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In ionic liquid crystals (ILCs) tilted mesophases such as SmC required for electro-optic devices are quite
rare. We report a design concept that induced the SmC phase and enabled de Vries-like behaviour in
ILCs. For this purpose, we synthesized and characterized a library of ILC derivatives ImR(On,Ym)X which
consist of a rigid central fluorenone core containing an alkoxy or thioether side chain and connected via
a flexible spacer to an imidazolium head group. The mesomorphic properties were studied by differential
(DSC), microscopy (POM) and X-ray diffraction (XRD).
Temperature-dependent measurements of smectic layer spacing d by small-angle X-ray scattering
(SAXS) and of optical tilt angles by POM demonstrate that ILCs ImR(On,Ym)X undergo SmA-SmC phase
transitions with maximum layer contraction values between 0.4% and 2.1%. The lowest reduction factor

scanning calorimetry polarizing optical

R of 0.2 at the reduced temperature T — Tac = —10 K was calculated for Im(O12,514)Br. Electron density
calculations indicated a bilayer structure. Furthermore, temperature dependent emission studies show
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Introduction

Ionic liquid crystals (ILCs) combine the physical properties of
ionic liquids with those of thermotropic liquid crystals*® and
thus provide highly desirable materials for anisotropically
ordered 1D ion conductors in organic solar cells*'* and as solid
electrolytes in lithium ion batteries.”* While ILCs share many
similarities with neutral thermotropic liquid crystals, they differ
in the occurrence of certain mesophases.'® The strong tendency
of ILCs to nanosegregate ionic and non-charged segments
during liquid crystalline self-assembly leads to a strong prefer-
ence of the non-tilted SmA phase as their archetypal meso-
phase, while for example the tilted SmC phase is much less
common among ILCs.">'® We have previously identified ILCs 1,
2 showing rare SmC phases (Scheme 1), which consist of
a calamitic core unit carrying one side chain and a flexible
spacer connected to a cationic head group.®™® Upon examina-
tion of the order parameter of the SmA phase of these
compounds it was found that the long range orientational order
(S,) in the SmA phase was much smaller as compared to the
values obtained for SmA phases from non-ionic liquid
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that self-assembling has a strong influence on the emission intensity of these ILCs.

crystals.”?* On the other hand, the 1D translational order
(smectic order parameter ¢) of the SmA phase of ILCs is much
larger'”*® as compared to non-ionic SmA phases.”** Thus ILCs
possess a high lamellar order but only a low long range orien-
tational order as compared to neutral liquid crystals and in that
respect behave similar to the so called de Vries materials.>*?* De
Vries materials have created much interest recently, because
ferroelectric displays based on de Vries materials might over-
come limitations of current nematic LC displays such as limited
resolution and low optical efficiency.***” One of the character-
istic features of de Vries materials is their tilting transition
without defect generation. These materials show no or only very
low layer contraction upon the SmA to SmC phase transition,
enabling ferroelectric displays without zig-zag defects caused
by the chevron-like arrangement of the molecules in the meso-
phase. With regard to the design of calamitic liquid crystals
displaying SmA and SmC phases and de Vries behaviour most
previous work has focused on 5-phenylpyrimidines,?®*!4348-53 -
phenylpyrimidines,®>*  biphenyls,******-**  thiadiazoles,***
aroylhydrazones® and bent-core mesogens.*”*”7* Lemieux and
Ivanov have reported independently for non-charged liquid
crystals 3-5 that a rigid fluorenone core promotes formation of
the SmC phase.””®" As mentioned above, in contrast to neutral
calamitic liquid crystals ILCs are rather reluctant to form SmC
phases. Despite the few known examples,””*® it is still an
ongoing challenge to develop design principles for ILCs dis-
playing both SmA and SmC phases. Moreover, ILCs with de
Vries properties should provide a general insight into the
driving forces for layer contraction and layer tilting of ionic
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mesogens and thus are relevant for electro-optic devices.*
Thus, we were curious, whether combination of a SmA-
promoting unit, such as an imidazolium head group with
a SmC-promoting calamitic core, ie. fluorenone, tethered
together via a flexible alkyl spacer would eventually lead to ILCs
displaying both SmA and SmC phases and a minimal layer
contraction, i.e. de Vries-like behaviour. Our results reveal that
such merging of concepts is indeed successful and provides
ILCs with a very broad mesophase stability, unique de Vries
behaviour and solid state luminescence. The results are dis-
cussed below.

Results and discussion
Synthesis of fluorenone imidazolium ILCs

In order to obtain structure-property relationships, a library of
fluorenone ILCs Im(On,0m)X and ImR(On,Sm)Br was prepared
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Scheme 2 Library of fluorenone ionic liquid crystals (ILCs).

(Scheme 2), where the following structural parameters were
varied: alkoxy vs. thioether side chain with different chain
lengths m, spacer lengths n, C-1 substituent R at the imidazo-
lium head group and counterion. These target structures
required a synthetic approach providing access to unsymmet-
rical fluorenones.

As shown in Scheme 3, the synthesis commenced with
a sequential Suzuki cross coupling® of methyl 6-bromo-3-
methoxybenzoate 6 with known borolanes 7a—f*** to give the
biphenyl esters 8a—f.

Subsequent saponification®® provided biphenyl carboxylic
acids 9a-f, which were submitted to Friedel-Crafts acylation®
via activation with thionyl chloride and reaction with AICI; to
give the fluorenones 10a-f. For the selective deprotection of the
methyl ether 10a-e two protocols employing thiols were
examined.

According to a method by Magano® N,N-diethyl-amino-
ethanethiol was deprotonated with NaOfBu in DMF at room
temperature and then treated with the respective fluorenone
10a-e to give the hydroxyfluorenones 11a-e in moderate yields
(method A). Alternatively, dodecanethiol was used together with
NaH in DMF at 80 °C (method B) following a procedure by
Chae® resulting in higher yields of the desired hydroxy-
fluorenones 11b-e with alkoxy side chains.

