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Modulated nematic liquid crystal phases, which lack positional order but have some periodic variation in
the direction of average orientation present in a classical nematic, have attracted significant interest. In the
recently discovered splay nematic (Ns) phase the average orientational order is augmented with a periodic
splay deformation of orientation perpendicular to the director. We use X-ray scattering experiments to
measure the orientational order parameters in the nematic (N) and splay nematic (Ns) phases of the liquid
crystalline material RM734. The degree of orientational order is somewhat larger in the Ns phase than in
the preceding nematic and temperature dependent. We reconstruct the orientational distribution function
and find it to be nematic-like in the Ng phase, indicating the change in orientation between neighbouring
molecules due to the splay modulation is very small. A small splay angle implies that the splay modulation
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period is larger than the few tens of nanometers originally envisaged. The method described herein can
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Introduction

Nematic liquid crystal phases, in which there is an average
orientational order of the molecules but a lack of positional
order, are the cornerstone of the display industry. New nematic
ground states are rare, and in the 21st century the prediction
and subsequent discovery of nematic phases with periodic
modulation of their orientation has generated significant
interest." > The most widely studied of these recently observed
nematic variants is the twist-bend nematic (Nrg), in which the
average orientational direction precesses about a cone along
the optic axis giving rise to a helical structure with a periodicity
of a few molecular lengths.*™®

Some years ago we reported rod-shaped materials which
exhibit two nematic phases separated by a weak first order
phase transition.” One of these materials (RM734, Fig. 1A)"
was studied in detail by Mertelj et al., who found the higher
temperature phase to be a classical nematic phase, and the
lower temperature nematic to be a nematic phase with a
periodically splayed local director - a splay nematic phase
(Ns, Fig. 1C)."" The experimental observation of the splay
nematic ground state satisfied an earlier prediction of such
a phase.” Chaturvedi and Kamien recently discussed how the
N; is related to the splay-bend nematic phase (Ngg) described by
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be used to assist in unambiguous identification of the splay-nematic phase.

Dozov through exchange of the splay and bend elastic constants;"*?

the modulation vector is perpendicular to the director in the Ng
phase and parallel in the Ngg. It is possible that the ‘MP’ phase
reported by Kikuchi et al. is another example of the splay nematic
phase.' Barbero and Lelidis recently discussed the possibility
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Fig. 1 (A) Molecular structure, transition temperatures (°C) and associated
enthalpies [kJ mol™!] of RM734;1° (B) ORTEP model of RM734 obtained by
XRD as described in ref. 11 with thermal ellipsoids at 50% probability; (C)
cartoon depiction of a single period (Pmoq) Of the periodic splay deforma-
tion of the director (n) in the Ns phase.
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of periodic modulated splay-nematic phases that results from a
negative value of K;,."> The proposed structure of the Ng phase
is polar, biaxial and antiferroelectric and therefore of signifi-
cant interest for electrooptic devices. However, there is a need
to better characterise the structure of this phase, and to devise
methods for unambiguous identification.

For the twist-bend modulated nematic phase, X-ray scatter-
ing experiments can be used to measure the order parameters
which can then be used to calculate the heliconical tilt angle.””®
From the proposed model of the Ng phase'' one can imagine
that the periodicity of the splay-nematic phase is inversely
related to the splay-angle between neighbouring molecules,
i.e. a large periodic length scale leads to a small angle and vice
versa. In the case of a small periodic length scale, this angle
may be measurable by X-ray scattering experiments. However,
its absence would support the idea that the periodic length
scale of the Ng phase is large, rather than being on the order of
a few nanometers.

