° m® mol ™' from ref. 23. This
success serves as a sanity check of both (1) the underlying DFT
methodology applied at the single-molecular level and (2) the
assumption that the DST, a material property, additively consists
of the single-molecular properties.

The situation is more complicated for the V-shaped CB7CB
molecule. There is a clearly defined cylindrical axis of I also in
this case, coinciding with the internuclear axis between the
terminal nitrogen atoms in the optimised geometry. Calculat-
ing Ay using the mechanical long axis of the molecule as the
reference direction gives practically a zero result at the equili-
brium geometry, which would imply vanishing orientational
bias and contradicts the existence of the N phase with the
director aligned with the external magnetic field. However, the
value of Ay is very sensitive to the molecular conformation.
Referenced to the optimised structure, a metastable conformer
at +0.93 kcal mol™' can be reached by rotating one of the
biphenyl moieties by 90 degrees around the bond joining the
inner phenyl group with respect to the first -CH, group. In this
metastable conformer, using the mechanical long axis of
the molecule as the reference direction, one obtains the result
Ay =0.63 x 1077 m® mol™".

It is apparent that, to obtain meaningful data for the analysis
of experiments, one must perform conformational averaging in
the case of CB7CB. To this end, we carried out a relaxed two-
dimensional scan over the two dihedral angles, marked in
Fig. 1, that join the two biphenyl moieties to the aliphatic chain
at the centre of the molecule. This scan was carried out on the
ORCA software,”* using DFT with the PBE exchange-correlation
functional,®® the def2-SVP basis'® and the D4 dispersion correc-
tion. The dihedral angles were fixed to values in a two-
dimensional grid ranging from 90 to 420 degrees in 30-degree
intervals, and all the other degrees of freedom were optimised
for minimum energy, at each of the grid points. At the global
energy minimum obtained at the PBE/def2-SVP level of theory,
the isotropic molar susceptibility and susceptibility anisotropy

This journal is © the Owner Societies 2026

(the latter with reference to the mechanical long axis of the
molecule) gained the values of —3.87 and 0.00, respectively, in
units of 10°° m® mol™". There is only a small change as
compared to the PBEO/def2-TZVP equilibrium-geometry data,
—3.83 and 0.01, respectively, in the same units. The Boltzmann-
weighted average (at 300 K temperature) over the total of 144
points in the relaxed 2-dimensional scan resulted in the
averages Jiso = —3.90 and Ay = 0.39 x 10~° m® mol . Hence,
we arrive at our best estimates, in Table 1, by extrapolating both
the isotropic susceptibility and its anisotropy as

Pexe = (Pogrorrzve — Phrssve) t ( PERISVP) cont - (1)

Here, P is the extrapolated quantity, P, denotes the property
calculation at level x, eq refers to the optimised equilibrium
geometry, scan refers to the points of the two-dimensional grid,
and ( )X, refers to Boltzmann averaging over molecular confor-
mations at temperature 7. This resulted in y;s, = —3.86 and Ay =
0.39 x 10~° m® mol . In general, the isotropic susceptibility is
hardly affected by the conformation of the system, whereas the
susceptibility anisotropy is quite sensitive to it. The scan data used
in eqn (1) are included in the SI. In particular, our result for Ay in
CB7CB is of the same positive sign and order of magnitude, but
less than half of the magnitude of that obtained in ref. 21 from
their Frederiks effect measurements, Ay, = 0.86 x 10~ ° m® mol ™.
The experimental anisotropy results indirectly from an optical
experiment, and the isotropic y is not reported in ref. 21. While
our calculations address directly both these quantities (under the
approximation of additivity), it is not ruled out that a more detailed
intra- and intermolecular dynamics modelling, than what is
carried out presently, would be necessary for an entirely quantita-
tive prediction of this parameter. We performed the susceptibility
correction of the *Xe NMR shift both using the presently
calculated Ay and that mentioned in ref. 21.