For the corresponding hydroxy fluorenones 13 with thio-
ethers, a nucleophilic displacement of aryl fluoride by thio-
nucleophiles as reported by Kaszynski® was planned as a key
step. Upon treatment of 10f with 2.0 equiv. of dodecanethiol
and 1.3 equiv. of NaH in DMF at 80 °C,* the desired nucleo-
philic displacement competed with demethylation resulting in
a mixture of 63% 12¢ and 22% of 13c¢ (Scheme 3). This one-pot
nucleophilic substitution/demethylation sequence could be
optimized by employing equimolar amounts of thiol and NaH,
e.g. giving 6% of 12c and 82% of the target alcohol 13c.

The hydroxyfluorenones were submitted to Williamson
etherification with 1,w-dibromoalkanes® to provide the corre-
sponding  w-bromoalkoxyfluorenones  Br(On,Om) and
Br(On,Sm) in good yields, followed by reaction with the meth-
ylimidazoles 16a-c (Scheme 3).'* While the 2-H-substituted
imidazolium salts Im(On,0m)Br, Im(On,Sm)Br could be iso-
lated in pure form after chromatography through HBr-treated

This journal is © The Royal Society of Chemistry 2020
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Scheme 3 Synthesis of the imidazolium salt ILCs Im(On,Om)X and ImR(On,Sm)Br.

silica, the corresponding 2-methyl- and 2-ethyl-substituted
imidazolium bromides ImR(On,Sm)Br (R = Me, Et) required
an additional recrystallization step, and thus lower overall
yields were obtained. For a selected series Im(On,0m)Br the
bromide counterion was replaced by triflate via salt metathesis®
(Scheme 3).

Mesomorphic properties of the w-bromoalkoxyfluorenones

First, the mesomorphic properties of the ILC precursors, i.e. the
w-bromoalkoxyfluorenones Br(On,Ym) were examined by
differential scanning calorimetry (DSC), polarizing optical
microscopy (POM) and X-ray diffraction (WAXS, SAXS). The DSC
data are summarized in Fig. S1-S3, Tables S1 and S2 (see ESIT).
Both linking atoms Y, side chain lengths m and spacer length n
had a pronounced influence on the phase behaviour of
Br(On,Ym).

All w-bromoalkoxyfluorenones Br(On,0Om) showed enantio-
tropic mesomorphism. The DSC curves reveal supercooling for
the mesophase-to-crystalline transition upon cooling from the
isotropic liquid while clearing temperatures are maintained in
heating/cooling scans. It should be noted that supercooling is
quite common among ILCs***” and was recently rationalized by

This journal is © The Royal Society of Chemistry 2020

cationic clustering.”® Under the POM Br(On,0m) displayed
focal-conic fan textures, which are characteristic of SmA phases
(Fig. 1a, b and d). The broadest SmA phase in the series
Br(06,0m) with various chain lengths m was found for
Br(06,010). Upon variation of the spacer lengths 7 in the series
Br(On,012) the broadest mesophase widths of 21-22 K were
detected for n = 8, 10. Thus both very short and very long
spacers seem to disfavour lamellar mesophases. In contrast,
only w-bromoalkoxyfluorenones Br(06,510), Br(08,510),
Br(08,512), and Br(010,514) with a thioether side chain showed
monotropic mesomorphism upon cooling. The clearing tran-
sitions ranged between 55 and 63 °C and melting temperature
between 30-58 °C. The decreased clearing temperatures and
resulting destabilization of the SmA phase by thioethers agree
well with previous reports on calamitic phenylpyrimidines.***
However, the increase of melting temperatures of Br(On,Sm) in
comparison with Br(On,0Om) is in contrast to these reports
where thioethers led to lowering of melting points.

XRD experiments gave further insight into the phase geom-
etry. The WAXS profile of an oriented sample of Br(06,08)
showed a strong (001) layer reflection and a diffuse halo, which
was tilted by 90° with respect to the (001) reflex, indicating an

RSC Adv, 2020, 10, 23999-24016 | 24001
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Fig.1 Focal-conic fan textures as seen between crossed polarizers upon cooling from the isotropic liquid (cooling rate 5 K min~, magnification
x200). (a) Br(04,012) at 65 °C, (b) Br(06,012) at 71 °C, (c) Br(08,512) at 61 °C, and (d) Br(010,012) at 70 °C.

orthogonal SmA phase (Fig. 2a). In the SAXS profile a weak d was calculated according to equation niA = 2dsin § and
second order (002) reflection was visible besides the intense plotted against the temperature (Fig. S23, ESI{). Typical for SmA
(001) reflection (Fig. 2b). From the (001) reflex the layer distance phases, layer distances d decreased with increasing temperature
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Fig. 2 (a) Wide-angle scattering (WAXS) and (b) small-angle scattering (SAXS) profile and the corresponding diffraction pattern of Br(O6,08) at
45 °C.
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due to decreased orientational order with increasing tempera-
ture. Furthermore, with increasing chain lengths the d values
increased by 2.5 A, which is equivalent to two CH, units. The
exclusive formation of SmA phases of the w-bromoalkoxy-
fluorenones Br(On,Ym) can be rationalized by the presence of
SmA-promoting halogens as suggested by Giesselmann and
Lemieux,"* i.e. reduced electrostatic repulsion between alkyl
chains and improved van der Waals interaction between the aryl
units rather than polar interactions at the interfaces between
the smectic layers as was proposed by Goodby.'*

Mesomorphic properties of the fluorenone ILCs

Phase transition temperatures and enthalpies of fluorenone
ILCs Im(On,0m)X were determined by DSC from the first
heating scans (Table S3 and Fig. S4, ESIt). Due to thermal
decomposition of the samples caused by high isotropization
temperatures in subsequent heating/cooling cycles no further
transitions were detectable. In most cases SmC-SmA phase
transitions were undetectable by DSC but were visible under the
POM. Only in a few cases weak first order transitions with very
small enthalpy changes were detected by DSC, which is in good
agreement with previous work (Fig. S13-S17, ESI{).*>'** As
exemplified for Im(06,0m)Br in Fig. 3, the melting points
remained relatively constant at 72-84 °C, while the clearing
points were much stronger affected by the alkyl chain lengths m
and increased from 237 °C for Im(06,08)Br up to 273 °C for
Im(06,016)Br resulting in the broadest mesophase (192 K) for
Im(06,016)Br. All ILCs within this series showed small SmC
phases (10-32 K) and relatively broad SmA phases (149-164 K).

