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Since their discovery in 1888 by the botanist Friedrich Rein-
itzer, who studied the melting behavior of cholesteryl
benzoates, liquid crystals have developed from a mere curiosity
to a highly interdisciplinary research field, with LC displays
being the most important application to date [1,2]. However,
besides the use of thermotropic liquid crystals for display tech-
nology many other applications will probably be on the market
in the near future, such as organic light emitting diodes, photo-
voltaic devices, organic field effect transistors, gas sensors etc.
[3-8]. One of the major issues in liquid crystal research today is
still the poor knowledge of structure-property relationships and
thus the synthesis of whole series of structurally related
compounds is required in order to allow the design of liquid
crystalline and other physical properties. It is the goal of this
thematic series “Progress in Liquid Crystal Chemistry” to give
the reader of Beilstein Journal of Organic Chemistry a flavor of
the synthetic challenges of liquid crystal research, as well as
interdisciplinary aspects from material science, physics, phys-
ical and theoretical chemistry. It is a great pleasure to serve as a
guest editor for this thematic series, where leading experts from
all over the world have contributed original research papers and
accounts that deal with diverse topics such as phthalocyanine-
fullerene hybrid materials for photovoltaic devices, functional
metallomesogens, coaxial electrospinning of liquid crystal-
containing microfibers, banana-discotic hybrid systems, ionic

liquid crystals, relations between molecular length distribution

Sabine Laschat

Beilstein Journal of Organic Chemistry 2009, 5, No. 48.
doi:10.3762/bjoc.5.48

Received: 23 September 2009
Accepted: 29 September 2009
Published: 07 October 2009

Guest Editor: S. Laschat

© 2009 Laschat; licensee Beilstein-Institut.
License and terms: see end of document.

and formation of smectic phases, nematic phase engineering by
using V-shaped molecules, saddle-shaped columnar systems
displaying anomalous odd-even effects, theoretical studies on
the origin of chirality transfer in liquid crystalline host-guest
systems, liquid crystalline carboranes and dyes and discotic
phenanthrene quinones. Many new exciting discoveries in this
diverse research area are to be expected in the near future and
our aim with this Thematic Series is to attract a new audience to

this topic.
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Guest Editor
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A series of phthalocyanine-Cg dyads 2a—d was synthesized. Key steps in their synthesis are preparation of the low symmetry

phthalocyanine intermediate by the statistical condensation of two phthalonitriles, and the final esterification of the fullerene deriv-

ative bearing a free COOH group. Structural characterization of the molecules in solution was performed by NMR spectroscopy,

UV-vis spectroscopy and cyclic voltammetry. Preliminary studies suggest formation of liquid crystalline (LC) mesophases for

some of the prepared dyads. To the best of our knowledge, this is the first example of LC phthalocyanine-Cg( dyads.

Introduction

Among sustainable energy technologies, photovoltaic (PV)
conversion of solar energy is considered as a promising solu-
tion. Although currently the market is dominated by inorganic
PV devices, development of organic PV materials is driven by
their compatibility with solution processing and hence the
potentially low cost of large-scale production by printing tech-
nologies [1-3]. One of the most popular concepts in the design
of organic PV devices is the “bulk heterojunction” architecture,

featuring blends of the two immiscible materials: a donor and

an acceptor of electrons [4-7]. After absorption of a photon, an
initially formed exciton is dissociated at the donor/acceptor
interface into a positive charge (hole) and a negative charge
(electron), which are transported to the electrodes. Hence, a crit-
ical issue in bulk heterojunction PV devices is the control of
morphology of materials, in order to provide both the efficient
exciton generation and the rapid charge carrier transport. The
logical step in the development of this architecture is

“molecular heterojunction”, that is, creation of covalent link-
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ages between donor and acceptor components [6]. The main
idea is that in material well-organized on the molecular level,
donor and acceptor moieties will create the separate pathways
for the transport of holes and electrons, respectively. One can
intuitively expect that for such high order of self-organization,
liquid crystalline (LC) materials will be beneficial, because they
combine order and fluidity, which allows the self-healing of

structural defects [8].

One of the most widely used molecules in the bulk heterojunc-
tion PV devices is fullerene Cgy, firstly in the pristine form and
later as easily soluble derivatives such as phenylcycl-
opropa[6,6]Cgp-butanoic acid methyl ester (PCBM, 1, Figure 1)
[9-12]. It has been used in a combination with a plethora of
conjugated polymers [13-18] as well as small molecules [19-
21]. Furthermore, a number of Cggp-containing covalent
ensembles were studied within the “molecular heterojunction”
concept [22-29].

Phthalocyanines (Pc) have found a number of industrial applica-
tions as dyes and pigments due to their bright blue or green
colors combined with extraordinary thermal and photochemical
stability [30]. Phthalocyanines bearing flexible peripheral
substituents form columnar mesophases [8,31], which demon-
strate very efficient charge transport along the columns [32,33].
A unique combination of properties makes phthalocyanines
excellent candidates as active materials for photovoltaic

devices.

1, PCBM C|>R
7N\
N7 SNT=N
/
OM | NH HN
0 \
n NN =N
\ |/
2a-d OR
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Within the concept of a “molecular heterojunction”, a number
of phthalocyanine-fullerene dyads and triads were synthesized
[34-38] and long-lived photoinduced charge transfer was
demonstrated in these type of materials [39]. Although
examples of mesogenic fullerene derivatives have been previ-
ously reported [40-44], mesogenic Pc-Cg( dyads are unknown,
most probably due to the tedious purification of the unsymmet-
rically substituted phthalocyanines bearing long peripheral
substituents. A possible elegant solution to this problem was
demonstrated by Torres and co-workers, who obtained LC
mesophases of several phthalocyanine-Cg dyads by blending
them with a mesogenic phthalocyanine derivative [45]. In this
paper we report the synthesis of the first example, to the best of

our knowledge, of mesogenic phthalocyanine-fullerene dyads.

Results and Discussion

The structure of dyads 2a—d is depicted in Figure 1. We decided
to combine in one molecule the phenylcyclopropa[6,6]Cgg
moiety of PCBM as an acceptor and a phthalocyanine bearing
three swallow-tail alkoxy groups as a donor. The choice of the
substituents on the phthalocyanine core was dictated by the
previous finding that the pseudosymmetrical phthalocyanine 3
bearing four such substituents is very soluble in many organic
solvents, forms columnar mesophases over a broad temperature
range and, at the same time, possesses a reasonably low clearing
point (ca. 180 °C) [46]. Finally, a critical issue in obtaining a
mesogenic phthalocyanine-Cgy dyad can be a difficulty in
accommodating a bulky Cgn molecule in the columnar LC

(|)R
7 N\
N7 SNTSN
/ X
fa—
| NH  HN | 5-OR
RO \ =
N\ | /
OR
3
CioH21
=7 "X
~_OR 2a-d, 3: R= HoC™ ~CyoHos
=

2a-d:an=3,bn=4,¢cn=5dn=6

Figure 1: Phthalocyanine-Cgy dyads 2a—d described in this paper, Cgp-derivative 1 (PCBM) and previously reported mesogenic phthalocyanine 3.
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mesophases [45]. To this end, we envisaged the variation of the
linker between the fullerene and the phthalocyanine unit.

The synthesis of dyads 2a—d is summarized in Scheme 1 and
Scheme 2. The key step, which also represents a bottle-neck in
terms of yield (see below), is the preparation of the low-
symmetry phthalocyanines 4a—d. To this end, we originally
decided to explore the statistical condensation of phthalonitriles
5 and 6a—d (Scheme 1). Previously, synthesis of 4-alkoxy-
phthalonitriles such as 5 via aromatic nucleophilic substitution
in 4-nitrophthalonitrile with the corresponding alcohols in the
presence of LIOH in DMSO was reported [46]. However, the
yields of phthalonitriles 5 were moderate (below 50%) and their
separation from multiple side products was cumbersome.
Hence, we preferred to prepare 5 (80% yield) by Williamson
reaction between phenol 7 and bromide 8. The latter was
synthesized from the corresponding commercially available
alcohol by the well-known general method (CBr4/PPh3) [47]. A
similar procedure was then used to synthesize phthalonitriles
6a—d (80-86% yield) starting from the corresponding commer-
cially available ®-bromoalcohols.

Several strategies for the synthesis of low-symmetry A3;B
phthalocyanines (where A and B refer to the chemically
different isoindole units comprising the phthalocyanine core)

were reported earlier, including expansion of subphthalo-

c C1oH21
10H21 Br
CqoH
NC (0] 12M125  NC
\)\Cmst -8
NG K,COs
DMF, 80 °C
5
C|)R
7 N\
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cyanines or solid-phase synthesis on polymer supports [48].
However, operationally simplest and shortest route is the statist-
ical condensation of the two different phthalonitriles. This
method inevitably produces a mixture of the desired A3B
phthalocyanines with the products of compositions A4, AyB»,
ABj and By. In theory, 3
required to access A3B products. However, using larger excess

: 1 molar ratio of the two dinitriles is
of one of dinitriles (often 9 : 1 stoichiometry is used) is more
practical. Although the amount of the A4 phthalocyanine in the
reaction mixture grows, the formation of cross-condensation
products other than A3B is essentially suppressed (see Figure
SI2 in the Supporting Information for the graphical presenta-
tion of the product distribution). Hence, the isolation of the
desired A3B is limited to the separation from the A4. Another
factor that facilitates the separation by chromatography is rather
different polarity of the substituents on A and B units. In our
case, the oligomethylene linker with a terminal OH group is
much more polar than the bulky swallow-tail alkyl group, and
we did not expect difficulties in the separation of condensation

products.

However, attempted condensation of 5 and 6a—d gave no
desired phthalocyanine derivative. We reasoned that the unpro-
tected OH group in one of the reaction components may affect
the condensation, and converted alcohols 6a—d into acetals
9a—d (84-93% yield) by treatment with an excess of meth-

BFM 0 Mox

cho3
DMF.80°C
a— H
MEMCI, i-Pr,EtN
9a—dX=MEM:—| L
c|)R
7\
N~ SNTSN

| | / AN ] LoR
NH A
5+ 9a—q 1CsH1OH Li XOH\ =0 \ A

N-__N<=N
\ |/ \ | /
C1oHa4 OR OR
4,10a—d, 3: R= HyC~ ~CyoHys 10a—d X = MEM] 3
4,6,9,10:an=3,bn=4,¢cn=5dn=6 4a-dX=H PPTS, t-BuOH

Scheme 1: Synthesis of low-symmetry phthalocyanines 4a—d.
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Scheme 2: Synthesis of dyads 2a-d.

oxyethoxymethyl chloride (MEMCI) in the presence of
i-PryEtN as a base. The general choice of acetal as a protective
group was dictated by its excellent stability in the presence of
the strong bases, required for the cyclotetramerization of
phthalonitriles. Among various popular acetal protective
groups, the relatively polar MEM moiety was chosen to facil-
itate the chromatographic separation of the unsymmetrical
phthalocyanines 10a—d from the major side product 3: the latter
bears only relatively apolar, bulky swallow-tail alkoxy groups.
In addition, the signal of the terminal methyl group of the MEM
moiety serves as a convenient “marker” in rather complex 'H
NMR spectra of phthalocyanines 10a—d (see below). Condensa-
tion of 5 and 9a-d in n-CsH;{OH/n-CsH;OLi upon reflux
afforded the desired A3B phthalocyanines 10a—d (13-24% after
column chromatography) together with pseudo-symmetrical A4
phthalocyanine 3 (35-51%). The seemingly modest yields of
10a—d actually correspond to those reported earlier for other
Aj3B-type phthalocyanines: yields higher than 20% are rare in
such reactions [45,49-51]. The MEM protective group in 10a—d
was then quantitatively removed to give 4a—d upon treatment
with pyridinium tosylate (PPTS) in #~-BuOH according to previ-
ously reported general method [52].