Deuterium quadrupole coupling is particularly sensitive to
the basis set,*® and we see a significant reduction of 10 kHz in
the value of g from the result at the triple-zeta level to the
quadruple-zeta level. Additionally, the sensitivity to the CD
bond length shows in the (ro)vibrational corrections to this
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quantity, which in earlier studies have been placed at —3% for
the methyl halides (CD;X, X = F-1),”° corresponding in the
present case to about —5.5 kHz of further change of g, and
about —10 kHz for deuterated benzenes.”” The third factor
influencing g would come from intermolecular effects and
solvation, with the largest potential changes arising from
hydrogen bonding with the solvent molecules. This is not a
very likely mechanism for the CD, groups in the present liquid
crystal system. Hence, combining the calculated g with the
locally dense basis set with an average of the internal motion
corrections in the two above-mentioned example cases leads to
177 kHz as our current best estimate for the *H quadrupole
coupling constant of the CB7CB-D, system.

For the derivation of the conical angle from the *H quad-
rupolar splittings, the element of the quadrupolar coupling
tensor, gcp, along the C-D bond (see Fig. 1) should be known.
In many cases, gcp is assumed to be 168 kHz.>'>'32%29

Results

12%Xe shielding and conical angle

Fig. 2 shows the stack plot of the ***Xe NMR spectra in CB7CB-
D, at variable temperatures. The I-N and N-Npi phase transi-
tions are clearly visible. Interestingly, at the N-Nr5 transition, a
coexistence of the peaks arising from both the N and Npp
phases is observed.

The figure shows the temperature dependence of '*°Xe
shielding (relative to that of xenon gas at room temperature
and 2 atm pressure) for xenon dissolved in CB7CB-D,. The clear
jumps of the shielding at the phase transitions facilitate two
conclusions: (i) the large jump at the I-N transition toward a
more negative value proves that the diamagnetic anisotropy is
positive and, consequently, the director and, in the twist-bend
nematic phase, the helical axis orient parallel to the external
magnetic field and (ii) the smaller jump at the N-N3 transition

Fig. 2 Stack plot of the ?°Xe NMR spectra in CB7CB-Dy. Phase transition
points are indicated by red arrows. Temperature increases from top to
bottom, and the range of 356.8—-398.6 K is shown. On the left is shown the
expanded coexistence of the peaks (at 374.4 K) originating from the N
(right peak) and Nrg (left peak) phases. At the |-N transition, the 2°Xe
shielding jumps by 8 ppm while at the N-Nyg transition the jump is
1.2 ppm.
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originates from the onset of the tilt of the director relative to
the external field.

The bulk susceptibility contribution to the **°Xe shielding,
for a long cylindrical sample with its axis parallel with the
external magnetic field, is obtained as*°

op = —% b4 +§AxP2(cos 0)S %7 (2)
where y and Ay are one-third of the trace of the DST and its
anisotropy, respectively, the former being negative and the latter
positive, S is the orientational order parameter, p is density and
M is molar mass (0.454 kg mol~* for CB7CB and 0.131 kg mol "
for xenon). P, is the second Legendre polynomial and 0 the
conical angle. The calculated diamagnetic properties of CB7CB, x
and Ay, are listed in Table 1 [we are using the values extrapolated
as in eqn (1)]. The orientational order parameter is modelled by
the Haller function®"

st = (1-07-) ®)

Tpr

where Tpr is either the I-N or N-Nyp phase transition tempera-
ture, and y and z are adjustable parameters. The temperature
dependence of the density is described by

p(T) = po[1 — oT — To)], (4)

where p, is the density (1009.5 kg m ™ for CB7CB, 5.46 kg m >
for xenon) at the reference temperature 7, and « is the isobaric
thermal expansion coefficient. The data used in estimating the
bulk susceptibility effect on '*°Xe shielding in gas and in the
CB7CB-Dy solution are shown in Table 2.