In contrast, Im(012,0m)Br (m = 10,12) with a long C12
spacer showed no evidence for decomposition and thus DSC
curves of three heating/cooling cycles were fully reproducible
(Fig. S4, ESIf). The small transition enthalpies of 0.5-
0.6 k] mol ! are typical for SmC-SmA transitions.'®

As shown for Im(On,012)Br with increasing spacer lengths n
clearing temperatures decreased considerably (Fig. 3), which
can be rationalized by the increased flexibility of the ILC
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Fig. 3 Mesophase stabilities of Im(O6,0m)Br and Im(On,012)Br with
varying alkoxy side chain m and varying spacer lengths n, respectively.
The values in the bar diagram correspond to the mesophase
temperature ranges. Phase transitions were determined by DSC (1%
heating) and POM (SmA-SmC transition). Im(012,012)Br (3 heating).
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molecules with larger spacers resulting in a decreased lamellar
order. This trend is in agreement with previous observations on
azobenzene ILCs." It should be noted that the behaviour of
ILCs consisting of cationic group-spacer-mesogenic core-side
chain is more complex as compared to ILCs containing side
chain—cationic group-side chain.

Melting temperatures changed only little (68-90 °C),
however, the stability of the SmC phase was strongly affected by
variation of the spacer lengths n. While Im(04,012)Br showed
only a monotropic SmA phase, derivatives with n > 4 displayed
also enantiotropic SmC phases under the POM. Furthermore,
the stability increased with increasing spacer lengths n, result-
ing in the broadest SmC phase (53 K) for n = 10, 12, while SmC
phase widths of 21-22 K were found for derivatives with n =6, 8
(Fig. 3).

Various experimental studies from the literature*>'**
including very recent theoretical work by Saielli'® described
a strong influence of the counterion on transition temperatures
and mesophase type. Therefore, we surmised that an exchange
of the counterion might be helpful to overcome the thermal
decomposition. However, the triflate counterion decreased the
clearing temperature significantly to 114-130 °C only for
Im(06,08)0Tf and Im(08,010)OTf. The triflate was stable and
the complete phase sequence was reproducible over three
heating/cooling cycles (Fig. S5, ESIT). ILCs Im(On,014)OTf (n =
4, 6) showed only a slight decrease of the clearing temperature
and thus isotropization was still accompanied by thermal
decomposition. Most importantly, the triflate counterion
affected the mesophase type, resulting in loss of the SmC phase.
Similar results were reported by Trbojevic for guanidinium ILCs
connected via a flexible alkyl spacer to a rod-like biphenyl unit,**
where replacement of chloride by triflate decreased the clearing
transition but suppressed the SmC phase in favor of the SmA
phase.

The phase behaviour of fluorenone imidazolium bromides
Im(On,Sm)Br carrying thioether side chains was similar to that

Ecr

[OsmC MsmA

H Me Et
n=4

H Me Et
n=6

Fig. 4 Comparison of mesophase stabilities of ILCs ImR(On,S12)Br
with variable spacer lengths n upon heating. The values in the bar
diagram correspond to the mesophase temperature ranges. Phase
transitions were determined by DSC (1°' heating) and POM (SmA-SmC
transition), for Im(On,$12)Br (n = 10, 12) 3" heating (see Tables $4 and
S5, ESIY).
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Fig.5 TGA thermograms of imidazolium bromides Im(On,014)Br (n =
4,6), Im(O8,016)Br (black lines) and triflate Im(04,014)OTf (red line).
The grey zone illustrates the clearing temperature range.

of the corresponding Im(On,0Om)Br. As shown for Im(On,S12)Br
with dodecylthio side chain, clearing temperatures decreased
with increasing spacer lengths n (R = H, Fig. 4). Thioethers
Im(On,S12)Br with short spacers n = 4, 6, 8 formed only SmA
phases with broad phase widths of 154-206 K, whereas the
homologous ILCs with longer spacers (n = 10, 12) displayed
additional SmC phases. However, the phase stability was not
increased by longer spacers. The replacement of oxygen with
sulfur resulted in a significant destabilization of the SmC phase,
and the phase ranges decreased to 12-17 K as compared to the
corresponding ILCs Im(On,012)Br (53 K).

The influence of substituent R at C-1 of the imidazolium
head group on the mesophase stability of ILCs ImR(On,S12)Br
is also shown in Fig. 4. Bromides ImR(On,S12)Br displayed
broad SmA phases with phase widths ranging from 62-217 K.
Within this series only the ILCs with H- or methyl-substituted
imidazolium head group ImH(On,S12)Br and ImMe(On,S12)Br
formed enantiotropic SmC phases with minimum spacer
lengths of n = 10 (for R = H) and n = 6 (for R = Me). The cor-
responding ILCs ImEt(On,$12)Br showed only monotropic SmC
phases under the POM upon cooling (Fig. 7 and S18-S20, ESIf).
The clearing points were affected by substituent R. For example,
for ImR(04,S12)Br with a short C4 spacer the clearing point
increased from 272 °C (R = H) to 295 °C (R = Me) and decreased
to 258 °C (R = Et). It should be noted that ethyl-substituted
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imidazolium ILCs were still prone to thermal decomposition.
These results are in good agreement with previous work by
Swager,'*® Butschies®” and Kapernaum."’