The structure of the phthalocyanines 4a—d was confirmed by 'H
and 13C NMR, and HR-MALDI mass spectrometry. 'H NMR
spectra of low-symmetry phthalocyanines 4a—d and 10a—d in
CDCIj closely resemble those of 3 and feature a series of three
unstructured multiplets from the protons of 1,2,4-substituted
benzene rings. Inner-core protons in 4a—d and 10a—d are
observed as a broad and concentration-sensitive high-field
signal. It should be noted that 3 (as well as any phthalocyanine
derivative prepared from a 4-substituted phthalonitrile) repres-
ents a mixture of four regioisomers [48,53], while lower-
symmetry 4a—d and 10a—d are actual mixtures of as many as
eight regioisomers each. This greatly complicates their NMR
spectra (see Supporting Information). Furthermore, each regi-
oisomer is a mixture of different diastereoisomers due to the

presence of the asymmetric carbon atom in every peripheral

Beilstein Journal of Organic Chemistry 2009, 5, No. 49.

substituent. However, although 2-decyltetradecyl substituents in
3 and 10a—d are formally chiral, they should actually be treated
as pseudo-achiral since the difference between the two of the
substituents at the asymmetric carbon (the two linear alkyl
groups of different length) is very small. As was shown previ-
ously, the complex diastereochemical composition does not
influence the behavior of phthalocyanines bearing similar
swallow-tail branched alkyl chains [46,54-57]. UV—vis absorp-
tion spectra of 4a—d (Figure 2) are characteristic for metal-free
phthalocyanine derivatives: they feature two intense long-wave
absorption bands (termed Q-bands).

In the final synthetic step, reaction between 4a—d and the acid
11 (prepared by acid-catalyzed hydrolysis of the commercially
available methyl ester 1, PCBM) [10,58] afforded the corres-
ponding dyads 2a—d (Scheme 2). Although in general esterifica-
tion appears as a trivial synthetic transformation, esterification
of 11 is greatly complicated by its poor solubility in virtually all
organic solvents. After some experimenting, we found that the
classical dicyclohexylcarbodiimide/N,N-dimethylamino-
pyridine (DCC/DMAP) protocol gives the best results, provided
the acid 11 was first sonicated in o-dichlorobenzene for two
hours prior to reaction, and then an alcohol 4a—d, DCC and
DMAP were added to the reaction mixture. After purification
by column chromatography, the dyads 2a—d were isolated in
yields up to 45%. Again, the relatively modest yields are
comparable with or superior to those previously reported for the
esterification of poorly soluble acid 11 with various alcohols
[22,50,59].

The structure of dyads 2a—d was confirmed by NMR, MALDI
MS and UV-vis absorption spectroscopy. 'H NMR spectra of
the dyads 2a—d essentially correspond to the superposition of
the spectra of the phthalocyanine 4a—d and PCBM (1), with the
exception of the signal of CH,OC=0 in dyads 2a—d (ca. 4.10
ppm), which is shifted downfield vs. the signal of CH,OH in
phthalocyanines 4a—d (ca. 3.80 ppm). 13C NMR spectrum of
the dyad 2c¢ also essentially represents a superposition of the
spectra of phthalocyanine 4¢ and PCBM (1). However, its
detailed interpretation is greatly complicated because of a large
number of signals, broadening of the signals due to the complex
isomeric composition of phthalocyanine (see above), and over-
laps of signals (see Supporting Information for the original
NMR spectra). For this reason, only selected !3C chemical
shifts are given in the Experimental Part. UV—vis absorption
spectra of the dyads 2a—d also appear as superposition of the
spectra of 4a—d and 1: next to the intense Q-band (maxima at
670 and 707 nm) and B-band (between ca. 300 and ca. 450 nm)
of phthalocyanine moiety, very strong high energy absorption
of the cyclopropanated Cg( derivative with the maximum at ca.

260 nm is observed (Figure 2).
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Figure 2: UV-vis absorption spectra of 2a (black), 4a (blue) and 1
(red) in CHCly.

Cyclic voltammetry measurements of dyads 2a and 2d in
CH,Cl, produced essentially identical results. Wave potentials
do not change upon elongation of the spacer between the donor
and the acceptor (Table 1). Furthermore, the voltammograms
effectively correspond to the superposition of those for PCBM
(1) and the phthalocyanine 3, and do not display supplementary
waves (Figure 3). The reduction part of the voltammograms of
2a,d displays five quasi-reversible reduction waves, three due to
the Cgo moiety and two due to the phthalocyanine fragment. In
the oxidation part of the voltammograms of 2a,d, several poorly
resolved waves identical to those of phthalocyanine 3 are
observed at potentials up to +1.6 V vs. saturated calomel elec-
trode (SCE). These observations, together with UV—vis spectra,
suggest the absence of intramolecular charge transfer in the

ground state for dyads 2a—d.

Preliminary investigation of the dyads 2a—d by polarized optical
microscopy (POM) showed that the length of the spacer
between the phthalocyanine and the fullerene moieties signific-
antly affects the thermotropic properties of the material. Dyads
2a,b are liquid at room temperature, while dyads 2¢,d display at
room temperature fluidic birefringent textures confirming the
occurrence of liquid crystalline (LC) mesophases. Upon
heating, transitions to isotropic liquid were observed at 120 °C
and 90 °C for 2¢ and 2d, respectively. For 2¢ this transition was
only detectable by POM and not by differential scanning calori-
metry (DSC), while for 2d DSC on heating revealed an endo-
thermic peak at 90 °C [enthalpy 2.7 kJ/mol] in perfect agree-
ment with POM observation. The small enthalpy value supports
the transition from LC mesophase to isotropic liquid. However,
assignment of the nature of LC mesophases for 1¢,d from the
available data was not obvious, since the textures observed by

POM were not characteristic. The major conclusion is nonethe-

Beilstein Journal of Organic Chemistry 2009, 5, No. 49.

Table 1: Experimental values of reduction potentials Elreq = (Epl; +
Ep'5)/2 of 1, 2a,d and 3, vs. SCE, in CHyCl; (¢ = 10™* M), scan rate
100 mV s~

E1red, \% Ezred, \ E3red, \% E4red: \% E5red, \

1 -0.68 -1.06 -1.67
2a -0.73 -0.94 -1.09 -1.26 -1.60
2d -0.71 -0.94 -1.09 -1.25 -1.59
3 -0.96 -1.27

20 16 -1.2 08 04 00 04 08 1.2
E (V) vs. SCE

Figure 3: Cyclic voltammograms of 1 (red), 2a (grey), 2d (blue) and 3
(black) in CH,Cly (¢ = 107* M), scan rate 100 mV s™".

less that the length of the spacer in 2a—d between the Cg frag-
ment and the mesogenic phthalocyanine moiety decisively

affects the supramolecular structure of the material.

Conclusion

We report the first example, to the best of our knowledge, of
mesogenic phthalocyanine-Cgy dyads. The key step in their
synthesis is the preparation of the low-symmetry phthalocy-
anines, bearing three mesogenic swallow-tail substituents and
an OH-terminated polymethylene linker. These key intermedi-
ates were synthesized by experimentally simple statistical
condensation of two phthalonitriles, giving comparatively high
yields (up to 24%) for this type of reaction. Upon the favorable
combination of the length of the linker with the length of peri-
pheral substituents on the phthalocyanine, bulky Cgy moiety can
be accommodated in the LC mesophase. Detailed analysis of
this supramolecular organization, as well as deeper insight in
the structure-property relationships of dyads 2, will be the
subject of a separate publication. Other objectives of our
ongoing research include: studies of macroscopic alignment in
films of dyads 2, studies of charge carrier mobility in aligned

films, and fabrication and evaluation of photovoltaic devices.
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Experimental

General details. All chemicals were purchased from Aldrich,
Acros or TCI and used without further purification. Acid 11
was prepared according to the published procedure [10]. TLC
was performed on precoated plates with silica gel 60 Fps4
(Merck), visualization with UV (A = 254 nm). Column chroma-
tography was performed on silica gel (0.040-0.063 mm,
Macherey—Nagel). 'H NMR and !3C NMR spectra were
recorded on Bruker Avance 300 or Varian VNMRS 400 spec-
trometers; chemical shifts are given in ppm relative to Me4Si
(internal standard); coupling constants J are given in Hz.
MALDI mass spectra were recorded on a Waters MALDI-
QTOF Premier, using a 350 mW laser with dithranol (1,8-
dihydroxy-10H-anthracen-9-one) as matrix for phthalocyanines
and with DCB (trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene]malonitrile) as matrix for fullerene derivatives;
EI and ESI mass spectra were recorded on a Waters AutoSpec
6. UV-Visible absorption spectra were recorded on a HP 8453
spectrophotometer in a quartz cell (optical path of 1 cm). For
POM experiments, a NIKON Eclipse 80i microscope equipped
with a digital camera DS Camera Head D5-5M was used;
temperature was controlled by a Linkam Scientific Instruments
GS350 hot stage. For DSC, a Perkin Elmer Diamond DSC
calorimeter was used.

Electrochemistry. Cyclic voltammetry experiments were
performed with a computer controlled Autolab potentiostat.
Measurements were carried out at room temperature in a three-
electrode single-compartment cell (10 mL), in CH,Cl, solu-
tions (concentration 107 M), containing BusNPFg (0.1 M) as
supporting electrolyte, at a scan rate of 100 mV s™!. A glassy
carbon, polished by a slurry-suspension of alumina on micro-
cloth and washed by Milli-Q water before each experiment, was
used as a working electrode. A spiral platinum wire was
employed as counter electrode and an Ag/AgCl/KCl(sat) used
as reference electrode was connected to the cell solution via a
salt bridge containing a saturated aqueous KCI solution. The
Ag/AgCl electrode was checked against the ferrocene/
ferrocinium (Fc/Fc™) couple (E°pe/pet = 0.425 V vs. Ag/AgCl)
before and after each experiment. All potentials are reported
versus saturated calomel electrode (SCE) (E°g¢/pe+ = 0.405 V
vs. SCE). Before each measurement, solutions were deaerated
by 20 min nitrogen bubbling.

4-(2-Decyltetradecyloxy)phthalonitrile (5). To a solution of
phenol 7 (1.80 g, 12.5 mmol) and bromide 8 (4.18 g, 10 mmol)
in dry DMF (60 mL) was added dry K,CO3 (1.72 g, 12.5
mmol). The mixture was stirred at 90 °C under Ar for 7 h. After
cooling to r.t., the mixture was poured into water (60 mL) and
extracted with AcOEt (3 x 200 mL). The combined organic
layers were washed with aqueous NaHCO3 (5%), dried with
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MgSO4 and concentrated in vacuum. Column chromatography
(Si0,, CH,Cly) afforded pure 5 as a light yellow solid (4.81
mg, 80%); R 0.7 (CH,Cly). Analytical data identical to those
previously reported [46].

4-{10-[(2-Methoxyethoxy)methoxy]decyloxy}phthalonitrile
(9¢). A solution of phthalonitrile 6¢ (570 mg, 1.47 mmol) and
i-PrpEtN (0.77 mL, 4.5 mmol) in CH,Cl, (30 mL) was treated
dropwise with MEMCI (0.33 mL, 2.94 mmol) and the resulting
mixture was stirred overnight at r.t. The mixture was then
treated with aqueous saturated NaHCO3 (35 mL); the organic
layer was separated, the aqueous layer was extracted with
CH,Cl; (2 x 40 mL), combined organic layers were dried over
MgSO, and evaporated. Column chromatography of the residue
(CH,Cly/AcOEt 4 : 1, R¢ 0.69) afforded 9¢ (479 mg, 84%) as a
light yellow solid; mp 43 °C; R¢ 0.64 (CH,Cl,/AcOEt 9 : 1); 'H
NMR (300 MHz, CDCl3, 25 °C): 6 = 7.68 (d, 3JH’H = 8.8 Hz,
1H), 7.24 (d, /iy = 2.6 Hz, 1H), 7.14 (dd, *Jy n = 8.8 Hz,
4y = 2.6 Hz, 1H), 4.69 (s, 2H, OCH,0), 4.03 (t, 3/ = 6.5
Hz, 2H, CH;0), 3.68 (t, 3JH’H = 5.1 Hz, 2H, CH,0), 3.52-3.60
(m, 4H, OCH,CH;O0), 3.38 (s, 3H, MeO), 1.81 (quint, 3JH’H =
7.2 Hz, 2H), 1.26-1.64 (m, 14H); '3C NMR (100 MHz, CDCl;,
25 °C): 6 = 162.2, 135.1, 119.5, 119.3, 117.4, 115.7, 115.3,
107.0, 95.5, 71.8, 69.3, 67.9, 66.7, 59.0, 29.7, 29.4, 29.4, 29.4,
29.2,28.7,26.2, 25.8; HR-MS (EI): m/z calcd. for CpH35N»04
(IM]"): 388.2362, found 388.2374.