The dependence of the **Xe shielding in a uniaxial nematic
phase on the temperature and orientational order can be
modelled with the function®**?

<022(T)> = 0y +0d[1 — (O(+T)(T— T())]

+§Aad[1 — (004 AT)(T — Ty)|Ps(cos 0)S(T).
(5)

(64(T)) is the average of the '*°Xe shielding tensor element
along the external magnetic field (parallel to the Z axis). The factors
o4 and Aoy are the isotropic shielding and shielding anisotropy,
respectively, at the reference temperature. The coefficients t and At
consider the possible direct effect of temperature on the shielding
and shielding anisotropy, respectively. P, is the second Legendre
polynomial, and 0 is the conical angle. Least-squares fit of function
(5) to the experimental shielding values (without susceptibility

Table 2 Parameters used in the calculation of susceptibility corrections
to the ?°Xe shielding in the phases of CB7CB

(¢ +1)=0.0014 K '

(¢ +1)=0.0014 K ', (x + At) = —0.0018 K 7,
Y =0.998, z = 0.245, Ty = 387.1 K

(¢ +1)=0.0160 K ', (x + At) = —0.0020 K,
¥ =0.998, z = 0.245, T, = 374.4 K

T 0.227
0(T) = 40.4 (1 —0.998 x m)

Isotropic phase
Nematic phase

Twist-bend

Nematic phase

This journal is © the Owner Societies 2026
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Fig. 3 Bulk susceptibility correction to the 2°Xe shielding in the phases of
CB7CB-Dy4 liquid crystal. The vertical lines indicate phase transitions.

correction) reveals the parameters y, z, (« + 1), (¢ + At) and the
conical angle, necessary for calculating the susceptibility correc-
tions. The values are listed in Table 2.

Application of eqn (2) to xenon gas (S = 0, Ay = 0) results in
gp = 0.0086 ppm. As mentioned in ref. 34, the temperature effect
is negligible. The bulk shielding correction (including that of
xenon gas) for the '*°Xe shielding in CB7CB-Dj is shown in Fig. 3.
The temperature dependence of the *°Xe shielding without and
with bulk correction in CB7CB is shown in Fig. 4, together with
the least-squares fit of function (5) to the '*°Xe shielding
corrected for the bulk susceptibility.

The fit to the susceptibility-corrected '*°Xe shielding
also reveals the change in the temperature dependence of the
conical angle. Fig. 5 shows the conical angle derived from
the uncorrected and corrected '*°Xe shielding, together with
the conical angle determined from two earlier birefringence
measurements.

-200
-205
-210
-215
-220
-225
-230
-235
-240

-245 L

320 340 360 380
Temperature (K)

129¥e shielding (ppm)

400

Fig. 4 12%Xe shielding as a function of temperature in CB7CB-D, without
(red squares) and with (blue triangles) bulk susceptibility correction. The
solid lines show extrapolation from the isotropic phase to the liquid crystal
phases (upper line) and the least-squares fit of function (5) to the suscepti-
bility corrected '?°Xe shielding (lower line). The vertical lines indicate phase
transitions.
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The temperature dependence of the conical angle after bulk
susceptibility correction to **°Xe shielding obeys the equation

0.2235
O(T) = 44.49 x (1 —0.998 x 7) : (6)
N-Nrtp

where the phase transition temperature Ty, = 374.4 K. The
susceptibility correction was calculated also using the isotropic
x value computed in this work and Ay determined in ref. 21.
Consequently, as compared to using the presently calculated
values for both of these parameters, the susceptibility correc-
tion increases on average by about 0.1 ppm in the Ny phase,
and the coefficient and exponent in eqn (6) change slightly.
However, the two curves would not be distinguishable in Fig. 5.
Interestingly, the conical angles derived from two birefringence
measurements differ significantly.>>° Ref. 35 explains that the
difference is due to the choice of the region from where the
birefringence measurements were taken. The present data
derived from the susceptibility-corrected '*°Xe shielding agree
with the conical angle reported in ref. 35.