To obtain further information on the thermal stability, ILCs
Im(On,014)Br (n = 4, 6) and Im(08,016)Br with clearing
transitions >270 °C were submitted to thermogravimetric
analysis (TGA) (Fig. 5). The ILCs were stable up to 200 °C (black
curves). Upon further heating thermal decomposition was
accompanied by loss of mass. The clearing points (grey zone)
are located above the decomposition temperatures. As
compared to the bromides, imidazolium triflate Im(04,014)
OTf showed a slightly improved thermal stability (red curve),
however, the clearing point (243 °C) is still within the
decomposition range. Thus, TGA experiments confirmed the
DSC results. Presumably the triflate anion is less nucleophilic
than bromide and does not cause thermally induced deal-
kylations of the imidazolium unit. When comparing the DSC
results of Im(On,Om)Br with Im(On,0m)OTf (Table S3, ESIT),
it is remarkable that for imidazolium salts with large length
differences between spacer n and side chain m, the clearing
temperature decreased by ~50 K, whereas the clearing
temperature of imidazolium salts with similar lengths n, m
decreased by >100 K.

Investigations of fluorenone imidazolium bromides
Im(On,Om)Br with alkoxy side chains under the POM showed
large areas of homeotropic alignment. Birefringent areas could
only be observed at phase boundaries and air bubbles (Fig. S13-
S17, ESIf). ILCs Im(O4,0m)Br only showed fan textures
(Fig. S13, ESIt), while imidazolium bromides forming SmA and
SmC phases displayed both fan textures characteristic of SmA
and at lower temperatures broken fan and Schlieren textures
typical for SmC phases,'®” as shown in Fig. 6 for Im(010,012)Br.

The POM studies provided initial hints for de Vries-like
behaviour. The color change of the fan (SmA)/broken fan
(SmC) texture of Im(010,012)Br during SmA-SmC phase tran-
sition from orange brown to pale blue indicated an increase in
birefringence in the SmC phase and thus an increased orien-
tational order, which is reported to be characteristic for de
Vries-like materials,3®3453565:103,108

Fluorenone imidazolium bromides ImR(On,Sm)Br with thio-
ether side chains formed fan and Batonnet textures or large

Fig. 6 Textures of Im(O10,012)Br as seen between crossed polarizers at (a) 132 °C and (b) 121 °C upon cooling from the isotropic liquid (cooling

rate 5 K minfl, magnification x200).
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homeotropic areas in the SmA phase and at lower temperatures
Schlieren textures typical for SmC phases under the
POM (Fig. 7). While for ILCs ImR(On,Sm)Br with R = H
Schlieren textures occurred at a minimum spacer length n = 8
and side chain length m = 14, for the corresponding ILCs
ImMe(On,Sm)Br and ImEt(On,Sm)Br Schlieren
appeared already for spacer lengths n = 6.

The strong tendency of the ILCs for homeotropic alignment
in the SmA phase could be suppressed by using nylon-coated
glass cells (1.6 pm). For example, upon cooling from the
isotropic liquid ILCs Im(010,Y10)Br displayed well-developed
fan textures (Fig. 8a and c), which transformed into broken
fan textures upon further cooling (Fig. 8b and d).

As expected from temperature-dependent SAXS experiments,
layer distances d in the SmA phase of Im(On,Om)X and
ImR(On,Sm)Br decreased with increasing temperature (Fig. S23

textures

View Article Online

RSC Advances

and S24, ESIt). The experimentally determined layer distances
d were almost twice as large as compared to the calculated
molecular lengths L., (molecular mechanics, force field:
MMFF94s; software Avogadro'®) of an all-trans fully extended
conformation. The ratios d/L.,. were approximately 1.7-1.8
suggesting the presence of partially interdigitated smectic
bilayers, that are also very prominent in de Vries-like materials
(Tables S7 and S8, ESIT).

Investigation of de Vries-like properties of the fluorenone ILCs

In the WAXS pattern of the SmA phase of Im(012,010)Br at
169 °C three sharp reflexes in the small angle region and
a diffuse maximum (halo) in the wide angle section are visible
(Fig. 9a). The XRD pattern remained similar during SmA-SmC

100 pm

Fig.7 Textures as seen between crossed polarizers upon cooling from the isotropic liquid. (a and b) ImMe(06,S12)Br at 180 °C and 52 °C, (c and
d) ImEt(O8,512)Br at 158 °C and 69 °C, and (e and f) ImH(010,512)Br at 128 °C and 94 °C, (cooling rate 5 K min~*, magnification x100 (a, cand e),

magnification x200 (b and d)).

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Textures of (a and b) Im(O10,010)Br at 175 °C and 120 °C (magnification x100) and (c and d) Im(O10,510)Br at 180 °C and 86 °C
(magnification x200) under POM in a nylon-coated glass cell of 1.6 pm thickness (cooling rate 10 K min™?).

—
(2]
~

Intensity / a. u.

700
600
500
400
300
200
100

(b)

0 5 10
20/°

Fig. 9 (a) WAXS diffraction image of Im(O12,010)Br at 169 °C in the SmA phase, (b) WAXS diffraction image and (c) the corresponding scattering
profile of Im(O12,010)Br at 83 °C in the SmC phase.
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transition (Fig. 9b), because ILCs ImR(On,Ym)X did not give
oriented samples.'”*®

High order layer reflections up to 4™ order (004) could be
observed for ILCs ImR(On,Ym)X (Table S8, ESIt), suggesting
that the smectic phases of the ILCs possess a high degree of
translational order presumably due to the strong nano-
segregating effect of the ionic head group.****"*°

One parameter for de Vries-like behaviour is the maximum
layer contraction at the SmA-SmC phase transition. Therefore,
the smectic layer spacing d of ILCs ImR(On,Ym)Br as a function
of temperature was measured by small-angle X-ray scattering
(SAXS). The layer distances d were calculated from the (001)
reflex at different temperatures, where dsc denotes the layer
distance at the SmA-SmC transition temperature Thc. At the
temperature where the largest layer shrinkage occurred, the
maximum layer contraction Sp,,x was determined.