2-{10-[(2-Methoxyethoxy)methoxy]decyloxy}-
9(10),16(17),23(24)-tri(2-decyltetradecyloxy)-29H,31H-
phthalocyanine (10c). Li (125 mg, 17.7 mmol) was dissolved
under Ar in n-pentanol (10 mL) and the mixture was heated to
reflux until Li was completely dissolved. After cooling to r.t., a
solution of phthalonitriles 5 (3.41 g, 7.1 mmol) and 9¢ (305 mg,
0.79 mmol) in n-pentanol (15 mL) was added dropwise and the
mixture was heated to reflux overnight. After cooling to r.t.,
AcOH was added dropwise until pH 5-6 was reached. The
green solid was filtered and extensively washed with MeOH.
Column chromatography of the residue afforded first 3 (eluted
with CH,Cl,, 1.76 g, 50%) and then 10¢ (eluted with CH,Cl,/
AcOEt 1 : 1, 347 mg, 24%). Green solid; Ry 0.75 (CH,Cly/
AcOEt 1:1). 'TH NMR (300 MHz, CDCl3, 25 °C): 8 = 8.50-8.90
(m, 4H), 8.10-8.50 (m, 4H), 7.30-7.60 (m, 4H), 4.71 (s, 2H,
OCH;0), 4.25-4.50 (m, 8H, ArOCH3), 3.65-3.80 (m, 4H,
CH,0CH,0CH>), 3.58-3.63 (m, 2H, OCH,CH,0), 3.36 (s,
3H, MeO), 2.10-2.23 (m, SH, ArOCH,CH, + ArOCH,CH),
1.15-1.90 (m, 134H), 0.85 (t, 3JH,H = 6.8 Hz, 18H), —2.84 (s,
2H, NH); 13C NMR (100 MHz, CDCl3, 25 °C): & = 160.2 (br),
147.0 (br), 136.6 (br), 127.8 (br), 122.2 (br), 117.0 (br), 104.0
(br), 94.6 (OCH,0), 70.9 (br, CH;0), 70.7 (br, CH,0), 67.4
(br, CH,0), 66.9 (CH;0), 65.7 (CH,0), 58.0 (MeO), 37.5 (br),
30.5-31.0 (several CHj), 28.3-29.4 (several CH;), 26.3 (CHy),
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25.2-25.5 (several CHy), 21.5-21.8 (several CH,), 13.1 (Me);
HR-MS (MALDI)Z m/z calcd. for C1]8H190N807 ([M]+)
1831.4757, found 1831.4748.

2-(10-Hydroxy-decyloxy)-9(10),16(17),23(24)-tri(2-decyl-
tetradecyloxy)-29H,31 H-phthalocyanine (4c). A stirred solu-
tion of the phthalocyanine 10¢ (275 mg, 0.15 mmol) and PPTS
(188 mg, 0.75 mmol) in ~-BuOH (20 mL) was heated to reflux
overnight. After cooling to r.t., the reaction mixture was
concentrated in vacuum. The resulting solid was suspended in
MeOH (50 mL), then filtered, extensively washed with MeOH
and dried to give 4¢ (261 mg, 100%). Green solid; 'H NMR
(300 MHz, CDCl3, 25 °C): & = 8.90-9.20 (m, 4H), 8.45-8.80
(m, 4H), 7.50-7.75 (m, 4H), 4.35-4.55 (m, 8H, ArOCH>), 3.72
(t, 3JH,H = 6.0 Hz, 2H, CH,0H), 2.03-2.20 (m, 5H,
ArOCH,CH,; + ArOCH,CH), 1.10-1.95 (m, 134H), 0.80-0.93
(m, 18H), —3.07 (s, 2H, NH); 13C NMR (100 MHz, CDCls, 25
°C): 6 =161.0 (br), 147.6 (br), 137.4 (br), 128.6 (br), 123.0 (br),
118.2 (br), 104.8 (br), 71.6 (br, CH;0), 68.4 (br, CH,0), 63.1
(CH,0), 38.5 (br), 32.9 (br), 31.6-32.2 (several CH,),
29.4-30.5 (several CHy), 27.3 (CHj), 26.3-26.6 (several CH),
25.9, 22.6-22.9 (several CHy), 14.2 (Me); HR-MS (MALDI):
m/z caled. for C;14H g2NgOs5 ([M]"): 1743.4233, found
1743.4240.

Phthalocyanine-Cgy dyad 2c. A solution of the phthalocy-
anine 4¢ (64 mg, 0.037 mmol) and the acid 11 (50 mg, 0.056
mmol) in o-dichlorobenzene (7 mL) was sonicated for 2 h.
After cooling to 0 °C, DCC (31 mg, 0.15 mmol) and DMAP (18
mg, 0.15 mmol) were added, the mixture was allowed to reach
r.t. and was stirred overnight. The resulting mixture was
concentrated and the residue was purified by column chromato-
graphy (CH,Cly/hexane 3 : 2) to give 2¢ (46 mg, 47%). Green
solid; Ry 0.67 (CH,Cly/hexane 3 : 2); 'H NMR (300 MHz,
CDCl3, 25 °C): 8 = 8.25-8.80 (m, 4H), 7.90-8.20 (m, 4H), 7.72
(d, 3JH’H = 7.4 Hz, 2H), 7.30-7.60 (m, 7H), 4.20-4.50 (m, 8H,
ArOCH,), 4.05-4.15 (m, 2H, COOCH),), 2.67 (t, 3JHJ.[ =715
Hz, 2H, CH,COO0), 2.39 (t, 3JH,H = 7.0 Hz, 2H, PhCCH,),
1.98-2.25 (m, 7H, ArOCH,CH, + ArOCH,CH +
CH,CH,C00), 1.10-1.90 (m, 134H), 0.80-0.95 (m, 18H),
-3.36 (s, 2H, NH); 13C NMR (100 MHz, CDCls, 25 °C),
selected signals: 6 = 173.1 (C=0), 160.3 (br, arom. C-0), 79.7
(fullerene C(sp?)), 71.8 (br, CH,0), 68.4 (br, CH,0), 64.7
(CH,0C=0), 51.7 (PhC), 33.5 and 34.0 (CH,C=0 and
PhCCH;); HR-MS (MALDI): m/z calcd. for C1gsH92NgOg
(IM]7): 2621.4965 (M*), found 2621.5530.
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Abstract

The addition of a chiral non-racemic dopant to a nematic liquid crystal (LC) has the effect of transferring the molecular chirality to
the phase organization and a chiral nematic phase is formed. This molecular chirality amplification in the LC provides a unique
possibility for investigating the relationship between molecular structure, intermolecular interactions, and mesoscale organization. It
is known that axially chiral or helical-shaped molecules with reduced conformational disorder are good candidates for high helical
twisting power derivatives. In particular, biaryl derivatives are known to be efficient chiral inducers in biaryl nematic mesophases.
In this paper, we focus on a new series of helicene-like molecules of known absolute configuration. We have integrated cholesteric
pitch measurements with geometry optimization by DFT calculations and analysis of the twisting ability by the Surface Chirality
model to shed light on the structural features responsible for the analogies and differences exhibited by these derivatives. The
investigation of these dopants with well-defined geometry, by virtue of the low conformational freedom, and the substituents vari-
ously distributed around the core, allows us to extend our knowledge of the molecular origin of the chirality amplification in liquid

«

crystals and to confirm the simple relationship “molecular P-helicity” — “cholesteric P-handedness” for helical-shaped helicene-

like derivatives.

Introduction

Nematic liquid crystals (LCs) are fluid phases formed by aniso-
metric molecules which, though free to rotate as in ordinary

liquids, are preferentially aligned along a common axis, called

director. The addition of a chiral non-racemic dopant to a
nematic liquid crystal has the effect of transferring the

molecular chirality to the phase organization and a chiral
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nematic (or cholesteric) phase is formed, in which the director

rotates perpendicularly to an axis in a helical way (see Figure 1)

[1].

1/2 Pitch distuncc—'

Figure 1: Schematic structure of a right-handed chiral nematic
(cholesteric) phase. Black arrows represent the director, which rotates
perpendicularly to an axis in a helical manner. Molecules (represented
as ellipsoids) can take any orientation, but are preferentially aligned to
the director.

For a given nematic host, the handedness and magnitude of the
pitch of the cholesteric helix depend on the structure, concentra-
tion, and enantiomeric purity of the dopant. Enantiomeric pairs
induce oppositely handed cholesteric phases. At low concentra-
tion, the helix pitch is inversely proportional to the molar frac-
tion of the dopant; the propensity of a dopant to induce a helical
organization in the LC matrix is then quantified by its helical
twisting power (HTP), which is defined as [2,3]:

HTP = (pcr)” e))

where p is the helical pitch of the cholesteric phase and ¢ and r
are the concentration (molar fraction) and the enantiomeric
excess of the dopant, respectively. The sign of HTP is taken as
positive if the induced cholesteric phase is right-handed (P).

Cholesteric induction has attracted great interest in the field of
material science [4]. Most applications (for example, for the
development of reversible optical memories) [S] require chiral
dopants with good solubility in the nematic host and high
helical twisting power. Understanding of the mechanism behind
chirality transfer from solute molecules to host nematic phases
is essential for designing LC-based chiral devices; our and other
research groups have investigated this issue (for a selection of
papers, see refs [6-21]). Cholesteric induction has also been
exploited for the assignment of the absolute configuration of
chiral molecules, as a viable alternative or complement to more
usual techniques such as Circular Dichroism [2,3] (for a general
review on CD, see refs [22,23]).
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From a more fundamental point of view, the molecular chir-
ality amplification in LC gives a unique possibility for investig-
ating the relationship between molecular structure, inter-
molecular interactions, and mesoscale organization. The
phenomenon of cholesteric induction can be explained in
general terms as the result of the competition between (i) a
chiral force, which originates from the chirality of inter-
molecular interactions and promotes a twist of the nematic
director and (ii) an elastic restoring force, which can be traced
back to the anisotropy of intermolecular interactions and
opposes director distortions [24]. Different theories [25-27]
have contributed to elucidate the molecular mechanism behind
cholesteric induction, as well as Molecular Dynamics simula-
tions [28-30]; for the connection between structure of the chiral
dopant and cholesteric organisation, the Surface Chirality (SC)
model has been shown to be particularly useful [31,32]. This is
a phenomenological mean field theory wherein the anisotropy
and chirality of the interactions of the dopant with the
surrounding molecules are parameterized on the basis of the
geometric features of the molecular surface. The underlying
assumption is that short-range intermolecular interactions,
which are modulated by molecular shape, are mainly respons-
ible for the organization of thermotropic LCs. A valuable
feature of the SC model is its realistic account of molecular
structure; a detailed representation of the molecular surface can
be easily obtained, once the atomic coordinates are known. The
availability of reliable molecular structures is a requirement for
the quality of HTP predictions. Nowadays, good estimates of
molecular geometry can be obtained at an affordable computa-
tional cost using standard Quantum Mechanical (QM) tools.