’H quadrupole coupling and conical angle

The *H NMR spectrum of CB7CB-D, displays a single doublet in
the conventional nematic phase. In the chiral twist-bend nematic
phase, the ?H NMR spectrum shows two doublets due to the
prochiral deuterons. In the nematic phase, the quadrupole split-
ting and, in the twist-bend nematic phase, the mean of the two
splittings can be presented as follows:®

|Av| = quD|P2(cos ) P2 [cos O(T)]SP(T)], (7)

where gcp is the element of the *H quadrupolar coupling tensor
along the C-D bond, P, is the second Legendre polynomial, y is
the angle between the C-D bond and the para-axis of the
biphenyl fragment, 0(T) is the conical angle, and S,(T), modelled
by the Haller function as in the case of the '*’Xe analysis, is the
orientational order parameter of the parg-axis of the biphenyl

40

35
= 30
(V]
2 25
@
g’ 20
Tg 15 ; Birefringence (36)
'c —E— 129Xe NMR, uncorrected
8 10 ¢ Birefringence (35)

5 2H NMR

—#A— 129Xe NMR, susc. corrected
0 «
0 20 40 60 80

Tyt - T(K)

Fig. 5 Conical angle in CB7CB-D4 as a function of temperature before
(red squares) and after (blue triangles) bulk susceptibility correction to
129%e shielding, and the conical angle derived from the 2H quadrupole
splittings (cyan triangles). For comparison, also two results derived from
birefringence measurements are shown (ref. 35 and 36).

Phys. Chem. Chem. Phys., 2026, 28, 461-470 | 465


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp02069g

Open Access Article. Published on 14 November 2025. Downloaded on 3/21/2026 11:19:09 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

fragment relative to the director. It is generally assumed that the
C-D bond forms the tetrahedral angle with the para-axis.®'>"*2%*”
The application of eqn (7) assumes that the orientational order of
the biphenyl fragment can be described by a single parameter. Ref.
37, however, proves that the biaxiality order parameter is about
7.3% of the order parameter along the para-axis in the nematic
phase and about 3.6% in the Ntg phase. Furthermore, as men-
tioned above, it is generally assumed that gcp equals 168 kHz. Our
computations and data analysis, however, show that it should be
around 176-178 kHz, as discussed above.

We apply eqn (7) in the Ny phase with keeping y fixed to
109.6° as derived from the optimised geometry and allowing
gcp to change in the least-squares fit. The fit resulted in gcp =
177.5 kHz. No other combination of gcp and y values resulted in a
better agreement between the experimental and calculated results.
Interestingly, gcp of 177.5 kHz is within the estimated values from
the computations. When analysing the quadrupole splittings in the
nematic phase, gcp was fixed to the value of 177.5 kHz, while
P,(cosy) was used as a free parameter. It came out that the best fit is
achieved with P,(cosy) = 0.307583, which means that y = 110.98°,
ie., 1.4° larger than in the Nyg phase. Interestingly, ref. 12 reports
that the principal ordering axis of biphenyl has tilted about 13°
relative to the para-axis in the nematic phase. This is almost tenfold
of the value observed here. It is, of course, possible that the tilt of
1.4° arises partly because the single order-parameter approximation
for the biphenyl fragment works better in the N phase than in the
N phase. As discussed above, the relative contribution of the biaxial
order parameter is twofold in the N phase as compared to that in
the Npp phase. The temperature dependence of the conical angle
derived from the mean of the *H quadrupole splittings is displayed
in Fig. 5 together with '*Xe NMR and birefringence results. The
conical angle as determined from the *H quadrupole splittings can
be described using the following equation:

0.1762
) e

where Ty, is the N-Ng phase transition temperature, 374.4 K, in
the present case.