The profiles of normalized layer spacings d/dc vs. reduced
temperature T — T, for ILCs Im(On,0Om)Br with an alkoxy side
chain are summarized in Fig. 10 and Table 1. Estimated stan-
dard deviations were <5%. The temperature-dependent d/dc
curves are similar in this series. Upon cooling an expansion in
the SmA phase until the transition temperature was observed.
At transition into the SmC phase, the layer spacing initially
decreased and then increased upon further cooling. This

Im(06,0m)Br
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097 ' . :
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View Article Online

RSC Advances

behaviour is typical for de Vries-like materials, while in
conventional liquid crystals the layer thickness decreases
continuously in the SmC phase resulting in larger layer
contractions.”® As seen in Fig. 10a, the maximum layer
contraction Spax decreases with the length m of the alkoxy side
chain, from 2.1% for Im(06,08)Br to 0.5% for Im(06,016)Br
(Table 1).

A similar trend was observed for Im(010,0m)Br and
Im(012,0m)Br (Fig. 10c and d). However, in the series of
Im(08,0m)Br the trend was less clearcut. ILC Im(08,016)Br
exhibited a maximum layer contraction Sp.x = 0.7%, but
Im(08,0m)Br with m = 10, 12 gave similar S,,,, values of 1.5%
and 1.4% (Fig. 10b and Table 1).

According to the d/dac vs. T — Tac profiles, ILCs Im(On,Sm)Br
with thioether side behaved similarly, i.e. the maximum layer
contractions decrease with increasing side chain length m
(Fig. 11a, b and Table 1). In contrast, the maximum layer
contraction of the ILCs ImMe(On,Sm)Br and ImEt(On,Sm)Br
with methyl or ethyl substituents at the imidazolium unit (R =
Me, Et) did not show any clear trend (Fig. 11c, d and Table 1).

The alkyl chain lengths effect on the layer contraction might
be rationalized by the interdigitation with longer chains
showing a higher degree of interdigitation as compared to
shorter chains in agreement with recent studies by Wohrle on

b) Im(0O8,0m)Br

1.01
e SMC|SmA em=16
1a PS Am=12
“ . c‘oﬂ mm=10
A
0.99 - 4| o
O
S
~ o
T 0.98 -
[ J
0.97 - .
0.96 ' . —
60 -40 20 0 20 40 60
T-Tac/K
d)101 Im(012,0m)Br
' smC | smA
g om=12
.. .. Am=10
o ."og.....oo' s
5099 w °
b .
T
0.98 4
[ )
0.97 . . .
60 -40 20 0 20 40
T-Tac/ K

Fig. 10 Layer spacing d/dac vs. reduced temperature T — Tac profiles of Im(On,Om)Br.
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Table 1 Maximum layer contraction Spax, calculated from the layer
spacing dac at the SmA-SmC transition and the layer spacing dc in the
SMmC phase of ILCs ImR(On,Ym)Br at the reduced temperature T — Tac

Compound T — Tac/K dac/A do/A Smax/%
Im(06,08)Br —30 57.7 56.5 2.1
Im(Oﬁ,OlO)Br —26 63.8 62.8 1.5
Im(OG,OlZ)Br —19 63.7 63.1 1.1
Im(06,014)Br ~-14 69.9 69.3 0.9
Im(06,016)Br —11 70.3 70.0 0.5
Im(OS,OlO)Br —-31 66.0 65.2 1.4
Im(OS,OlZ)Br —23 66.3 65.3 1.5
Im(08,016)Br —14 74.1 73.6 0.7
Im(010,010)Br —28 64.7 63.4 1.9
Im(010,012)Br -26 68.0 67.0 1.5
Im(OlZ,OlO)Br —25 66.7 65.9 1.2
Im(OlZ,OlZ)Br —22 72.0 71.4 0.9
Im(08,514)Br -10 72.9 72.6 0.4
Im(OlO,SlO)Br —13 68.9 68.1 1.1
Im(010,512)Br —14 72.1 71.4 0.9
Im(OlO,Sl4)Br —6 72.8 72.4 0.5
Im(012,510)Br -25 71.1 70.4 1.0
Im(OlZ,SlZ)Br —6 74.5 73.8 0.9
Im(012,514)Br -10 76.8 76.5 0.4
ImMe(O6,SlZ)Br —17 69.4 68.8 0.9
ImMe(06,514)Br -11 71.1 70.6 0.7
ImMe(OS,SlZ)Br —20 70.7 70.0 1.0
ImMe(08,514)Br -19 71.9 71.2 1.1
ImEt(OG,SlZ)Br —14 66.5 65.7 1.1
ImEt(08,510)Br -11 67.3 66.5 1.2
ImEt(OS,SlZ)Br —17 70.7 69.8 1.4

SmA phases of MIDA boronates."* The determined d/Lcac
ratios, however, did not show a clear trend (Tables S7 and S8,
ESI}). For example, the Im(06,0m)Br series revealed dc/Leaic
ratios at the SmA-SmC phase transition of 1.79 (m = 8), 1.84 (m
= 10), 1.71 (m = 12), 1.76 (m = 14), and 1.67 (m = 16). The
pronounced color change of the textures observed for
ImR(On,Ym)Br by POM during SmA-SmC transition indicated
an increase in birefringence, which correlates with an increase
in orientational order parameter S,.*>"*”** Therefore, we assume
that the orientational order increased in the SmC phase and
compensation for a large portion of the maximum layer
contraction. However, due to unavailability of oriented samples
of fluorenone ILCs ImR(On,Ym)Br for XRD studies we failed to
clarify which effect compensates layer shrinkage and is
responsible for the de Vries-like properties.