It is known that axially chiral or helical-shaped molecules with
reduced conformational disorder are good candidates for high
HTP derivatives [2,4,6]. In particular, biaryl derivatives have
been described as efficient chiral inducers in biaryl nematic
mesophases (as, for instance, the widely used commercial
mixture E7 from BDH) [33-45] and this has been viewed as a
consequence of their structural analogy and molecular recogni-

tion via core—core interactions with the host molecules [46,47].

To avoid confusion with the P/M stereochemical descriptors of
chirality axes, planes, or helices according to IUPAC nomen-
clature [48], we use here pseudo-P and pseudo-M to indicate the
handedness of the twist between the two (aromatic) planes
(for example, a biphenyl, irrespective of the presence of the
substituents, is designed as pseudo-P when the two phenyl rings
are arranged in such a way that a clockwise rotation (<90°) of
the ring closer to the observer is required to obtain the
coplanarity of the two aromatic planes). In most cases, (pseudo-
P)-biaryls induce (P)-cholesterics; however, the relationship

between stereochemical descriptor of the molecular chirality
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and handedness of the induced cholesteric phase is not straight-
forward. Indeed, it has been found that homochiral molecules
with similar structures may induce cholesteric phases of
opposite handedness [7,49]. A striking example is homochiral
oligonaphthalenes, which, despite the clear structural helicity
and the similar orientational behavior, exhibit no trivial rela-
tionship between molecular stereochemical descriptor (aR or
aS) and cholesteric handedness (P or M) [50]. Changes in the
molecular geometry, arising from the presence of substituents
or conformational equilibria, can have a dramatic effect on the
twisting ability of a dopant [2]. Moreover, in the case of
dopants with low twisting power, cholesterics of opposite
handedness may be induced in different LC solvents [8].
However, for solutes with clearly defined helicity and align-
ment axes, a weak sensitivity to small changes in structure and
environment is more often observed. This uniformity of beha-
vior was observed for the helicenes investigated; in penta- and
hexa- and carbo- and hetero-helicenes, the relationship between
the molecular stereochemical descriptor and the cholesteric
handedness was verified and interpreted [51]: (P)-helicenes

induce (P)-cholesterics in all the cases investigated.

In this paper, we focus on a new series of helicene-like
molecules of known absolute configuration (Figure 2). We have
integrated cholesteric pitch measurements with geometry optim-
ization by DFT calculations and analysis of the twisting ability
by the SC method to shed light on the structural features
responsible for the analogies and differences exhibited by these
derivatives. The investigation of these dopants with well-
defined geometry, by virtue of the low conformational freedom,
and substituents variously distributed around the molecular
core, allows us to extend our knowledge of the molecular origin

of the chirality amplification in liquid crystals.

Results and Discussion

The enantioselective synthesis as well as the configuration
assignment of enantiopure dihydro[5]helicene quinones or
bisquinones 1-5 and of dihydro- (and tetrahydro-) [4]helicene
quinones 6—8 has been described by Carreflo, Urbano and
coworkers [52-57].

The twisting powers of the helicenes under investigation meas-
ured in the nematic solvent E7 are reported in Table 1.

We can see that all compounds possessing, as a common
feature, homochiral P-helicity (for helical-shaped molecules,
P and M describe the sense of the twist of the helix: this is right-
handed, and is denoted as P, if the sense of the twist is clock-
wise as one progresses along the helix axis [48]) follow the
relationship “molecular P-helicity” — “cholesteric P-handed-

ness” already reported for a series of carbo- and hetero-heli-
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X=H
X=OCzH5
5 R=TBDMS X=H

3 R=CH,
4 R=CH3

Figure 2: Structures of the dopants investigated.

Table 1: Helical twisting power (HTP) measured in the nematic host
E7 and chirality parameter Q calculated by the SC method.

Compound HTP (um™) Q (A%
1 +68 +14.8
2 +45 +20.6
3 +31 +8.3
4 +29 +9.3
5 +2.4 -0.1 (1) [0.44]P
-4.4 () [0.37]
+6.2 (Ill) [0.19]
6 +4.32 -0.2
7 +9.2 +2.4
8 +5.6 +8.0

2HTP was measured for the enantiomer of 6; therefore, the opposite of
the measured value is reported in the table.

bValues refer to the three conformers of 5, whose statistical weights are
reported in brackets (see Figure 3).

cenes [51]. (P)-7,8-Dihydro[S]helicene quinones or bisquinones
1-4 show moderate to high HTPs; despite the presence of the
same tetracyclic core, derivative 5, with the tert-butyldimethyl-
silyl (TBDMS) blocking group, exhibits the lowest measured
HTP. This is a confirmation of the fact that bulky substituents,
though lacking centres of chirality (or other stereogenic
elements), can strongly affect the molecule-to-phase chirality
transfer. The data in Table 1 also show that, unlike derivatives

1-4, the [4]helicene quinones 6—8 have low twisting ability.
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The structure of the dopants under investigation was determ-
ined by DFT calculations at the B3LYP/6-31g** level [58]; the
optimized geometries are shown in Figure 3. In the dihydro[5]-
helicene quinones and bisquinones 1-5, the naphthoquinone
rings are approximately planar, with twist angles ranging
between 42° and 43° for 1-4 and a slightly lower angle, around
40°, for 5. A larger twist angle of 50.1° is found in
dihydro[4]helicene quinones 7 and 8, whereas a wider value,
81.7°, is allowed in tetrahydro[4]helicene quinone 6, because of
the higher flexibility arising from the presence of an additional
dihydro ring. In all derivatives, the core of the fused rings is
conformationally constrained, and for most of them, even the
introduced substituents do not provide high conformational
freedom. The O—Cyky) bond of alkoxy groups lies in the plane
of the adjacent aromatic ring; for steric reasons, only the
conformations shown in Figure 3 are allowed when a methoxy
substituent is present. For 2, 4, and 8, other structures, differing
in the conformation of the ethoxy side chain, are also possible,
but in view of their high energy, they have a negligible weight
at room temperature. A different behavior is exhibited by deriv-
ative 5, which has bulkier TBDMS substituents; one of them is
constrained by the proximity of the quinone ring, whereas the

Beilstein Journal of Organic Chemistry 2009, 5, No. 50.

other is pointing towards the molecular periphery and is more
free. Three structures with similar energy were obtained,
differing essentially in the value of the torsional angle for the
0-Si bond of the less hindered fert-butyl-silyl group. These
structures are also displayed in Figure 3.

The twisting ability of derivatives 1-8 was analysed according
to the SC method [31,32]; molecular surfaces generated on the
basis of the optimized geometries [59] were used. Within this
approach, the HTP of a chiral dopant in a nematic solvent is
proportional to the so-called chirality parameter Q, which holds
the coupling of the chirality and orientational order and is
proper of each dopant; the chirality parameter Q is defined as:

0=—2/3)(Q,S.+0,5,+0.5.) @

where S;; is the ith cartesian component of the Saupe ordering
matrix, which specifies the degree of alignment to the local
director of the ith molecular axis, and Q;; quantifies the helicity
of the molecular surface, as viewed along the same axis. The
proportionality factor 4 between HTP and Q depends on the

S5-I

5-111

Figure 3: Geometry of dopants 1-8. Structures were obtained from DFT calculations at the B3LYP/6-31g** level [58]. The xz plane is perpendicular to
the molecular axis (y) with the lowest propensity to align to the local director, and z is the axis with the highest tendency to lie parallel to the director.
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macroscopic properties of the host, being defined as 4 = RT &/
21t Ky viy, where T is the absolute temperature, R is the gas
constant, Ky, and vy, are the twist elastic constant and the molar
volume of the liquid crystal host, respectively, and the para-
meter & is the orienting strength of the medium (and is related to
the degree of order of the host).

The principal elements of the ordering matrix S calculated for
derivatives 1-8 are reported in Table 2. The x, y, z labels denote
the principal alignment axes in the molecule; in particular, z and
v identify the molecular directions with the strongest tendency
to align parallel and perpendicular to the local director, respect-
ively. These directions, which are univocally identified once the
ordering matrix S is calculated, are shown by the axes superim-
posed on the chemical structures in Figure 3. We can see that in
most of the cases y lies close to what can be considered as the
‘molecular helix axis’, whereas the xz plane corresponds to
what can be approximately defined as the ‘molecular plane’.
The z axis, which is preferentially aligned to the director, lies in
the direction of maximum molecular elongation, which for most

derivatives is close to that of the aryl-aryl bond; for dopants

Beilstein Journal of Organic Chemistry 2009, 5, No. 50.

with twofold rotational symmetry, the x direction is parallel to
the C, axis. To understand the orientational behavior of
dopants, we must recall the relationship —0.5 < Sj; < 1, with
S;; = 1 and S;; = —0.5 denoting perfect alignment of the ith
molecular axis parallel and perpendicular to the director,
respectively [31]. Thus, the S;; values reported in Table 2
indicate that all the derivatives have a similar orientational
behavior in the nematic host. The relatively low S,, values say
that these dopants are not strongly ordered in the liquid crystal
host; more important for their twisting ability, they tend to keep
the ‘molecular helix axis’ perpendicular to the director, whereas
the latter preferentially lies on the ‘molecular plane’. As a
consequence, our dopants are expected to induce a cholesteric
phase with the same helicity as that characterising the
‘molecular helix axis’ (y in Figure 4).

The Q;; values reported in Table 2 quantify the magnitude and
sign of the helicity of the molecular surface, as seen along the x,
¥, z axes. Since the relationship Oy, + 0y, + 0z; = 0 holds [31],
any molecule is characterized by the helicities of opposite signs,

depending on the direction along which the molecular surface is

Table 2: Principal elements of the Saupe ordering matrix, S, and corresponding elements of the chirality tensor Q. Axis labels are shown in Figure 3.

Compound Six Sy, Sy, Qux (A3) Qyy (A3 Q7 (A3)
1 0.02 -0.29 0.27 -89.5 724 171
2 0 -0.32 0.32 -89.2 84.7 4.5
3 -0.05 -0.29 0.34 -83.3 67.1 16.2
4 -0.07 -0.31 0.37 -117.3 92.0 25.3

5-12 -0.15 -0.19 0.34 -7.0 6.3 0.7
5-l1 -0.16 -0.20 0.36 -62.5 48.1 14.4
54l -0.06 -0.26 0.32 -28.8 32.0 -3.2
6 -0.03 -0.18 0.21 -76.5 47.7 28.8
7 0.02 -0.22 0.20 -68.0 37.0 31.0
8 0.03 -0.26 0.23 -48.0 39.8 8.2

aValues refer to the three conformers of 5, with different conformations around the O—Si bond of the less hindered TBDMS group (see text and

Figure 3).

Figure 4: Helicity of the molecular surface of derivative 1 along its principal alignment axes in the liquid crystal environment.
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viewed. This is not in contradiction with the presence of a well-
defined stereochemical descriptor, because a given axis is
chosen for such a definition by convention. We can see in
Table 2 that for all dopants with the exception of one conformer
of 5, the molecular surface has negative helicity along the x
axis, whereas the helicity is positive along the y and z axes. This
is in agreement with the P helical stereochemical descriptor of
the chiral dopants under investigation, which is defined with

respect to the helix axis (y).

In the case of derivative 5, order and chirality properties are not
dictated by the central core, but seem to be significantly
affected by the bulky substituents. Table 2 shows that different
order parameters are predicted for the I-III conformers of 5,
which are also different from those of the other dopants under
investigation. We can see even more substantial differences
between Q;; components, with particularly low values predicted
for the 5-1 conformer.

