molecules

Article

Experimental and Computational Study of a Liquid Crystalline
Dimesogen Exhibiting Nematic, Twist-Bend Nematic,
Intercalated Smectic, and Soft Crystalline Mesophases

Emily E. Pocock !, Richard J. Mandle 1-2*

check for

updates
Citation: Pocock, E.E.; Mandle, R.J.;
Goodby, J.W. Experimental and
Computational Study of a Liquid
Crystalline Dimesogen Exhibiting
Nematic, Twist-Bend Nematic,
Intercalated Smectic, and Soft
Crystalline Mesophases. Molecules
2021, 26, 532. https://doi.org/
10.3390/molecules26030532

Academic Editor: Anan Yaghmur
Received: 8 January 2021
Accepted: 19 January 2021
Published: 20 January 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and John W. Goodby 1*

Department of Chemistry, University of York, Heslington, York YO10 5DD, UK; ep851@york.ac.uk
2 School of Physics and Astronomy, University of Leeds, Leeds LS2 9]T, UK
*  Correspondence: r.mandle@leeds.ac.uk (R.J.M.); john.goodby@york.ac.uk (J.W.G.)

Abstract: Liquid crystalline dimers and dimesogens have attracted significant attention due to their
tendency to exhibit twist-bend modulated nematic (Np) phases. While the features that give rise to
Ntp phase formation are now somewhat understood, a comparable structure—property relationship
governing the formation of layered (smectic) phases from the Ntp phase is absent. In this present
work, we find that by selecting mesogenic units with differing polarities and aspect ratios and
selecting an appropriately bent central spacer we obtain a material that exhibits both Nt and
intercalated smectic phases. The higher temperature smectic phase is assigned as SmCp based on its
optical textures and X-ray scattering patterns. A detailed study of the lower temperature smectic
”X” phase by optical microscopy and SAXS/WAXS demonstrates this phase to be smectic, with an
in-plane orthorhombic or monoclinic packing and long (>100 nm) out of plane correlation lengths.
This phase, which has been observed in a handful of materials to date, is a soft-crystal phase with
an anticlinic layer organisation. We suggest that mismatching the polarities, conjugation and aspect
ratios of mesogenic units is a useful method for generating smectic forming dimesogens.

Keywords: liquid crystal; nematics; X-ray scattering; Ntp

1. Introduction

Liquid crystals can be broadly defined as any state of matter with some degree of
positional or orientational organisation intermediate between the isotropic liquid state and
a crystalline solid with long-range positional and orientational order in three dimensions.
For example, the nematic phase possesses only short-range orientational organisation
whilst smectic phases also exhibit positional order in one dimension.

The experimental discovery of nematic polymorphism in the early 21st century (i.e.,
new nematic phase types) has provided fresh impetus to the study of nematic liquid
crystals [1-3]. The most well-known example of nematic polymorphism is the twist-bend
modulated nematic phase (Np), which possesses a helical structure with a pitch length of
a few nanometers [4-6] and is therefore chiral in spite of being typically formed by achiral
molecules, although a handful of chiral materials are known to exhibit this phase [7-9].
The Ntp phase exhibits striking optical textures [10] and has been studied by resonant [4,11]
and non-resonant SAXS, [12] NMR, [13-15] polarised Raman spectroscopy, [16] and under
applied electric [17] and magnetic fields. [18] The twist-bend nematic phase is principally
formed by liquid-crystalline dimers, [19] in which two rigid sections are adjoined by a
(semi) flexible spacer. However, this phase of matter is also observed in liquid crystalline
n-mers, [20,21] hydrogen bonded systems, [22,23] bent-core materials, [24] and non-linear
oligomers. [25] Experimental results show the importance of molecular shape [26-29] and
the gross bend-angle in dictating the occurrence of this phase, [28,30,31] largely supporting
the findings of earlier theoretical treatments. [32,33]

Molecules 2021, 26, 532. https:/ /doi.org/10.3390 /molecules26030532

https:/ /www.mdpi.com/journal/molecules


https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0001-9816-9661
https://doi.org/10.3390/molecules26030532
https://doi.org/10.3390/molecules26030532
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/molecules26030532
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/1420-3049/26/3/532?type=check_update&version=2

Molecules 2021, 26, 532

20f12

It is now largely trivial to design new materials that will exhibit nematic and Ntp
mesophases, pairing an appropriate central spacer (dictates bend angle and conformer dis-
tribution) with suitable mesogenic units (dictates transition temperatures); this is reflected
by the fact that hundreds of materials are now known to exhibit this phase [34-38].