Experimental

Materials used in this study were prepared as described
previously." The first five even orientational order parameters
((P,)) of RM734 were determined by wide angle X-ray scattering
(WAXS) using the method described in ref. 16 and 17 Samples
were filled into 0.9 mm 1.D. borosilicate glass capillary tubes
purchased from Capillary Tube Supplies UK Ltd. Briefly, 2D
WAXS patterns were recorded as a function of temperature
in 3 °C intervals over a temperature range of 195 °C to 48 °C
(T/Tn1s0 Tange of 1.01 to 0.69) with an exposure time of 300
seconds and a sample to detector distance of 121 mm, allowing
simultaneous recording of small and wide angle data. The 2D
WAXS pattern obtained from an empty glass capillary was used
as a background. Following background subtraction we per-
formed azimuthal integration (1° step size). Fitting according to
eqn (1) allows the orientational order parameters to be deter-
mined; eqn (2) and (3) show this for (P,) while details for higher
order parameters are given in the ESL.¥

2n— 1N

x o .,
I(X):zo:zf‘znwcosz X (1)
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(P2) = 3(3(cos” )~ 1) 3)

Form factors and scattering intensities were calculated from
atomic coordinates using the ATSAS 2.8 software package.'®™°

Results and discussion

As discussed in an earlier paper, when studied by X-ray scatter-
ing experiments the wide-angle peak RM734 (and related
materials) is found over a particularly large angular range and
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Fig. 2 (a) Plot of the calculated molecular form factor (P(Q)) of RM734.
(b) Plot of the calculated wide angle scattered intensity of RM734. (c) Plot
of experimentally measured scattered intensity versus Q (A~?) for the wide-
angle peak(s) of RM734 in the isotropic liquid at 190 °C. In all three plots
the solid line corresponds to data — either calculated or experimental —
and dashed lines to deconvoluted peaks.

can be deconvoluted into two overlapping peaks (Fig. 2c) at
1.14 A™" and 1.49 A~". This is behaviour is observed not only in
the Ng phase, but also in the nematic and isotropic liquid.
If both wide-angle peaks originate from a single molecule then
the analysis presented in eqn (1)-(3) can still be used, whereas
if one of the peaks originates from local phase biaxiality in the
N; phase then this approach may no longer be valid. That the
two wide angle peaks are observed in the isotropic liquid and
both nematic phases are strong indicators that they do not
originate from biaxial local order, however we sought further
demonstration that these originate from the molecular shape
of RM734 by calculating the molecular form factor (Fig. 2a) and
scattered intensity profile (Fig. 2b). The molecular form factor
of RM734 shows two diffuse features whose scattering vectors
(1.15 A™* and 1.44 A™*) match both calculated isotropic wide-
angle scattering data (Fig. 2b) and experimental scattering data
in the isotropic liquid (Fig. 2c). Plots of intensity versus Q for
the nematic and Ng phases are given in the ESLj (Fig. SI2);
these show that the position of the deconvoluted peaks does
not vary in the different phases (Iso, N, Ng), which is to be
expected given their origin in molecular shape.

Having established the origin of the two wide angle peaks,
we next measured the orientational order parameters of RM734
as a function of temperature across the nematic and Ng phases.
As shown in Fig. 3, both (P,) and (P,) increase across the
nematic phase, reaching maximum values of ~0.55 and ~0.15,
respectively. At the Ns-N transition there is a jump in both (P,)
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Fig. 3 Plot of the first four even order parameters (P,) as a function of
reduced temperature for RM734. We omit (Pyo) from this plot as it is
effectively zero at all temperatures. The dashed line corresponds to the
location of the Ns—N phase transition.

and (P,); in the splay nematic phase we find values in the range
~0.60-0.66 and ~0.20-0.27 for (P,) and (P,), respectively.
Values of (Pg) follow the same trend as (P,) and (P,), being
in the range 0.00-0.04 in the nematic phase, and 0.05-0.10 in
the Ng phase. We also determined the higher order parameters
(Pg) and (Pyo); the former is zero in the nematic phase and
increases slightly to take a maximum value of ~0.03 in the Ng
phase, whereas the latter is effectively zero at all temperatures
studied. We note that at the Ng-N phase transition there is a
clear discontinuity in the first three order parameters, which
is to be expected due to the first order nature of this phase
transition.