As a result of the surface chirality and the orientational beha-
vior, induction of right-handed cholesterics is predicted for our
dopants. The trend of the chirality parameter Q reported in
Table 1 mirrors that of the measured HTPs, with more discrep-
ancy for the weaker cholesteric inducers. A negative Q is
obtained for 6 and the Q value calculated for 5 as a weighted
average over all conformers is also negative. However, these
negative values are very small and we can see that they are
obtained just for the two derivatives with the lowest measured
HTPs. Indeed, the twisting ability of a given dopant results from
a delicate balance of chirality and anisotropy of dopant—host
interactions and predictions of small effects would require a
very detailed modelling of all intermolecular interactions. The
SC method is particularly suitable for dopants with relatively
high HTP, whose behavior is dominated by short-range interac-
tions with the host. In general, low Q values may not be in
agreement with measured HTPs. Another possible reason for
this discrepancy, besides the neglect of long-range inter-
molecular interactions, such as the electrostatic ones, might be
the molecular geometry used for Q calculation: in the absence
of a net prevailing term, even relatively small geometry changes
can modify the balance between the positive and negative
contributions.

According to our SC model results, the low HTP measured for 5
and 6 has a different explanation: in the latter case, it simply
reflects the low twisting ability of the dopant, whereas in the
former, it comes from the cancelling effect of conformers which
individually would induce a left-handed (5-II) and a right-
handed twist (5-111). Moreover, inspection of Table 2 suggests
that the lower twisting ability, measured and predicted for all

the [4]helicene quinones 6—8 can be ascribed to weaker orienta-
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tional order and lower helicity along the y axis. Both effects can
ultimately be traced back to the larger dimensions of the [4]heli-
e quinone derivatives, which possess a wider extension of
aromatic rings, capable of establishing stronger dispersion inter-
actions with the host molecules. As to the effect of substituents,
we can compare the results obtained for the pairs 1-2, 3—4, and
7-8, which differ by the replacement of a phenyl hydrogen by
an ethoxy group. The measured HTPs are smaller for the deriv-
atives with the ethoxy substituent, whereas the opposite change
is predicted from the SC calculations; the discrepancy between
calculations and experiments is especially evident in the case of
derivative 8. These differences might indicate a role of electro-
static solute—solvent interactions, which are neglected in our
model. It was already observed that these can be considered as a
generally small, but non-negligible, correction to the under-
lying short-range interactions; their relative contribution can
become relevant in the case of dopants with otherwise small
twisting ability [7].

Conclusion

Chirality is a peculiar molecular feature and its manifestations
elude any trivial interpretation: different, often completely
uncorrelated, responses depending on the experiment used are
obtained in the attempt to quantify it.

The helical twisting power cannot simply be correlated with a
global stereochemical descriptor of the molecule, as demon-
strated for homochiral series of propeller-like heptalenes and
oligonaphthalenes for which the handedness of the induced
cholesteric depends critically on the substituents attached to the
chiral core [49,50].

The investigation presented here confirms that, as already found
for helicene derivatives [51], the simple relationship “molecular
P-helicity” — “cholesteric P-handedness” exists for helicene-
like compounds, in the absence of bulky and highly flexible
substituents. Not surprisingly, taking into account molecular
shape, the orientational behavior of 1-8 derivatives is analogous
to that of bridged binaphthyls and also the helical twisting
power can be interpreted in a similar way: the outcome is that
pseudo-P dopants induce a right-handed (P)-cholesteric phase.
The results obtained for the dopants investigated in the present
work, with a clear molecular P-helicity and low conformational
freedom, differing from each other in the presence of variously
distributed substituents, confirm that short-range inter-
molecular interactions, parameterizable according to the
molecular surface, are the main determinants of cholesteric
induction in thermotropic liquid crystals. Other interactions,
ascribable to the presence of electronegative groups, though
present, are less relevant, and can have non-negligible effects in

the case of dopants with low twisting ability.
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Experimental

Helical twisting power measurements

Pitches and handedness of the cholesteric solutions in E7 have
been obtained at room temperature using the lens version of the
Grandjean-Cano method [60]. E7 from BDH is a commercial
mixture of 4’-pentyl-, 4'-heptyl-, 4-octyloxy-, and 4'-(4-pentyl-
phenyl)-4-biphenylcarbonitrile in a 51:25:16:8 wt ratio (7; 60
°C). The standard error of the pitch determination is ca. 10%.

The technique is described in detail in ref [61].

Geometry optimization

Calculation of the chirality parameter Q requires the molecular
surface, which is generated on the basis of atomic coordinates.
Since the chirality of the molecular surface strongly depends on
the molecular geometry, accurate structures are needed to obtain
reliable estimates of the twisting ability. The geometry of the
molecules listed in Table 2 was obtained by quantum mechan-
ical optimization with DFT at the B3LYP/6-31g** level [59].

Chirality parameter and Saupe matrix calcu-

lation

The Saupe ordering matrix S and the chirality parameter Q of
dopants were calculated as explained in refs [31,32]. Once the
atomic coordinates were obtained, the molecular surface (the
surface generated by rolling a spherical probe on the assembly
of van der Waals spheres centred at the nuclear positions and
approximated by a set of triangles, obtained with the algorithm
developed by Sanner et al. [59]) was computed. The results
reported in this work were obtained by setting the orienting
strength & to 0.025 A2 and the rolling sphere radius to 3 A
[32]. The van der Waals radii 7y =1A, rc=1.85 A, rog=15A,
and rg; = 2.1 A were used [62]. A density of points equal to
5 A™2 was assumed for the molecular surface.
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An efficient, solvent free method for the N-arylation of imidazole by 1-(dodecyloxy)-4-iodobenzene using Cu(II)-NaY as catalyst

and K,COs as base is reported. By this synthetic approach, mesomorphic 3-[4-(dodecyloxy)phenyl]-1-methyl-1H-imidazol-3-ium

iodide was synthesized in a two-step procedure, and its mesomorphism has been fully investigated by polarised optical microscopy,

differential scanning calorimetry and X-ray diffraction. In addition its lamellar crystal structure, electrochemical behaviour and UV

(absorption and emission) properties are reported.

Introduction

Over the past decade extensive studies of ionic liquids (ILs)
have revealed their many useful properties such as extremely
low volatility, high thermal stability, non-flammability, high
chemical and radiochemical stability, high ionic conductivity
and wide electrochemical window [1-3]. In addition, the ILs
have been used as reaction media increasing the yields of many
syntheses and eliminating the hazards associated conventional
solvents [4]. Thus are extremely versatile in that changes in
both the cation and its counter anion can be used to finely tune
their properties (for example: viscosity, melting point, polarity,

hydrophilicity/hydrophobicity...). Important emerging applica-

tions include those in separation and extraction processes, and
in various electrochemical devices, such as lithium ion batteries,
fuel cells, and capacitors, as well as in synthesis and catalysis
[1-5].

Liquid crystals are characterised by both mobility and self-
organisation at the macroscopic level [6]. Almost all such meso-
morphic materials are based on molecules combining two
antagonistic units consisting of rigid (aromatic) and flexible
(alkyl) or hydrophilic (polar heads) and hydrophobic (alkyl
chains) parts. The subtle balance of their effects governs the
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formation of a multitude of supramolecular architectures
depending on the temperature (thermotropic liquid crystals)
and/or of the solvent (lyotropic liquid crystals) [7,8]. In the case
of the thermotropic liquid crystals the arrangements give rise to
nematic phases (molecules are aligned along an orientational
axis), smectic phases (orientational/positional order in the
layers) and columnar phases (orientational/positional order in
the columns). The lyotropic compounds display not only
lamellar and columnar organization but also hierarchical self-
assembly in spheres (micelles), ribbons and fibres. These
unique properties lead to their applications ranging from display
technology through templating media for synthesis to biolo-
gical activity (targeting and transporting of drugs and gene

materials) [9].

Full convergence of the ionic liquid and liquid crystal fields
could provide a vast range of materials (Ionic liquid crystals,
ILCs) with novel and tunable characteristics such as those of
ordered and oriented hybrid compound semiconductors exhib-
iting both electronic and ionic conductivity [10]. For this, the
imidazolium unit is an excellent platform that can be designed
to promote liquid crystalline phases and easily be doped by a
large diversity of anions [11-21]. Variation of the
N-substituents by Ullman coupling to extend the aromatic part
is a facile means of creating this range [22,23].

Herein, we wish to report a solvent-free, N-arylation of
imidazole as a means of expanding the aromatic core and
obtaining unsymmetrical imidazolium liquid crystals
(Scheme 1). We also describe the influence of the counter anion
on the mesomorphism, electrochemistry and the UV properties

of these imidazolium salts.

BRYC)
N NS
C12H250 IS

A® = (1a), BF, (1b), PFg (1c), CF3SO5™ (1d)

Scheme 1: 1-[4-(dodecyloxy)phenyl]-3-methyl-1H-imidazol-3-ium
mesogenic salts.

Results and Discussion

Synthesis and characterization

Compound 1a was obtained in a two-step procedure. The first
step was a coupling reaction between 1-(dodecyloxy)-4-
iodobenzene and imidazole using Cu(II)-NaY as catalyst in the
presence of potassium carbonate as base [23]. The reaction took
place without solvent at 180 °C in a sealed tube over 72 h to
afford 1-[4-(dodecyloxy)phenyl]-1H-imidazole (A) in a good

Beilstein Journal of Organic Chemistry 2009, 5, No. 51.

(<80%) and reproducible yield (Scheme 2). Swager has already
published the synthesis of compound A under standard Ullman
conditions (K,CO3, Cul, L-proline in DMSO, 16 h at 110 °C)
[22].

| =\
L/

—
HN_ N
N
C12H250 A

Scheme 2: Synthesis of the imidazole A. Reaction conditions: (i) aryl
iodide (1.37 mmol), imidazole (1.69 mmol), Ko,CO3 (1.51 mmol),
Cu(ll)NaY (148 mg), 72 h at 180 °C in a sealed tube.

C12H250

The aryl-imidazole A was purified by column chromatography
(ethyl acetate as eluent) on silica and characterized spectroscop-
ically. The second step involved alkylation of A by iodo-
methane to give salt 1a in 89% yield after purification
(Scheme 3). Distinctive signals for the CH (1H-imidazolium)
group appear in the 'H and '3C NMR spectra at 10.45 ppm and
134.97 ppm respectively.

)\ Me
A N\7N i N\7N‘M
| — >
P |@
C12H250 A C12H250 1a

Scheme 3: Synthesis of methyl imidazolium 1a. Reaction conditions:
(i) Mel in sealed tube, 54 h at RT.

Single crystals of 1a suitable for X-ray diffraction were
obtained by slow diffusion of ether into a CH,Cl, solution. The
compound la crystallizes in the triclinic space group P1.
A partly labelled ORTEP view showing non-classical hydrogen
bonds and C-H..w interactions is given in Figure 1 (the interac-
tions also being listed in Table 1). The alkyloxy chains are quite
parallel, as is clear from the crystal packing given in Figure 2,
with segregation between the rigid part (including iodine atoms)
and the alkyloxy chains (=20 A, see Figure 2). The length of the
molecule in the crystalline state is about 24 A.

It should be emphasised that the lattice area (A = a-b-sin(y) =
2V/dgo; = 57.1 A?) is about three times the transverse area of an
all-trans crystallised chain and that even so the alkyl tails
organise in segregated double layers, without interdigitation but
with a tilt angle of 71° with respect to the layer normal. This
large tilt angle just compensates the discrepancy between areas,
maintaining the compactness of the packing and the flatness of
the segregated ionic and aliphatic double layers. Apart from the
crystallised state of the tails, this structure is very close to a

smectic type of organisation. The segregation between the alkyl
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A

Figure 1: ORTEP view of compound 1a with partial labelling. The closest molecules are represented (with lower opacity) when connected by CH-1r
and/or non classical H-bonds (black thin lines). The ellipsoids enclose 50% of the electronic density. Symmetry operators for equivalent positions:

d=414x,y,Z; € = 1+x, 14y, z.

Table 1: Non-classical hydrogen bonds and CH..r interactions® occurring in 1a. Cg is the phenyl ring (C5 to C10). Symmetry operators for equivalent

positions: 9 = £1+x, y, z; © = 1+x, 1+y, z.