Transitions from the Ntp phase into other phases are still rare, and just a few examples
of such transitions to smectic [39-44] and B¢ phases [24,45] are known. The behaviour
of key physical properties across such phase transitions, for example, elastic constants,
Nrp pitch length, helicoidal angle, etc., would be expected to give insight into the nature
of the self-organising process that leads to the formation of the Ntp state. While the
relationship between the Ntp phase and molecular structure is understood to a certain
extent [28,36,39,46-50] there is no such relationship known for materials that exhibit both
Nrtp and smectic phases and, at least in the experience of the authors, these have been
discovered on a largely serendipitous basis. Previously we reported that increasing the
length of terminal alkyl chains is a useful way to generate smectic phases in dimers
and bimesogens, [36] however this typically leads to diminished nematic and Nt phase
stability and so we sought to avoid this stratagem.

The cyanobiphenyl unit commonly used in dimers tends to self-associate into antipar-
allel pairs through dipole-dipole interactions, [51] some fluorinated mesogenic units do
not. [52,53] We considered that replacement of one cyanobiphenyl unit in a simple dimer
(CB8OCB) [30,54] with a 3,4,5-trifluoroterphenyl unit (FFFT) might lead to segregation of
the different units into alternate layers and thus promote the formation of smectic phases.
The difference in the size of the two mesogenic units (CB ~ 9.7 A, FFFT ~ 12.8 A, at the
DFT(B3LYP/6-31G(dp) level) might also be expected to lead to segregation and thus the
formation of smectic phases directly from the Ntp phase.

2. Results and Discussion
2.1. Mesomorphic Behaviour

The transition temperatures of CBSOFFFT were determined by polarised optical
microscopy and differential scanning calorimetry (DSC) and are presented in Table 1.

Table 1. Molecular structure (top), transition temperatures (T, °C) and associated enthalpies of
transition [AH, k] mol 1] for CBSOFFFT, determined by differential scanning calorimetry (DSC) at a
heat/cool rate of 10 °C min~!. Transition temperatures were recorded on the heating cycle with the
exception of the monotropic X-SmCjp transition, which was recorded on cooling. Uncertainty in our
DSC measurements is estimated to be £0.1 °C and +0.05j g_l, corresponding to ~0.03 k] mol 1,

MP X-SmCA SmCA-NTB NTB -N N-Iso
T 86.0 81.9 93.4 95.3 145.4
AH 8.0 7.6 1.0 0.2 0.6

We first studied CBSOFFFT by microscopy confined in a 5 pm cell treated to give
planar alignment; on cooling from the isotropic liquid, we observed a wide-temperature
nematic phase followed by a short temperature range Ntp phase (Figure 1a). Further cool-
ing of the material exhibited a smectic phase, which exhibited a number of striking optical
textures, which we will now describe. We observed a parabolic texture (Figure 1b) along
with a rope-like texture (Figure 1c,d), reminiscent of those exhibited by the twist-bend
nematic phase, but exhibited by a smectic phase. We were unable to locate homeotropic or
schlieren regions in the cell, and so we next studied CBSOFFFT by microscopy on untreated
glass; the nematic phase gave a characteristic schlieren texture (Supplementary Materials,
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Figure Sla) whereas the Ntp phase afforded rope-like and blocky textures (Supplementary
Materials, Figure S1b).

Figure 1. Photomicrographs of compound CB8OFFFT: (a) the rope texture of the twist-bend phase
forming at 94.5 °C; (b) parabolic defects in the SmC, phase at 92 °C; (c) slow cooling (0.1 °C min~1)
across the nematic (Np)-SmCyp transition shows the transition front, the rope texture of the Ntp (left)
is retained in the SmCy phase (right) with a significant change in birefringence (93.3 °C); (d) rope-
texture of the SmCp phase at 85 °C; (e) striations visible in the focal-conic texture of the SmC4 phase
at 91.5 °C sandwiched between untreated glass; (f) schlieren texture of the SmC, phase at 90 °C;
(g) six-brush dispirations in the schlieren texture of the SmC, phase at 91 °C (200x magnification);
(h) two-brush defects in the schlieren texture of the SmCp phase at 93.1 °C. The scalebar is 100 um in
all cases.