0(T) = 36.69 x (1 —0.998 x
N—-Ntp

129%e linewidth and activation energy

Fig. 6 shows the width of '*°Xe resonance peak as a function of
temperature in CB7CB-D,. The linewidth increases abruptly
when approaching the phase transitions from the high-
temperature side. Interestingly, the *H NMR spectrum of
CB7CB-D, does not display a *H linewidth behaviour like that
of xenon at the phase transitions.*® Furthermore, for '*°Xe, the
steep increase of the linewidth starts at a much higher tem-
perature than in the case of ?H. Upon lowering the temperature,
a further increase of the '*°Xe linewidth takes place in the N
phase at about 359 K. Below this temperature, v4/,(Xe) increases
exponentially. A least-squares fit of the natural logarithm of the
Arrhenius function (assuming that the activation energy E, is
independent of temperature)

Ep
v1/2(Xe) = aeRT, 9)
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Fig. 6 Experimental and calculated linewidth v,5(**°Xe) in the Ntg phase.
The solid blue line is the least-squares fit of the experimental point to the
Arrhenius law, in the Ntg phase. Phase transitions are indicated by vertical
lines. Note: 11,5(**°Xe) = 2.80 Hz in the gas phase. The red squares and blue
circles denote experimental and calculated points, respectively.

i.e., of the function

Inv/(Xe) = lna+&

RT (10)

to the experimental data, results in Ina = —12.08 + 0.67, and
E, =45.08 + 1.9 k] mol~". Using eqn (9),

5422 K
T Hz.

vi2(Xe) = 5.644 x 10~% (11)

Linewidth at the phase transitions

As shown in Fig. 6, v1,,(**°Xe) increases steeply at both phase
transitions, when approaching from the high-temperature side.
After the transitions, vy,(**°Xe) narrows exponentially back
towards the same value as in the bulk isotropic phase, ca.
21 Hz. The N phase must be cooled by ca. 30 K and the Nyp
phase by ca. 20 K from their respective phase transition
temperatures, before the '*°Xe linewidth again approaches
the isotropic value, or the value just before the phase transition.
Fig. 7 (top) shows least-squares fits of function (12) to the
experimental data leading to the mentioned values:

vip(*?°Xe) = a + bexp[c/(T — Ter)), (12)

where Tpr is either the I-N or N-Ng phase transition tempera-
ture. Fig. 7 (bottom) displays the linewidth after removing the
distributions at the phase transitions.

The values of the adjustable parameters in eqn (12) are given
in Table 3.

The "*°Xe linewidth as a function temperature in CB7CB can
now be presented in the form

2146 Hz; 359K < T <390 K

129
V1/2( Xe) = 5422 (13)
T

K
5.64 x 10~% Hz; T <359K.

Spin-spin relaxation rate of **Xe

Neglecting possible effects from the inhomogeneity of the
external magnetic field, the relaxation rate 1/T, of *°Xe is
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Fig. 7 (top) Least-squares fit of function (12) to experimental °Xe line-
widths at the low-temperature sides of the phase transitions. It is seen that
the minimum linewidth is ca. 21 Hz. (bottom) *2°Xe linewidth, v/, when
the distributions in the vicinity of the phase transitions are subtracted. The
vertical lines indicate phase transition temperatures. Average linewidth
equals 21.46 Hz between 359 and 398 K.

Table 3 Values of the parameters a, b and ¢ in egn (12)?

Phase transition Ter (K) a (Hz) b (Hz) ¢ (K)
I.--N 387.1 78.5 —61.6 1.529
N--Nrg 374.4 163.3 —143.0 0.178

“ Note: temperature was decreased slowly from the isotropic phase.

obtained from the linewidth:

— =T ). 14
= 14
It appears that 1/T, (**°Xe) is linearly dependent upon the ratio
of the rotational viscosity of CB7CB*’ and temperature, #/T,
within the temperature range [328 K, 359 K]:

1
=c><l+d,

T>(1PXe) T (15)

where ¢ = 43174.08 K Pa ' s> and d = 7.10168 s '. The
dependence is shown in Fig. 8, while Fig. 9 displays 1/T, (**°Xe)
as a function of temperature within the above-mentioned
temperature range.
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Fig. 8 1/T, (**°Xe) as a function of #/T, where 5 is the rotational viscosity
of CB7CB and T is temperature.
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Fig. 9 1/T, (**°Xe) as a function of temperature. The solid line is from
egn (15).