C-H..I de.n (A)
C1-H1..1d 0.95
C2-H2..l° 0.95
C11-H11B..l 0.95
C-H..Cg deH (A)
C4-H4A..Cgd 0.95
C4-H4B..Cg¢ 0.95
C17-H17B..Cg® 0.95

aPlaton software [24].

tails and the charged rigid parts indicates that by melting the
chains they could show liquid crystal behaviour at a higher
temperature. In order to understand the influence of the anion
on the electrochemical, UV properties and mesomorphism, we
prepared compounds with BF4~ (1b), PFg~ (1¢), CF3SO3™ (1d)
and (CF3S0,),N™ (1e) anions in excellent yield by anion meta-
thesis in water/CH,Cl, as solvent (Scheme 4).

All these compounds were fully characterized by 'H NMR,
I3C NMR {!H}, FT-IR and UV spectroscopy, as well as
elemental analysis. The IR spectra showed typical anion vibra-
tions at 1024 cm™! (1b BE4), 826 cm™! (1c PF4 "), 1269 and
1028 e¢cm™! (1d CF3S037), 1358 and 1183 cm™! (le
(CF3S05),N7). 'H NMR spectra were recorded in CDClj, in
which the chemical shift for the CH (1H-imidazolium) is very

dha (A) dc. (A) C-H-1 (°)
2.8270 3.746(5) 163.1
2.9123 3.822(5) 160.6
3.0026 3.992(5) 179.2
dH-cg (A) dc. (A) C-H-Cg (°)

3.109 3.502 105.6
3.309 3.502 93.1
3.310 4.207 151.5

dependent upon the anion, with & 10.45 (1a) 9.37 (1b), 9.10
(1¢), 9.41 (1d) and 8.98 ppm (1e). This dependency is certainly
due to the interactions though H-bonding and the charge local-
isation on the anion. The UV spectra displays typical charge
transfer (m—nt* or n—n*) transitions in CH,Cl, at 240 nm (la ¢ =
24000 M~ cm™), 255 nm (1b & = 10500 M~! cm™), 249 nm
(Ice=11700 M~ ! cm™), 256 nm (1d £ = 10100 M cm™ 1)
and 255 nm (le € = 11100 M~! cm™!). A blue emission was
also observed at 384 nm (Figure 3).

Investigation of the Liquid Crystalline Beha-
viour

The thermogravimetric analysis of compounds 1a—e showed the
general stability order to be I'< BF4,~ = PFg < CF3S03 <
(CF3S0,),N" (Figure 4).
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Figure 2: Packing diagram of compound 1a in projection in the (b,c) lattice plane. Large spheres represent the iodine atoms.
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1a A2 = BF, (1b), PFg (1c), CF5SO5™ (1d),

(CF3SOz)2N_ (1 e)

Scheme 4: Anion metathesis in water/CH,Cl, as solvent.
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Figure 3: Spectra of absorption (red line) and emission (blue line) Figure 4: TGA measurements of the compounds 1a—e (rate
of 1a. 10 °C:min~", in air).
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Table 2: Phase transition temperatures and corresponding enthalpies determined from the 2" heating and cooling.

. Temperature
Anions Phase cr > |LC
113 °C (15.83 kJ/mol)__
I~ Crystal —~
81 °C (12.76 kJ/mol)
91 °C (30.08 kJ/mol)
BF4~ Crystal —~
60 °C (10.62 kJ/mol)
97 °C (36.21 kJ/mol)
PFg~ Crystal —~
68 °C (43.34 kJ/mol)
77 °C (43.28 kJ/mol)
F3CO3~ Crystal —~
49 °C (44.00 kJ/mol)
59 °C (61.17 kJ/mol)
(F3CSO2)aN~ Crystal —~

39 °C (61.12 kd/mol)
Legend: Cr: Crystal, LC: Liquid Crystal, I: Isotropic Liquid.

For all the compounds, the mesomorphic behaviour and phase
transition temperatures were investigated by polarized optical
microscopy (POM), differential scanning calorimetry (DSC),
and powder X-ray diffractometry (XRD). To avoid possible
effects of hydration of the materials, all were dried in vacuo
before X-ray and DSC analyses. The phase transition tempera-
tures and the corresponding enthalpy changes derived for
compounds la—e are compiled in Table 2, while typical results
are displayed in Figure 5.

The high stability of the compounds was also demonstrated by
the absence of significant perturbation of the DSC patterns
following several heating—cooling cycles. Compounds 1e, not
unexpectedly, do not show thermotropic behaviour, while the
data for 1a—d give an order of anion stabilisation of liquid
crystal behaviour of Br~ > BF4 > PF4~ > CF3S03™ (see
Figure 5).

] | hic | d
1 sotropic liqui
g I Crystal
~150
&) ]
[e]
=’ 4
= 100
50
1a 1b 1c 1d le
Compound

Figure 5: Phase transition temperatures of compounds 1a—e.

Temperature
Phase LC > Phase
Smectic A 250°C »  Decomposition
Smectic A 230°C »  Decomposition
163 °C (1.12 kJ/mol)
Smectic A —~ Liquid
163 °C (1.76 kJ/mol)
95 °C (0.79 kd/mol)
Smectic A —~ Liquid

95 °C (1.04 kJ/mol)

Liquid

The optical textures observed during slow cooling from
isotropic melt showed the emergence of a smectic A phase
(appearance of Batonnet rods, turning into a wide, fan-like,
focal-conic texture). The smectic structure of the liquid crystal
phase was confirmed by XRD. The X-ray pattern (Figure 6) of
the Smectic A form recorded at 120 °C contains a diffuse band
at 4.6 A (wide angle), which shows clearly that the alkyl chains
have a liquid-like structure and are segregated from the
aromatic cores.

The layer thickness in the Smectic A phase was determined
from the position of the sharp reflection in the small angle
region (d = 39.8 A at 120 °C) and corresponds to the alterna-
tion between the sublayer formed by the molten chains and the
sublayer formed by the ionic double layer and the mesogenic

3000
120 °C
— d=398A
Z
g
2 2000 NN®
7
2 | Y CMe
>, ©
45 C12H250
2 1000+
L
(=)
!
. Y e L N
Fle
0 T T T T T
0 5 10 15 20 25 30
26 (°)

Figure 6: Powder X-ray diffraction pattern of compound 1a in the liquid
crystal state (T = 120 °C).
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parts. The thickness of the corresponding sublayers’ alternation
in the crystalline phase is given by the location of the
dgo; reflection (dgg; = 20.21 A from single crystal pattern at
room temperature). Despite the enormous difference in layer
thicknesses between both phases (the extrapolation of the vari-
ation versus temperature gives d = 46.5 A at 20 °C i.e. more
than twice dyg;), the difference in molecular volume (smectic
phase: Vo = 622 A3 at 20 °C; crystalline phase: Vi = V/2 =
577 A3) just coincides with the contribution of the chain
melting [25,26], indicating that the partial volume of the ionic
sublayer does not change significantly between both phases.
The observed layer thickness change is therefore the
consequence of the different “molecular areas” S, i.e. the
projection area of a mesogen counter-ion assembly within the
= 2Vot/d), which is identical to the
lattice area in the crystalline phase (S = V/d;). Thus, since no

mean smectic plane (S

significant volume change is involved in the shrinking of S
from 57.1 A2 in the crystalline phase to 27 A2 in the smectic A
phase (value at 20 °C obtained from the extrapolation of the
variation of S versus temperature), the ionic sublayer thickness
2[Viol/~Vcnl/S, V¢p being the chain
volume) simultaneously expands in proportion (from 9.5 A in

d. (determined as dc =

the crystalline phase to 20 A in the smectic phase at 20 °C).
These lateral shrinkage and longitudinal extension events are
the result of a ruffling process of the ionic sublayers, starting
from the completely flat state in the crystalline phase shown by

the single crystal structure (see Figure 7).

The maximum degree of ruffling in the smectic A phase is
reached just before crystallisation, since the experimental
temperature dependence of S and d. indicates that the sublayers

continuously spread with increasing temperature (see Figure 8).

The counter-ion substitution within the series 1 involves large
changes of S, but the temperature dependence and dc values are
roughly the same for all terms (see Figure 9).

The influence of the substitution can therefore be considered as
an anion size effect, since the lattice area expands with

increasing counter-ion bulkiness without change of the degree

Beilstein Journal of Organic Chemistry 2009, 5, No. 51.

of ruffling (the small discrepancies for compound
1d (CF3SO37) being explained by the presence of the CF3
lateral group, which contributes to d. and perturbates slightly
the interface with the aliphatic sublayer). It should be empha-
sised that the stability of the smectic A phase is not determined
by the degree of ruffling of the ionic sublayer but by the folding
degree of the tails and therefore the thickness of the aliphatic
sublayers. Thus, depending upon the anion size, the isotropisa-
tion occurs at various temperatures, but for approximately the
same maximum molecular area (S™* =~ 41 A?) and therefore

similar minimum aliphatic sublayer thicknesses (d,™" =~ 19 A).

60 - .
50
~
~ It
o< 40
2ot e
204"
18—: "’:l\\-
— 161 "\-\___\_‘
OS‘/ 14 [ {
= 12
w4,
50 100 150 200

(°C)
Figure 8: Comparison of the molecular area S and of the ionic
sublayer thickness d (including mesogenic segments) in the crystal-

line phase (circle) and in the smectic A phase (squares) for
compound 1a (I7).

Crystal —m8™— SmecticA

\\\\
\\\\

-_— T2>T1

H=

Figure 7: The melting process involves the ruffling of the ionic sublayer. In the smectic phase, the ruffling degree decreases with

increasing temperature.
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To summarise, the large discrepancy between the lattice area
and the cross section of the aliphatic chains are taken into
account differently in the crystalline and in the smectic
molecular organisations. In the crystalline phase, the ionic

sublayers just impose their area and the tails tilt until dense
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packing is reached. In the smectic phase, tail tilting is not
favourable upon the amphipathic expelling at the interface with
the ionic sublayer and the system adopts a compromise
molecular area associating ruffled ionic sublayers and folded
aliphatic tails. With increasing temperature, the aliphatic chains
spread more easily and the organisation shifts toward flat
sublayers. A more detailed investigation of the molecular area
variation in series involving both, counter-ion substitution and
tail-length variation, has been presented elsewhere for a very
similar cationic structure [20,25,26].

Electrochemical behaviour

Cyclic voltammetry was used to determine the electrochemical
behaviour of the compounds 1a, 1b and 1¢, the voltammo-
grams being recorded in CH3CN solutions containing 0.1 M
NBuyPFg as supporting electrolyte at a platinum working elec-
trode. The peak potentials are given vs. a SCE. Representative
cyclic voltammograms of 1a are shown in Figure 10. The
anodic portion of the voltage scan displays two oxidation steps
having peak potentials of 0.42 V and 0.68 V, and likely involve
the formation of I, and possibly then a higher-oxidation-state
iodine (I3™) species. As seen for 1a (Figure 9), for 1b and 1c the
cathodic portion of the voltage scan displays only an irrevers-
ible reduction step at ca 1.58 V, which corresponds to the
reduction of the cationic imidazolium species. Note that the
peak at —0.8 V is probably due to the reduction of O, which is
difficult to eliminate from the solution.

Conclusion

In conclusion, we report synthetic methodology based on
Ullman coupling to extend the imidazolium aromatic core.
From this coupling product we have synthesized and fully char-

acterized new mesomorphic compounds with different anions.