In the smectic phase, we observed focal conic defects with striations (Figure 1le), a
texture classically associated with the helical ferro- and ferrielectric smectic C phases [55].
In the present case, the aperiodicity of the striations suggests their origin is more likely to
be tilt domains within the SmC phase rather than the phase being the helical twist-bend
type smectic reported recently [56-58]. We obtained a schlieren texture for the SmC phase
by mechanically shearing the N1 phase just above the transition into the SmC phase to
give a homeotropically aligned sample; upon cooling into the SmC phase, we obtained
a schlieren texture, with representative photomicrographs given in Figure 1f-h. In the
schlieren texture, we observed two-, four- and even six- brush dispirations; such behaviour
is diagnostic for the anticlinic phase structures, and thus we conclude this phase to be of
the subtype SmCp [59-61].
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Upon supercooling the material, a further phase transition occurred with a large
associated enthalpy (AH = 7.6 k] mol 1), indicative of the formation of a higher ordered
smectic or soft-crystalline phase. When observed by microscopy regions that exhibited a
schlieren texture in the SmC4 phase yield a broken mosaic texture (Figure 2b). The lack
of a schlieren texture in the “X” phase ruled out tilted hexatic phases (Sml, SmF); instead,
the optical textures were perhaps closest to the soft crystal smectic phases Smectic G
phase. Regions exhibiting a fan texture in the SmC4 phase gave a banded fan texture,
which exhibited long-range out-of-plane correlations and in-plane defects (Figure 2c).
These observations contrast with classical LC phases such as B or E, which tended to give
continuous domains within the plane.

Figure 2. Photomicrographs of CB8OFFFT: (a) the schlieren texture of the SmCy phase at 85 °C; (b) a
paramorphotic mosaic texture of the X’ phase at 80 °C, note that this is the same region of the sample
as shown in (a); (c) the banded fan texture of the “X” phase at 79 °C. The scale bar corresponds to
50 pum.

2.2. X-Ray Scattering

We next studied CBSOFFFT by SAXS/WAXS; as shown in Figure 3a, both nematic
and Nt1p phases exhibited only diffuse scattering at small angles, whereas the SmCx
phase exhibited Bragg scattering due to its layered structure. A highly diffuse second
order scattering peak (200) can be seen in the nematic (Figure 3b), N1 (Figure 3c) and
SmC, (Figure 3d) phases at Q ~0.6 A~1. All three phases exhibited diffuse scattering at
wide angles, indicating a lack of in-plane ordering, whereas the “X” phase exhibited a
SAXS/WAXS pattern consistent with a highly ordered soft crystal phase (Figure 3e).
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Figure 3. SAXS/WAXS studies on compound CB8OFFFT: (a) plot of intensity (log, arb.) as a function
of Q (Afl) at 99 °C (nematic, red), 94 °C (Ntp, blue), 89 °C (SmC,, black) and 79 °C (X, green).
Magnetically aligned 2D SAXS patterns in (b) the nematic phase at 105 °C, (c) the Ntp phase at 94 °C,
(d) the SmCy phase at 85 °C and (e) the X" phase at 74 °C.

Across the SmCA-Nrp transition, there was no change in the d-spacing of the small
angle peak, and the alignment of the X-ray scattering densities were orthogonal to one
another, suggesting that there was no change in the overall tilting of the molecules and that
the conical angle of the Ntp phase became the tilt angle of the SmC, phase. We determined
the molecular length—defined here the distance from the nitrogen of the cyanobiphenyl
to the 4-fluoro atom of the trifluoroterphenyl unit—to be 32.9 A at the B3LYP/6-31G(d,p)
level of DFT. The layer spacing, which remained constant in the SmC, phase, was found
to be 17.4 A, equal to 0.52 molecular lengths and therefore demonstrating intercalation,
with the relative arms of the dimers being mixed in the layer planes. The wide-angle
spacing corresponded to the average lateral molecular separation and took practically
identical values in the nematic and Ntp phases (Q = 1.384 A~1,d =453 A1) and decreased
marginally at the transition to the SmC, phase (Q =1.399 A~1,d =4.55 A1),

In the “X” phase, we observed several peaks at small angles (Figure 4e), indicating
long-range out-of-plane order, and we indexed these as the 001 through to 005 peaks.
The layer spacing, determined from the 001 peak, was approximately equal to the fully
extended molecular length. This change in layer spacing in the ’X” phase was approxi-
mately double that of the SmCj phase, indicating that the lower temperature phase lacked
the intercalated layer structure seen in the higher temperature phase but had a nanosegre-
gated structure of separated cyanobiphenyl and 3,4,5-trifluoroterphenyl arms. From the
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scattering vectors (Table 2), we can clearly ascertain that the “X” phase was layered rather
than cubic or hexagonal. We excluded the possibility of further peaks at smaller angles by
increasing the sample-to-detector distance from 121 mm (simultaneous SAXS/WAXS, Qmin
~ 0.1 A‘l) to 300 mm (SAXS only, Qmin ~ 0.05 A1 see Figure 2); however, no additional
scattering was seen at low Q.