According to the Stokes-Einstein-Debye model,*® the rota-
tional correlation time is linearly related to #/T:
Vo
T, = ra— 16
¢ ke T (1e)

where 7 is the rotational viscosity of CB7CB*® and k; is Boltz-
mann constant. For the calculation of z., the molecular volume
should be known. Use of the radius of gyration around the long
axis of the molecule, 2.38 A, of CB7CB results in V=5.649 x 10~2°
m®, which is comparable to the polarizability volume of 428.78
Bohr® = 6.354 x 10~ > m?, calculated at the presently applied level
of theory. The temperature dependence of 7. is illustrated in
Fig. 10. Obviously, 1/T, is directly proportional to 7.

When dealing with the relaxation of ***Xe one must consider
two mechanisms: (1) dipolar interaction of '*°Xe with the
protons in CB7CB-D,*' and (2) '*’Xe shielding anisotropy.*>
We consider first the latter case.

The spin-spin relaxation rate due to shielding anisotropy is
described by*?

1 1 250 5 3
— = By Aoxe e |4+ —5— 17
TZ(CSA) 457))(6 ’ e e 1+ ox?tl]’ (47)
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Fig. 10 Rotational correlation time of CB7CB as a function of tempera-
ture in the temperature range [328 K, 359 KI.

where yx. is the gyromagnetic ratio of xenon-129, B, is the
magnetic flux density (14.07 T in the present case), and Ao, is
the shielding anisotropy. This anisotropy value is the result of
the least-squares fit of the *°Xe shielding to the function in
eqn (5). It appears that the anisotropy is the same in the N and
Ny phases, i.e., —47 ppm. The shielding anisotropy of '*°Xe
arises from the deformation of its electron distribution due to
the anisotropic environment. In other words, xenon experi-
ences different interactions with the CB7CB molecules along
different directions. Consequently, a plausible conclusion is
that the correlation time in eqn (17) is the same as (or at least
strongly related to) that for 1/T, (**°Xe), shown in Fig. 10. It
appears that 1/T, (CSA) is directly proportional to . at low
temperatures and is negligibly small compared to the total 1/75.
Obviously, the dominant relaxation mechanism is '*°Xe-'H
dipole-dipole interaction. As discussed, for example, in ref. 41,
analytical treatment of the problem leads to complex time-
correlation and spectral density functions. However, when
dealing with the effect of diffusion, the translational diffusion
correlation time can be presented in a simple form

d2
- b
Dcaxe

e (18)
where Dcpxe = Dcprcs T Dxe is the mutual self-diffusion constant
of the interacting species and d is the distance of closest
approach between the spins. Here, Dggcp is the diffusion con-
stant of CB7CB and Dy, that of xenon. Both diffusion tensors are
anisotropic. For example, the anisotropy of the CB7CB diffusion
tensor, D/D , is in the range of 1.5 to 3.2** while that of xenon-
129 is typically below 1.**** The self-diffusion coefficient of
CB7CB-D;, in the direction of the director/helix axis appears to
be ca. 2 orders of magnitude smaller* than the typical values of
29%e in conventional liquid crystals, being of the order of 10~ "°-
10~° m* s~'.7* Consequently, the Xe self-diffusion coefficient
can be argued to dominate in eqn (18). If one assumes that
d ~ 3.5 A,*® 1. appears to be of the order of 10~ ** s in the isotropic
and nematic phases but ca. 107'° s in the Ny phase. However, d is
obviously dependent upon temperature. Thus, when d increases
(upon lowering the temperature), 7. also increases.
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The relaxation rate can be expressed as follows:*’
26