16 17—
(i)
10
<<
=
t 51
g
5
o
-
0 *
5
0.0 0.5 1.0 1.5

Potential / V vs SCE

Figure 10: Cyclic voltammogram of 1a in CH3CN (0.1 M NBu4PFg): (i), (i) cathodic and anodic range of the voltage scan. Scan rate 100 mV-s~'. The

black star denotes the initial and final potential.
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We have also determined a structure by X-ray diffraction on a
single crystal. The crystallisation shows the completely lamellar
segregation between the flexible chains and the rigid part. The
layers are linked to each other by the semi-interdigitation of
alkyl tails. Despite an enormous difference between the cross-
section of crystallised chains and the lattice area imposed by the
organisation within the ionic sublayers, the latter just remain
flat and the tails undergo a double layer dense packing with 71°
tilting with respect to the layer normal. In the smectic phase,
area matching is achieved by ruffling of the sublayers and
folding of the molten aliphatic tails, the degree of ruffling
decreasing with increasing temperature. The electrochemical
windows have been measured and we are attempting to measure
the carrier mobility in order to fully assess the prospects for
using these molecules in molecular electronics. We intend also
to introduce different length tails in order to obtain room
temperature ionic liquid crystals, aswell as to explore use of the
coupling reaction between imidazole and other aromatics and
heterocycles to tune the electronic properties.

Experimental

X-ray diffraction pattern of powder samples in Lindeman capil-
laries or sealed cells were measured in transmission by using a
focused CuK,; linear beam, temperature control being within
0.03 °C and acquisition being conducted with an Inel CS120
curved counter. The molecular volumes of all compounds were
calculated with an accuracy of 0.5% from the measurements
performed for an analogous compound [26] and from the
methylene and counter ion partial volumes.

All reagents were purchased from commercial suppliers and
used without further purification. Chromatography was carried
out with Merck silica gel 60 (40-63 mm). Analytical TLC was
performed with Merck silica gel 60 F254 aluminium sheets. 'H
NMR and 13C NMR (300 MHz and 75 MHz respectively)
spectra were recorded with a Bruker Avance 300 spectrometer
at 25 °C. Chemical shifts, J, are reported in ppm using TMS as
internal standard, spin-spin coupling constants, J, are given in
Hz and the abbreviations s, br, s, t, q, m were used to denote
respectively the multiplicity of signals: singlet, broad singlet,
triplet, quadruplet, multiplet. Infrared spectra were recorded
(KBr pastille) with a spectrophotometer IR Digital FTS 3000.
UV/Vis spectra were recorded with a spectrophotometer
U-3000. Elemental analyses were performed by the analytical
service at the Institut Charles Sadron and by the analytical
service at the Université de Strasbourg (Strasbourg, France).
The optical structures of mesophases were studied with a Leitz
polarizing microscope equipped with a Mettler FP80 hot stage
and an FP80 central processor. The TGA measurements were
carried out on a SDTQ 600 apparatus at scanning rate of

10 °C'min~!. The transition temperatures and enthalpies were
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measured by differential scanning calorimetry with a DSC
Q1000 from TA Instruments at different temperature rates

(5 °C'min~!, 2 °C-min™") on heating and cooling.

1-[4-(Dodecyloxy)phenyl]-1H-imidazole (A)
1-Dodecyloxy-4-iodobenzene (0.533 g, 1.37 mmol), imidazole
(0.115 g, 1.69 mmol), K,CO3 (0.288 g, 1.51 mmol) and
Cu(II)-NaY (0.148 g) were heated in sealed tube to 180 °C for
72 h. The reaction mixture was filtered to remove the catalyst
and the filtrate was purified by column chromatography (silica
gel, ethyl acetate) to afford pure A (0.378 g, 84%).

'H NMR (300 MHz, CDCl3): & = 0.88 (t, 3H, J= 6.5 Hz, CHj
aliphatic chain), 1.27 (broad s, 16H, CH;, aliphatic chain),
1.42-1.49 (m, 2H, O-CH,-CH,-CHj), 1.75-1.84 (m, 2H,
0-CH,-CH,), 3.98 (t, 2H, J = 6.6 Hz, O-CH3), 6.96 and 7.27
(AA'" and BB’, 2 x 2H, J = 9.0 Hz, CH phenyl), 7.17-7.19 (m,
2H, N-CH-CH-N), 7.75 (broad s, 1H, N-CH-N). 13C NMR (75
MHz, CDCl3): 8 = 14.03 (CHj3 aliphatic), 22.61, 25.94, 29.13,
29.27,29.30, 29.50, 29.52, 29.57, 29.59, 31.84 (CH, aliphatic),
68.40 (O-CH,), 115. 39 (CH phenyl), 118.67 (CH
imidazolium), 123.09 (CH phenyl), 129.97 (CH imidazolium),
130.47 (N-C phenyl), 135.79 (CH imidazolium), 158.48 (C-O-
CH, phenyl). vypax/cm ™! 3118 (C-H aromatic), 2921 and 2851
(C-H aliphatic), 1520 (C=C aromatic), 1243 (C-O aromatic).
UV/Vis (CH,Cly): Amax (&, L-mol™-ecm™) = 241 nm (15000).
Elemental analysis for C1H3,N;0, Cacld: C, 76.78; H, 9.82;
N, 8.53%. Found: C, 76.96; H, 10.58; N, 8.57%.

1-[4-(Dodecyloxy)phenyl]-3-methyl-1H-
imidazol-3-ium iodide (1a)

A mixture of A (1.069 g, 3.25 mmol) and iodomethane (2 mL,
31.80 mmol) was stirred in a sealed tube for 54 h and was
heated to 40 °C for 10 minutes. Diethyl ether was added and the
reaction mixture was filtered and the solid was washed with
diethyl ether. Crystallization with dichloromethane and diethyl
ether gave de 1a (1.318 g, 89%).

TH NMR (300 MHz, CDCl3): & = 0.89 (t, 3H, J = 6.9 Hz, CH;
aliphatic chain), 1.28 (broad s, 16H, CH, aliphatic chain),
1.41-1.48 (m, 2H, O-CH,-CH,-CHj3), 1.76-1.85 (m, 2H,
0-CH,-CHy), 3.99 (t, 2H, J = 6.6 Hz, O-CH3), 4.27 (s, 3H,
N-CH3), 7.04 and 7.66 (AA’ and BB', 2 x 2H, J=9.1 Hz, CH
phenyl), 7.46-7.48 (m, 2H, N-CH-CH-N), 10.45 (broad s, 1H,
N-CH-N). 13C NMR (75 MHz, CDCl3): § = 14.01 (CH;
aliphatic), 22.58, 25.89, 29.00, 29.25, 29.29, 29.48, 29.51,
29.54, 29.57, 31.82 (CH; aliphatic), 37.57 (N-CH3), 68.65
(O-CH,), 115. 99 (CH phenyl), 121.03 (CH imidazolium),
123.65 (CH phenyl), 124.42 (CH imidazolium), 127.05 (N-C
phenyl), 135.49 (CH imidazolium), 160.47 (C-O-CH; phenyl).
~1 3131 (C-H aromatic), 2921 and 2851 (C-H

Vmax/cm
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aliphatic), 1514 (C=C aromatic), 1251 (C-O aromatic). UV—vis
(CH,Cly): Aax (&, L-mol -em™) = 240 nm (24000). Elemental
analysis for C,H35IN;0-1/4H;0, Caled: C, 55.64; H, 7.53; N,
5.90%. Found: C, 55.78; H, 7.48; N, 5.34%.

General procedure for metathesis in
water—anion exchange

A mixture of 1a dissolved in dichloromethane (4 mL) and a
mixture of the corresponding salts dissolved in water (3 mL)
were stirred together for 140 h. The organic layer was separ-
ated off, washed with water and dried over calcium chloride.
Crystallization with dichloromethane and diethyl ether gave the
corresponding imidazolium salt.

1-[4-(Dodecyloxy)phenyl]-3-methyl-1H-
imidazol-3-ium tetrafluoroborate (1b)
Following the general procedure using 1a (0.797 g, 1.69 mmol)

and sodium tetrafluoroborate (0.511 g, 4.56 mmol) provided 1b
with a yield of 72% (0.525 g, 1.22 mmol).

TH NMR (300 MHz, CDCl3): & = 0.86 (t, 3H, J = 6.3 Hz, CHj
aliphatic chain), 1.28 (broad s, 16H, CH, aliphatic chain),
1.41-1.46 (m, 2H, O-CH,-CH,-CH>), 1.75-1.84 (m, 2H,
0-CH;,-CH,), 3.98 (t, 2H, J = 6.3 Hz, O-CH>), 4.11 (s, 3H,
N-CHj3), 7.02 and 7.53 (AA’ and BB’, 2 x 2H, J=9.0 Hz, CH
phenyl), 7.48 (broad s, 2H, N-CH-CH-N), 9.37 (broad s, 1H,
N-CH-N). 13C NMR (75 MHz, CDCl3): & = 14.07 (CHj3
aliphatic), 22.65, 25.95, 29.08, 29.32, 29.37, 29.55, 29.59,
29.61, 29.64, 31.89 (CH, aliphatic), 36.81 (N-CH3), 68.65
(O-CHj), 115. 96 (CH phenyl), 121.34 (CH imidazolium),
123.59 (CH phenyl), 124.50 (CH imidazolium), 127.24 (N-C
phenyl), 134.97 (CH imidazolium), 160.47 (C-O-CH; phenyl).
Vmax/cm™! 2917 and 2849 (C-H aliphatic), 1514 (C=C
aromatic), 1249 (C-O aromatic), 1024 (BF4). UV-vis
(CH,Cly): Aax (¢, L'mol™!-cm™!) = 255 nm (10500). Elemental
analysis for C»,H35BF4N,0-3/4H,0, Caled: C 59.53, H 8.29, N
6.31%. Found: C 59.74, H 8.02, N 6.20%.

1-[4-(Dodecyloxy)phenyl]-3-methyl-1H-
imidazol-3-ium hexafluorophosphate (1c)
Following the general procedure using 1a (0.695 g, 1.48 mmol)

and potassium hexafluoroborate (0.518 g, 2.18 mmol) provided
1c with a yield of 84% (0.607 g, 1.24 mmol).

TH NMR (300 MHz, CDCl3): & = 0.89 (t, 3H, J = 6.8 Hz, CH 3
aliphatic chain), 1.28 (broad s, 16H, CH, aliphatic chain),
1.41-1.46 (m, 2H, O-CH,-CH,-CH>), 1.76-1.85 (m, 2H,
0-CH,-CHj), 3.98 (t, 2H, J = 6.6 Hz, O-CH,), 4.07 (s, 3H,
N-CH3), 7.02 and 7.48 (AA' and BB/, 2 x 2H, J = 8.8 Hz, CH
phenyl), 7.45 (broad s, 2H, N-CH-CH-N), 9.10 (broad s, 1H,
N-CH-N). 13C NMR (75 MHz, CDCls): § = 14.06 (CH;
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aliphatic), 22.65, 25.95, 29.08, 29.32, 29.37, 29.55, 29.59,
29.61, 29.64, 31.89 (CH, aliphatic), 36.81 (N-CH3), 68.65
(O-CHjy), 115. 91 (CH phenyl), 121.60 (CH imidazolium),
123.70 (CH phenyl), 124.33 (CH imidazolium), 127.21 (N-C
phenyl), 134.42 (CH imidazolium), 160.51 (C-O-CH, phenyl).
Vmax/em™! 2921 and 2850 (C-H aliphatic), 1516 (C=C
aromatic), 1255 (C-O aromatic), 826 cm ™! (PFg"). UV—vis
(CH,Clp): Amax (&, L'mol l-em™) = 249 nm (11700). Elemental
analysis for CypH3sFgN,OP-1/7H,0, Caled: C 53.81, H 7.24, N
5.70%. Found: C 53.77, H 7.31, N 5.51%.

1-[4-(Dodecyloxy)phenyl]-3-methyl-1H-
imidazol-3-ium trifluoromethanesulfonate (1d)
Following the general procedure using 1a (0.730 g, 1.55 mmol)

and sodium trifluoromethanesulfonate (0.616 g, 3.51 mmol)
provided 1d with a yield of 46% (0.349 g, 0.71 mmol).