ﬁii\

B

Figure 4. Proposed packing in the /X” phase exhibited by CBSOFFFT: d is the layer spacing (32.9 A),
and a/b correspond to the lateral separations (4.0 A and 4.6 A).

Table 2. Tabulated peak data from SAXS/WAXS of the “X” phase of CBSOFFFT at a temperature of
74 °C (T/Tniso = 0.83).

Peak Q(@A-1 d

001 0.190 % 0.002 331407
002 0.379 + 0.003 16.6 £0.3
003 0.578 4+ 0.005 11.1+£0.2
004 0.754 + 0.02 83+£04
005 0.98 £+ 0.03 64+04
110 1.381 4+ 0.02 4.6 £0.1
200 1.587 £+ 0.02 4.0£0.1

Two Bragg peaks at wide angles (Q = 1.381 A~! and Q = 1.587 A~?, corresponding to
d=4.6 A and d = 4.0 A) indicate orthorhombic local packing within the layers. The lattice
parameters area = 33.1 A, b =8.0 A and c= 4.6 A. We consider it likely that the “X” phase has
an anticlinic layer organisation: a synclinic tilt organisation would require the energetically
favourable antiparallel cyanobiphenyl-cyanobiphenyl pairing to be overcome, while an
orthogonal phase is strongly disfavoured by the bent molecular shape (see Conformational
Distributions) and the preceding SmCy phase. The out-of-plane correlation length (deter-
mined from the FWHM of the 001 peak) in the X-phase is over 125 nm, with the in-plane
correlation lengths being around 20 nm; such values are consistent with a soft-crystalline
layered phase with extensive positional order. We observed essentially identical optical
textures and SAXS/WAXS patterns for a structurally dissimilar dimer bearing one nitrile
and one alkyl terminal group [42], and in two oligomeric materials [62], and we consider
it likely these separate observations are of the same phase. The “X” phase is therefore
analogous to a K or H phase, or possibly a J or G phase, but with additional anticlinic layer
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organisation. From the proposed structure in Figure 4, it is possible to envisage helical
modifications of the ’X” phase.

Azimuthal integration of the WAXS peak enables calculation of orientational order
parameters in the nematic and Ntp phases; the partial loss of alignment in the SmCyx
phase —and total loss of alignment in the X phase—means we were unable to perform
this analysis across the full temperature range. Data are presented in the SI accompanying
this article (Supplementary Materials, Figure S3); we observed the first three even <Pn>
order parameters to take typical values across the nematic phase range, decreasing at
temperatures below the N-Ntp transition with the onset of helix formation.

2.3. Conformational Distributions

As discussed in the introduction, the Ntg phase is largely a consequence of gross
molecular shape rather than a specific combination of chemical structural features, and for
a given family of materials a linear relationship is often found between Ttp.y and Tn-1so;
indeed, CBSOFFFT obeys the relationship we described previously [27].

The conformational landscape of an isolated molecule of CB8OFFFT was studied via
the method described by Archbold [27,31]. We performed fully relaxed scans using the
AM1 semi empirical method via the MODREDUNDANT keyword in Gaussian G09 to give
a library of conformers. Each dihedral in the spacer was allowed to undergo threefold
rotation to give —gauche/trans/+gauche states; the phenyl-oxygen bond was allowed
to undergo twofold rotation, while phenyl-phenyl torsions were neglected to reduce the
number of conformers (Figure 5a). We extracted Cartesian coordinates and final energies
for each conformer; conformers whose energy was above the global minima by 20 k] mol !
or more were discarded. We calculated the interaromatic angle (i.e., the bend angle) from
the mass inertia axes of each rod-like unit. From the energy of each conformation, we
obtained a Boltzmann distribution, giving the plot of probability of a given angle, presented
in Figure 5. The majority of conformers had bend angles in the range 90-130°, although a
minor population of hairpin conformers (<50°) also existed. The FWHM of a Gaussian fit
to the major peak was 30°. We calculated the probability weighted average bend angle of
CB8OFFFT to be 105°; unsurprisingly, both this and the FWHM of the major peak were
essentially the same as the analogous material CBSOCB (104°, 34° FWHM). Despite the
similarities in conformer distributions, CBSOFFFT exhibited two phases (SmCp and X) not
observed in the parent material CBSOCB or its analogues [27].
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I CBSO3FT
1t — Gaussian