An alternative method to rationalize the beneficial influence
of the alkyl chain lengths on the layer contraction is the so-
called zig-zag model, originally proposed by Bartolino, Doucet
and Durand,"” and later confirmed by Boffel'** and Clark."* In
the zig-zag model the rigid cores are tilted to larger extent than
the aliphatic chains in the SmC phase, i.e. the tilt of the layers is
mainly caused by the tilted orientation of the rigid aromatic
cores rather than the alkyl chains (Fig. 12).

The zig-zag model has also been implemented in the
Boulder model by Walba and Clark to explain the polarization
of ferroelectric liquid crystals."***"” According to this model an

24008 | RSC Adv, 2020, 10, 23999-24016
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increase of the non-tilted alkyl chains should lead to a smaller
layer contraction at the SmA-SmC phase transition.

The de Vries-like behaviour can be quantified by the reduc-
tion factor R, which considers both maximum layer contraction
and optical tilt angle 6, in the SmC phase measured as
a function of temperature by POM.'$535%65103 Ag the samples
were filled in ITO glass cells with rubbed nylon alignment layer
(1.6 um thickness) by isotropic heating, only those ILCs could
be investigated, which were thermally stable above the iso-
tropization temperature based on their reproducible DSC
curves. As an example, planar textures of Im(012,010)Br are
shown in Fig. 13. In the SmA phase uniform domains are visible
due to a parallel orientation of the director n with respect to the
layer normal k (Fig. 13a), while in the SmC phase two different
domain structures with different brightness are visible (Fig. 13b
and c).

Optical tilt angles 6, were measured by POM as function of
reduced temperature 7 — Ty¢ in the absence of an electrical field
upon cooling. In the SmA phase the director » is parallel to the
layer normal & and thus 6, = 0 (Fig. 14).

At T — Tac = 0, the optical tilt angle 6, of the SmC phase
increased significantly and then steadily increased upon further
cooling. The abrupt increase of 6, indicates a 1° order SmA-
SmC transition. This is in accordance with the DSC measure-
ments, where for several compounds small peaks at the tran-
sitions from SmA to SmC were observed. In the series of ILCs
with alkoxy side chain Im(On,0Om)Br 6, increased up to 36°
(Fig. 14a). The optical tilt angle profile of ILCs with thioether
side chain Im(On,Sm)Br reveals slightly lower optical tilt angles
(28-32°) (Fig. 14b). No general trend regarding spacer lengths n
or alkyl chain lengths m could be detected.

From the maximum layer contraction and the optical tilt
angle 0, the reduction factor R was calculated according to
equation R = 8(T)/0opT) = cos™ '[dc(T)/dac)/0op(T) for a given
temperature.>*'*® The R values, maximum layer contraction S,y
and optical tilt angle 0, at the reduced temperature T — T,¢ are
summarized in Table 2.

The ILCs have R values ranging from 0.20 to 0.41 indicating
a high de Vries-like behaviour. Thus, our design concept not
only induced the rare SmC phase but also enabled de Vries
behaviour with layer contractions Sy and R values, which are
comparable to those of known neutral liquid crystalline de Vries
materials®»**% and further extends the scaffolds of ILCs previ-
ously developed by Kapernaum.'’** Moreover, it confirms that
fluorenones are beneficial for de Vries ILCs. In agreement with
the procedure reported by Lemieux'® the f,,(T) profiles were
fitted to the power law,'® which provided the order parameter
B related to the SmA-SmC transition (see also ref. 24 in
Lemieux'®). The ILCs possessed § values of 0.19-0.24, ie.
indicating weak 1°* order transitions or tricritical point transi-
tions (in case of 8 = 0.25) in agreement with Lemieux' obser-
vations (for details see Fig. S25, ESIt).

Calculation of the electron density

Based on layer reflections from SAXS experiments the electron
density distribution in the smectic phase was obtained. The

This journal is © The Royal Society of Chemistry 2020
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Fig. 11 Layer spacing d/dac vs. reduced temperature T — Tac profiles of ImR(On,Sm)Br with R = H (a and b), Me (c), Et (d).

electron density profile p(z) along the director n was calculated
by using eqn (1).**°

1)

From the intensity of the Bragg reflections (00/) and subse-
quent correction via the Lorentz factor'®® the square values |a;|
were determined, while the signs of the q; coefficients remained
indefinite.”* Therefore, all possible combinations of signs of
the different a; coefficients must be generated and submitted to
a plausibility check. The imidazolium bromides Im(On,Ym)Br
showed three layer reflections and therefore three coefficients
ai, a, and a; could be determined. The results are summarized
in Table 3.

The electron density profile and the packing model of
Im(012,010)Br are shown in Fig. 15. A large maximum of the
electron density p(z) is visible in the region of the ionic head
groups, forming a charged sublayer. In the region of the
aliphatic spacer a local minimum of the electron density p(z) is
visible and a local maximum due to the aromatic fluorenone
core. Along the terminal alkoxy side chains, the electron density
0(z) shows a global minimum. For the other fluorenones in

This journal is © The Royal Society of Chemistry 2020

Table 3 analogous density profiles were obtained (Fig. S26,
ESIY).

Absorption and emission properties of fluorenone precursors
and ILCs

UV/vis data of imidazolium salts Im(On,Ym)X and their
precursors are shown in Fig. 16. All fluorenone derivatives with
an alkoxy side chain displayed absorption maxima at Apmax =
272-274 nm with a shoulder at lower wavelengths and two
smaller bands at 302 nm and 314 nm, respectively (Fig. 16a).'**
The intense bands at 272-274 nm were assigned to the w-m*
transition of the fluorenone core."**** The UV/vis spectra were
neither affected by different donor groups at the fluorenone
core, ie. methoxy, alkoxy or hydroxy nor different anions
(bromide vs. triflate). However, the replacement of alkoxy by
thioether side chains resulted in a bathochromic shift of the
absorption maxima to Apa = 282-283 nm (Fig. 16b).