1 1 H0>2 2, 232 1 !
— = —(22) xSyt — 4+
T, 20<4n /Xe TH °Zrﬁ 1+ (on — oxe) 18

3 6 6

1+ erZTcz 1+ szfcz 1+ (w].[ =+ er)z.L-CZ
(19)

Here r; is the distance between the xenon atom and the proton
i, and wyg and oy, are the Larmor frequencies of *H and **°Xe
nuclei, respectively. Eqn (19), however, is only qualitatively cor-
rect as it assumes a constant internuclear distance. Furthermore,
eqn (19) does not include the fact that one xenon-129 is
surrounded by many CB7CB molecules, each carrying 26 protons.
As discussed above, in the low-temperature part of the CB7CB
data, ie., within the temperature range [328 K, 359 K], 1/T} is
directly proportional to the rotational correlation time of CB7CB.
This means that the terms (wy — Wxe)’Te>, Wxe Ty O Te> and
(wy + wxe)’te” in the denominators of the terms in eqn (19) are
much larger than unity and the rotational diffusion of CB7CB
dominates in the low-temperature part of the Ny phase. In the
high-temperature part of the Ntz phase and in the N phase, the
situation is the opposite to the previous case, meaning that
(0 — Oxe)’T, Oxe T, O T and (wg + ko)’ are much
smaller than unity. Still, 1/T, remains directly proportional to the
correlation time, but now to the diffusion correlation time.

Conclusions

We have applied '*Xe NMR, quantum-chemical computations
and earlier *H NMR data to address the structural and dynamic
properties of the twist-bend nematic liquid crystal phase formed
by the CB7CB molecules. The conical angle of the twist-bend
nematic phase defines the nanoscale geometry and optical
properties of the phase. It influences, for example, birefringence
and electro-optical responses. Consequently, it is a very impor-
tant property. Here, it was derived from the "*°Xe and ’H NMR
experiments. In the former case, temperature dependence of the
chemical shift was utilized, while in the latter case quadrupole
coupling was used. When using xenon-129 as an external
chemical shift reference, it is necessary to apply the bulk
susceptibility correction. The correction was calculated using
the isotropic diamagnetic susceptibility calculated in this work
as no experimental value could be found from the literature. For
the diamagnetic anisotropy, two values were used: one from the
present computations and one from experiments, the latter
being ca. twofold. It is shown that in both cases the correction
leads to an increase in the temperature dependence of the
conical angle in the CB7CB-D, liquid crystal. The conical angle
was also determined from the mean of the temperature-
dependent *H quadrupolar splittings in the twist-bend nematic
phase. In this case, it is necessary to assume that the orienta-
tional order of the biphenyl fragments can be described by a
single order parameter. The temperature dependence of the
conical angle derived from the susceptibility-corrected ">°Xe
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shielding values agrees well with the one from the birefringence
measurements in ref. 35.

When moving to low temperature, the '*°Xe linewidth
increases rapidly at the low temperature part of the twist-bend
nematic phase, the activation energy being 45.08 k] mol ™. The
linewidth increases abruptly when approaching I-N and N-Np
phase transitions from the high-temperature side and decays
exponentially towards a value of ca. 21.5 Hz after the transitions.
The transitions to this value need temperature decreases by ca.
30 K in the N phase and by ca. 20 K in the Nyg phase. When the
contributions to the linewidth at phase transitions are removed,
the linewidth (and spin-spin relaxation rate) appears practically
insensitive to temperature variation in the isotropic and nematic
phases and in the high temperature part of the Nty phase. It is
concluded that the self-diffusion of xenon-129 makes the princi-
pal contribution to the 1/7, relaxation rate in the isotropic and
nematic phases, while in the low-temperature Nt phase the
rotation of the CB7CB molecules becomes more crucial.
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