Probability

0 50 100 150
Interaromatic Angle / °

Figure 5. Conformational studies on an isolated molecule: (a) the structure of CBSOFFFT, where
arrows are used to indicate bonds allowed to undergo threefold rotation (twofold for Ph-O); (b) his-
togram plot of the probability of a given interaromatic angle with a Gaussian fit to the major (bent)
peaks.

The formation of smectic phases from the Ntp phase appeared to be strongly depen-
dent upon the chemical makeup of the mesogenic units, and not simply a consequence
of shape, similar to the formation of smectic phases directly from the nematic phase of
dimers [63]. None of the presently known structural analogues of CB8OFFFT exhibited
either SmC, or X phases [27], suggesting that—unlike the bend-driven Ntg phase—it is
the choice of mesogenic units that dictates the formation of these phases.

3. Materials and Methods
3.1. Chemical Synthesis

CB8OFFFT was prepared by Mitsunobu etherification of CBSOH (i4), reported previ-
ously [27,64], with 4-hydroxy-3",4” 5" -trifluoroterphenyl (i3), itself prepared from 3,4,5-
trifluorobenzene boronic acid (i2) and 4-bromo-4'-hydroxybiphenyl (i1), as shown in
Scheme 1. Full chemical characterisation data for CBSOOFFT and intermediate i3 are
given in the Supplementary Materials, along with details of the instrumentation used in
this work.

o~/ Y~ H-ar

i1

l . NCC8H150H

i4

HOF — F

a... Pd(OAc),, SPhos, Na,COs3, THF/H20, Ny, 60 °C
b... PPhs, DIAD, THF, Ny

Scheme 1
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3.2. Electronic Structure Calculations

Computational chemistry was performed in Gaussian G09 rev D01 [65] on either the
YARCC or Viking machines at the University of York. Further details are provided in the SI
to this article.

4. Conclusions

We report on a novel LC dimer (CB8OFFFT) that exhibited the phase sequence N-
TB-SmCx-"X”, where “X” is a soft crystal phase. By combining an appropriately bent
central spacer (~105°, FWHM 35°) with mesogenic units with differing polarities and aspect
ratios (length/width; CB = 2.3, FFFT = 3.0), we were able to obtain a material that exhibits
both Nt and smectic phases. We studied the SmCp phase of CBSOFFFT by microscopy,
SAXS/WAXS: both supported the assignment as a tilted smectic phase with anticlinc
organization and intercalated structure. A logical direction of future study is to attempt to
understand why some materials form a helical smectic C phase (SmCyg) and others form
non-helical smectic C phases. A detailed study of the “X” phase by optical microscopy and
SAXS/WAXS demonstrated this phase to be soft-crystalline, with an in-plane orthorhombic
(or alternatively, monoclinic) packing and long (>100 nm) out of plane correlation lengths.
We therefore conclude this phase, which has been observed in a handful of materials to
date, is a soft-crystal phase with anticlinic layer organisation.

Supplementary Materials: The following are available online. Figure S1: “ POM images (crossed
polarisers, x100 magnification, scale bar = 50 um) of (a) the nematic phase of CBSOFFFT at 107 °C,
(b) the NTB phase of CBSOFFFT at 92 °C, (c) the SmCA phase of CBSOFFFT at 91.2 °C, (d) the ‘X’
phase of CBSOFFFT at 60 °C”, Figure S2: “SAXS studies on CBS8OFFFT: (a) plot of log. intensity
(arb.) as a function of Q (A-1) at 99 °C (nematic, red), 94 °C (NTB, blue), 89 °C (SmCA, black), 78 °C
(X, green); (b) magnetically aligned 2D SAXS patterns in the nematic phase at 105 °C (b), the NTB
phase at 94 °C (c) the SmCA phase at 89 °C (d), the X phase at 78 °C (e)”; Figure S3: “Plot of the
orientational order parameters of CBSOFFFT as a function of reduced temperature.”
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