This effect has been used for organic solar cells and field
effect transistors to decrease the HOMO-LUMO gap and to
improve the charge carrier mobility.'* In contrast, the strongly
electron-withdrawing fluoro substituent in 10f shifted the
absorption maximum hypsochromically to An.x = 267 nm
(Fig. S271). All studied fluorenones were orange-red amorphous

RSC Adv, 2020, 10, 23999-24016 | 24009
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For potential applications bulk emission properties are
particularly interesting. Therefore, selected samples were

o
\ ,‘<R
N . . I
K/\N\Pro 0.0 Y studied by solid state fluorescence spectroscopy utilizing
® ''n

CrmHame1 a polarizing optical microscope equipped with UV light source
(Aexe = 350-380 nm) and photodetector. The method is limited
to thermally stable compounds, because the samples required

G@’\/\/\@/\/\A isotropization and thermal annealing to obtain uniform thin

@@g §B@

films for solid state emission spectra. The solid state emission
) spectra of Br(06,016), exemplified in Fig. 17a, displayed at
Qo 25 °C a strong band at A, = 604 nm with two shoulders at
longer wavelengths caused by the excimer emission due to flu-
orenone-fluorenone interactions."* At higher temperatures the
intensity of the shoulder at longer wavelengths (635 nm)

resulting from vibronic coupling increased.

% The emission intensity was measured as a function of

temperature upon cooling from the isotropic liquid (Fig. 17c).
In the isotropic liquid the emission intensity was only 30% of
the intensity at 25 °C (I,5). The Ig/I,5 value decreased to 0.2
(20%) in the SmA phase and remained constant throughout the
whole temperature range of the phase. Upon transition into the
crystalline phase at 35 °C a strong increase of the emission was
visible. It should be noted, that the SmA-Cr transition was
detected at 51 °C by DSC (dashed line in Fig. 17c). The different
emission intensities could also be observed via the POM

Fig. 12 Schematic illustration of the SmA and SmC phase of ILCs  pictures under irradiation with UV light (Fig. 17e).

ImR(On,Ym)Br.

A different behaviour of the bulk emission was observed for
fluorenone Br(08,512) with thioether side chain (Fig. 17b, d and

solids due to a low absorption in the visible region. A weak band f). A strong emission at Aem, = 600 nm was observed in the

around 400 nm was assigned to symmetry-forbidden n-m* jsotropic liquid. Upon cooling and at the I-SmA transition the
transition of the carbonyl group (Fig. 16, inset).'>***
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Fig. 13 Textures of Im(O12,010)Br observed under the POM in a glass cell with rubbed nylon alignment layer of 1.6 pm thickness upon slow
cooling from the isotropic liquid to achieve planar alignment. (a) At 160 °C in the SmA phase, and (b and c) at 135 °C in the SmC phase (cooling

rate 0.2 K min*l, magnification x200).

24010 | RSC Adv, 2020, 10, 23999-24016

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra04650g

Open Access Article. Published on 23 June 2020. Downloaded on 10/27/2025 10:43:20 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
a) 40
en=12, m=12
35
50 en=12,m=10
En=10,m=10
° 25 -
<« 20 -
15
10 A
99 Im(On,Om)Br
0 T T T T T T
-80 -60 40 -20 O 20 40 60
T-Tac/K
b) 35 12 14
‘~. on= ,m=
30'A en=12,m=12
25 1" ¥ohaus an=12,m=10
°\ ] o, An=10,m=12
q;ézo " n=10,m=10
15 A
10 1
5 i 3
Im(On,Sm)Br
0 T T

-40 -30 -20 -10 O 10 20 30
T-Tac/K

Fig. 14 Optical tilt angle 6 vs. reduced temperature T — Tac for (a)
Im(On,Om)Br and (b) Im(On,Sm)Br. For f,,(T) profiles fitted to the
power law according to ref. 103 see Fig. S25, ESI.{

Table 2 Maximum layer contraction Sax reduction factor R and
optical tilt angle 5 of ILCs Im(On,Ym)Br at the temperature of the
maximum layer contraction T — Tac

Compound T —Tac/K  dac/A  do/A  Smad%  Oop/° R

Im(Ol0,0lO)Br —28 64.7 63.4 1.9 28 0.40
Im(OlZ,OlO)Br —25 66.7 65.9 1.2 30 0.30
Im(012,012)Br  —22 72.0 714 0.9 29 0.26
Im(OlO,SlO)Br —13 68.9 68.1 1.1 24 0.35
Im(OlO,SlZ)Br —14 72.1 71.4 0.9 23 0.33
Im(OlZ,SlO)Br —25 71.1 70.4 1.0 31 0.26
Im(OlZ,SlZ)Br —6 74.5 73.8 0.9 19 0.41
Im(012,814)Br —10 76.8 76.5 0.4 27 0.20

Table 3 Layer distance d of imidazolium bromides Im(On,Ym)Br and
coefficients ay, a,, az

T/°C d001/;\ dooz/A d003/;\ a; a as
Im(012,010)Br 167 66.7 33.3 22.1 1 0.31 0.52
Im(012,510)Br 160 67.7 33.8 22.4 1 0.32 0.60
Im(012,012)Br 176 71.1 35.6 23.5 1 0.29 0.41
Im(012,512)Br 164 69.9 34.8 23.1 1 0.38 0.55

This journal is © The Royal Society of Chemistry 2020
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167 °C indicating a bilayer structure and its suggested packing model.
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Fig. 16 Absorbance spectra (in CHCls) of (a) precursor fluorenone
Br(08,012) and ILC Im(08,012)Br with alkoxy side chains and (b)
precursor fluorenone Br(08,512) and ILC Im(O8,5S12)Br with thioether
side chains. For details of the fluorescence spectra in solution see
Fig. S28 and S29 and the corresponding text in the ESI.{

intensity decreased only slightly, but at 60 °C in the SmA phase,
the intensity decreased steeply to 20% of the intensity of the
isotropic phase. At the SmA-Cr transition again a steep increase