Plotting (P,) versus (P,) allows us to remove the explicit
temperature dependence of the two principal order parameters,
as shown in Fig. 4. Empty data points correspond to RM734
in the nematic phase; filled data points correspond to the splay-
nematic phase of the same material. This shows that the
relationship between (P,) and (P,) is the same in the nematic
and Ng phases of RM734, with values simply being larger in the
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Fig. 4 The variation of (P4) as a function of (P,) for RM734: empty data
points correspond to values in the nematic phase (>132.7 °C), filled data
points correspond to values in the splay nematic phase (<132.7 °C).
Predictions from Maier—Saupe theory (solid line) are given for comparison.
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lower temperature nematic phase. Experimental orientational
order parameters were compared with Maier-Saupe (MS)
theory, presented as a solid black line. It is immediately
apparent that, at a given value of (P,) the corresponding value
of (P,) is smaller than is predicted by either MS theory. It
should be noted that MS theory is concerned with predicting
the orientational properties of uniaxial nematic liquid crystals
and so it is therefore not surprising that it fails to describe the
orientational properties of the splay modulated nematic phase,
however, this does highlight the need for an analytic theory of
this phase of matter to be developed.

From the first five even orientational order parameters we
reconstruct the orientational distribution function (ODF)
across the temperature range studied (Fig. 5a). Truncating the
reconstruction of the ODF at the 5th (P,,) term (ESI,T eqn (S12))
or the sixth f,, term (ESL 1 eqn (S13)) gave essentially identical
results. The use of higher order parameters (i.e. (Pg), (Pio))
allows finer detail to be resolved in the ODF which may
otherwise be lost through truncation effects. In both the
nematic and splay nematic phases the ODF is (to a first
approximation) Gaussian with its maxima at = 0°, indicating
that in terms of orientational order the Ng phase is locally
similar to the preceding nematic (Fig. 5b). As would be
expected, we find the FWHM of the ODF decreases as a
function of temperature, with a small discontinuity at the
Ns-N transition (Fig. 5¢). The change in orientation from one
molecule to its nearest neighbours that results from the splay
modulation is therefore small enough that it is not observable
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Fig. 5 (a) Contour plot of the orientational distribution function (ODF) as
a function of reduced temperature, where the white dashed line indicates
the Ns=N transition temperature. (b) Plot of the ODF of RM734 at five
temperatures — dashed lines correspond to the nematic phase, solid lines
correspond to the splay-nematic phase. (c) Plot of the HWHM of the ODF
as a function of reduced temperature — the dashed line corresponds to the
Ns—N phase transition.
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by WAXS. The implication is that the periodicity of the Ng phase
is large rather than being of the order of a few nanometers as is
the case with the Nty phase.

We also studied the orientational order of an analogue of
RM734 used in this work in which the nitro group is replaced
with a nitrile, in this manuscript we refer to this material as
‘RM734-CN’ and it has the phase sequence Cr 173.2 N 200.4 Iso.
RM734-CN does not exhibit the splay-nematic phase, the
temperature dependence of the first four even (P,) order
parameters is typical of that of a nematic phase, and the
discontinuity observed at the Ng-N transition for RM734 is
absent. Further discussion and data are given in the ESL¥
The behaviour of the orientational order parameters at the
Ns-N transition appears to be unique, and is distinct from
other presently known modulated nematic phases.”® Measure-
ment of the orientational order parameters by WAXS - coupled
with the absence of Bragg scattering in small-angle X-ray
scattering (SAXS) to confirm a positionally disordered phase -
could be considered diagnostic of the splay nematic phase, and
therefore provides a means to identify of this phase of matter.

Conclusions

Wide-angle X-ray scattering experiments have been used to probe
the orientational order in the nematic (N) and splay nematic (Nj)
phases of the liquid crystalline material RM734. The Ng phase
displays a slightly greater degree of orientational order than the
classical nematic phase, with a discontinuous increase in the first
four even (P,) order parameters at the Ng-N phase transition,
whereas (P;,) was found to be effectively zero at all temperatures.
Reconstruction of the orientational distribution function (ODF),
and the lack of off axis correlation peaks indicates that the change
in orientation between two neighbouring molecules that results
from the splay modulation of the Ng phase is small, too small to
be measured by WAXS. This suggests that the periodicity of the
splay-nematic phase, at least in RM734, is larger than the few tens
of nanometers envisioned originally."!
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