RSC Adv, 2020, 10, 23999-24016 | 24011
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Fig.17 Emission spectra of (a) Br(06,016) and (b) Br(O8,512) at different temperatures (Aexc = 350—-380 nm). Temperature-dependent emission
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sufficient emission intensity.

of the emission was detected, with the intensity being slightly
below the emission intensity of the isotropic phase. In other
words, the strongest fluorescence was observed at 120 °C. This
result is remarkable, because the strongest emission would be
expected at low temperature in the highly ordered crystalline
phase rather than in the disordered isotropic phase. Presum-
ably, the observed band at 600 nm corresponds to the excimer
emission and thus, comparison of ether and thioether deriva-
tives suggests that the interaction between fluorenones in the
thioether derivative is more pronounced in the isotropic and
crystalline phase as compared to the SmA phase.™*

The bulk emission behaviour of fluorenone imidazolium
triflate Im(06,08)OTf resembled that of Br(06,016). Upon
heating of the crystalline phase the emission intensity
decreased slightly, but decreased steeply at 80 °C at the Cr-SmA
transition to a 10 times lower intensity than that in the Cr phase
and remained constant upon further heating and did not
increase upon isotropic clearing (Fig. S30, ESI).

24012 | RSC Adv, 2020, 10, 23999-24016

Conclusion

We developed a synthetic strategy to a series of ILCs
ImR(On,Ym)X consisting of a SmC-promoting central fluo-
renone core with one alkoxy or thioether side chain and a flex-
ible spacer connected to a SmA-promoting imidazolium head
group. Precursor fluorenone bromides Br(On,Ym) formed only
SmA mesophases, while the fluorenone ILCs Im(On,Om)Br
carrying an alkoxy side chain indeed displayed both SmA and
SmC mesophases. Thereby spacer lengths n > 10 increased the
stability of the SmC phase up to phase widths of 53 K. Attempts
to overcome the high clearing points of ILCs Im(On,0Om)Br,
being close to the thermal decomposition temperature via
exchange of the bromides against triflate counterions resulted
indeed in decreased clearing temperatures. However, the
desired effect was accompanied by the loss of the SmC phase
and thus triflate was not further considered in these ILCs. ILCs
ImR(On,Sm)Br with thioether side chain behaved similarly as
compared to the corresponding ether derivatives Im(On,0Om)Br.

This journal is © The Royal Society of Chemistry 2020
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In this series enantiotropic SmC mesophases were observed for
the H- and Me-substituted imidazolium group with minimum
spacer lengths n = 10 (R = H) and n = 6 (R = Me), while the ethyl
substituent (R = Et) caused monotropic SmC phases upon
cooling. Fluorenone ILCs Im(On,Sm)Br carrying thioethers
displayed broader SmC phases as compared to the corre-
sponding ether derivatives Im(On,0Om)Br, while the opposite
trend was observed for the temperature range of the SmA phase,
suggesting that S-S interactions are beneficial for SmC phases
in ILCs. Alternatively, the larger sulfur in the thioether side
chains might be better accommodated in a tilted than a non-
tilted orientation.

POM observations of a color change of the textures during
the SmA-SmC phase transition indicated an increase in the
birefringence of the SmC phase which is correlated with an
increased orientational order as expected for de Vries-like
materials.>*>'®* In XRD measurements higher order reflec-
tions were visible suggesting a high degree of translational
order in the smectic phase which may originate from strong
nano-segregation of the ionic imidazolium head group.** From
dldac vs. T — Tac profiles maximum layer contraction values
Smax ranging from 0.4 to 2.1% were obtained. The optical tilt
angles 6, measured by POM, and finally the calculation of the
reduction factor R based on layer spacings d/dsc and Oqp
values gave further evidence for de Vries-like behaviour. The R
values of ILCs ImR(On,Ym)Br ranged from 0.2 to 0.41 and are
comparable to those of known neutral liquid crystalline
compounds.®*®**** The most promising de Vries ILC was thio-
ether derivative Im(012,514)Br (Syax = 0.4%, R = 0.20).

Emission spectra of selected derivatives revealed “off-on”
effects because the emission intensity strongly depended on the
phase type (crystalline, liquid crystalline, isotropic). For
bromides Br(On,0Om) with an alkoxy side chain, the highest
intensity observed in the crystalline state steeply decreased at
the Cr-SmA transition and increased in the isotropic liquid.
Bromide Br(08,512) with thioether side chain showed a reverse
behaviour, ie. a steep decrease of highest intensity in the
isotropic liquid upon SmA transition followed by an increase at
the SmA-Cr phase transition. The emission intensity profile of
ILC Im(06,08)0Tf resembled that of Br(On,Om) with the
strongest intensity in the crystalline state. After abrupt reduc-
tion at the Cr-SmA transition, however, the intensity remained
nearly constant also in the isotropic liquid.

In conclusion, we have demonstrated that the combination
of charged imidazolium head groups with calamitic fluo-
renones carrying a lateral polar group and a flexible tether
generates ILCs with remarkably low layer shrinkage during
SmA-SmC transition. Moreover, fluorenone ILCs and their
precursor bromides possess a strong solid state luminescence,
which is switched off in the SmA phase and in case of
Br(08,512) is recovered in the isotropic phase. The emission
observed in the solid state is the excimer emission corre-
sponding to the interaction between fluorenone moieties,
indicating aggregation-induced emission (AIE) behaviour,'*”'?®
which is much stronger in the isotropic and crystalline phase
than in the SmA phase for Br(08,512). The phenomenon is less
pronounced for the fully oxygenated compound. Thus, our

This journal is © The Royal Society of Chemistry 2020
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approach has provided access to novel de Vries as well as
thermoluminescent materials.
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