'H NMR (300 MHz, CDCl3): & = 0.89 (t, 3H, J = 6.8Hz, CH;
aliphatic chain), 1.28 (broad s, 16H, CH, aliphatic chain),
1.41-1.46 (m, 2H, O-CH,-CH;,-CH>), 1.76-1.83 (m, 2H,
0-CH,-CHj), 3.99 (t, 2H, J = 6.6 Hz, O-CH,), 4.10 (s, 3H,
N-CHj3), 7.02 and 7.51 (AA’ and BB’, 2 x 2H, J= 8.8 Hz, CH
phenyl), 7.49 (broad s, 2H, N-CH-CH-N), 9.41 (broad s, 1H,
N-CH-N). 13C NMR (75 MHz, CDCls): 8 = 13.96 (CH;
aliphatic), 22.54, 25.85, 28.97, 29.21, 29.26, 29.44, 29.48,
29.51, 29.53, 31.78 (CH; aliphatique), 36.52 (N-CHj3), 68.54
(O-CHy), 115. 84 (CH phenyl), 120.49 (q, J = 318.18 Hz,
CF3S037), 121.36 (CH imidazolium), 123.33 (CH phenyl),
124.44 (CH imidazolium), 127.15 (N-C phenyl), 134.95 (CH
imidazolium), 160.36 (C-O-CH, phenyl). vyq/cm ™ 3119 (C-H
aromatic), 2915 and 2849 (C-H aliphatic), 1520 (C=C
aromatic), 1269 and 1028 (CF3SO37). UV—vis (CH,Cly): Apax
(e, L'mol™"-cm™") = 256 nm (10100). Elemental analysis for
CyyHj35F3N,04S, Cacld: C 56.08, H 7.16, N 6.59%. Found: C
55.84, H 6.86, N 5.40%.

1-[4-(Dodecyloxy)phenyl]-3-methyl-1H-
imidazol-3-ium bis(trifluoromethane) sulfon-
amide (1e)

1a (0.101 g, 0.21 mmol) and lithium bis(trifluoromethane)-
sulfonamide (0.145 g, 0.51 mmol) were dissolved in water (3
mL) and stirred for 140 h. The precipitate was filtred and
washed. Crystallization (chloroform/cyclohexane) provided 1e
with a yield of 90% (0.121 g, 0.19 mmol).

'H NMR (300 MHz, CDCl3): 5 = 0.89 (t, 3H, J = 6.8 Hz, CHj3
aliphatic chain), 1.28 (broad s, 16H, CH, aliphatic chain),
1.42-1.52 (m, 2H, O-CH,-CH,-CH>), 1.77-1.86 (m, 2H,
0-CH,-CHj), 4.01 (t, 2H, J = 6.6 Hz, O-CH,;), 4.07 (s, 3H,
N-CH3), 7.05 and 7.46 (AA' and BB', 2 x 2H, J= 8.8 Hz, CH
phenyl), 7.43-7.49 (m, 2H, N-CH-CH-N), 8.98 (broad s, 1H,
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N-CH-N). 13C NMR (75 MHz, CDCl3): § = 14.06 (CHj;
aliphatic), 22.65, 25.94, 29.05, 29.31, 29.34, 29.53, 29.57,
29.60, 29.63, 31.89 (CH, aliphatic), 36.69 (N-CH3), 68.70
(0-CH,), 116.04 (CH phenyl), 119.77 (q, J = 319.29 Hz,
CF3S037), 121.89 (CH imidazolium), 123.77 (CH phenyl),
124.31 (CH imidazolium), 126.99 (N-C phenyl), 134.67 (CH
imidazolium), 160.78 (C-O-CH; phenyl). Vmax/cm 1 2918 and
2850 (C-H aliphatic), 1517 (C=C aromatic), 1358 cm™! and
1183 ((CF3S0;,),N7). UV-vis (CH,Cly): Amax (e,
L-mol™'-cm™!) = 255 nm (11100). Elemental analysis for
Cy4H35FgN305S5.1,H,0, Cacld: C 45.56, H 5.74, N 6.64%.
Found: C 45.52, H 5.66, N 6.58%.
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Here we present the design and synthesis of novel banana-discotic dimers and banana-bridged discotic dimers. The chemical struc-

tures have been characterized by spectral techniques and elemental analysis. The thermal behaviors of the compounds have been

investigated by polarizing optical microscopy and differential scanning calorimetry. None of these synthesized compounds exhibit

any liquid crystalline property probably because of the incompatibility of the bent-core with the discotic core.

Introduction

Liquid crystals are unique functional self-organized soft mate-
rials which possess order and dynamics. Recently, banana liquid
crystals or bent-shaped mesogens have attracted considerable
research interest in the field of soft condensed matter. The
mesomorphic properties of a variety of bent shaped molecules
have been investigated quite extensively. The polar order of
these molecules, due to their bent shape, display interesting
properties such as ferroelectric or anti-ferroelectric switching
[1-7]. The occurrence of superstructural chirality in the meso-
phase of bent-core compounds with no inherent chirality is not
only of fundamental scientific interest but also of industrial
application as this chirality can be switched in external electric
fields. Various new applications of these materials include
nonlinear optics, flexoelectricity, photoconductivity, molecular

electronics and the design of biaxial nematic phases [8,9]. In

addition to various banana phases, these mesogens also display

classical nematic, smectic and columnar phases.

On the other hand, the unique geometry of the columnar meso-
phase formed by discotic liquid crystals is of great importance
not only as models for the study of one-dimensional charge and
energy migration in organized systems but also as functional
materials for device applications such as one-dimensional
conductors, photoconductors, light emitting diodes, photovol-
taic solar cells, gas sensors etc. [10-21]. The functional capabil-
ities of these materials are due to their easier processibility,
spontaneous alignment between electrodes and self-healing of
defects owing to their dynamic nature. Furthermore, there has
been considerable interest in the field of non-conventional low

molar mass liquid crystals, especially in liquid crystal dimers
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because of their interesting mesomorphic properties. Liquid
crystal oligomers serve as ideal models for polymers and
networks due to the striking similarity in their transitional be-
havior and like polymers, some oligomers form glassy meso-
phases [22-26]. Their purification and characterization are easy
unlike polydisperse polymers. Owing to the restricted motion of
the components, liquid crystal oligomers provide and stabilize a
variety of fluid phases with fascinating functions and oligo-
meric approach provides a wide flexibility in the
molecular design.

The hybridization of above mentioned two varieties of liquid
crystals may lead to novel nanostructured materials with inter-
esting physical properties important for device applications. If
such architectures could provide columnar mesophases then the
charge carrier mobilities are expected to increase owing to the
presence of conducting aromatic bent-cores in the otherwise
insulating alkyl chain mantle around the discotic cores. Hence
these compounds are anticipated to display superior electronic
and optoelectronic performance in organic semiconducting

devices. Moreover, these hybrids may also display new types of

o— (CH2)12-Br
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banana phases whose potential applications have been
mentioned in the introductory paragraph. With this idea in
mind, we have designed and synthesized novel banana-discotic
dimers. A typical five-ring banana liquid crystal and triphen-
ylene based discotic [27] liquid crystals were chosen to prepare
these novel dimers. Here we report the synthesis, characteriza-
tion and phase behavior of these novel dimers.

Results and Discussion

The bend in the rigid cores of the banana liquid crystal
compounds leads to a reduction of the rotational disorder of the
molecules around their long axes. If segregation of aromatic
cores and aliphatic chains is sufficiently strong, the molecular
structure facilitates an organization into layers. Since the
molecules are closely packed within the smectic layers and
additionally, the rotation about their long axes is strongly
hindered, the bent directions align parallel in each layer. As a
result of this directed organization, each layer develops a spon-
taneous polarization. On the other hand, most of the discotic
liquid crystalline compounds form columnar phases because of

the strong n-m interaction of poly aromatic cores. In the
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Scheme 1: Synthesis of banana bridged discotic dimer. Reagents and conditions; (i) Br(CH2)42Br, Cs,CO3, MEK, 85 °C; (ii) HO—CgH4—COOCH,Ph,

CsyCO3, MEK, 85 °C; (iii) 5% Pd-C, Hy, 1,4-Dioxane, r.t.
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Scheme 2: Synthesis of banana-discotic dimers.

columnar mesophases, the discotic molecules stack one on top
of the other to form columns and the columns so formed

arrange themselves in various two dimensional lattices.

The synthesis of the target compounds, banana-bridged discotic
dimer 6 and banana-discotic dimers 8a and 8b are shown in
Scheme 1 and Scheme 2, respectively. In compound 6 a five-
ring banana unit joins two triphenylene discotic cores via two
flexible alkyl spacers whereas in compound 8a and 8b a five-
ring banana unit joins to a triphenylene core via a flexible

alkyl spacer.

The chemical structures of the final compounds have been char-
acterized by spectral techniques and elemental analysis. The
analytical data is in good agreement with their chemical struc-
tures. The phase behavior of the novel compounds have been
observed by polarizing optical microscopy and differential
scanning calorimetry. All the solvent crystallized compounds
pass from crystalline state to isotropic liquid state on heating,
and on cooling they crystallize into the solid state without any
intervening mesophase. The transition temperatures and their
associated enthalpies of the novel compounds are listed in
Table 1.

Table 1: Transition temperatures (°C, peak temperature) and enthal-
pies (kJ/mol in parentheses) of the banana-discotic dimers both on
heating and cooling at the scan rate of 5 °C/min.

Compound Heating Cooling

6 Cr251.1(38.8) IP 138.7 (15.4) Cr
8a Cr92.6 (57.7) | | 77.6 (43.6) Cr
8b Cr75.8 (40.9) | 154.9 (35.2) Cr

aCr = Crystalline solid, b= Isotropic liquid

(0} (0] Y
OR
OR (0] (6] (6]
X
(¢} OH
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R'=Cq4Hp RO
e
OR
OR

The symmetric dimer 6 melts at 51.1 °C on heating and crystal-
lizes at 38.7 °C on cooling. Under polarizing optical micro-
scopy we do not see any other transition, which was confirmed
by differential scanning calorimetry measurements. The
absence of either B-phase or discotic columnar mesophase in
compound 6 may be explained as follows: since the five-ring
banana unit, which otherwise exhibits mesophase with two
terminal alkyl chains, is now attached with two bulky triphen-
ylene units at the ends, the packing of the bent-cores in layers
will not be favored. In other words, the bent core-bent core
interactions are too weak to produce any B-phase. On the other
hand, the two triphenylene units in compound 6 when attached
with flexible methylene spacers exhibit columnar meso-
morphism. However, in compound 6 they are attached to each
other with a intervening rigid bent core unit which is probably
not allowing the two discs to lie in the same plane and hence
hinders columnar mesomorphism in this architecture. So non-
coplanarity of the discs and the rigid bent-core unit in the spacer
seems to be the reason for absence of liquid crystallinity in
compound 6. The banana discotic hybrid 8a melts at 92.6 °C to
an isotropic liquid and on cooling it slowly crystallizes at
77.6 °C. Similarly, compound 8b on heating melts to isotropic
liquid at 75.8 °C and on cooling slowly crystallizes at 54.9 °C.
These polarizing optical microscopy observations are confirmed
by differential scanning calorimetry measurements. The
absence of mesomorphism in this architecture may arise from
two competing factors. First, the bent core units will try to pack
in layers by microsegregation but in this kind of packing
arrangement the attached discs have to lie side by side which is
not a preferable option for discs. Moreover, the cross-sectional
area of the disc is such that it will not allow efficient packing of
the bent cores in layers. Secondly, when the discs try to stack
one above the other to produce columnar phases, the bent core

unit will disrupt it owing to its rigidity and high volume frac-
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tion compared to the other alkyl chains surrounding the triphen-
ylene disc which otherwise provide space filling effect for
columnar mesomorphism. The difluoro compound 8b, has a
lower melting point than its hydrocarbon parent compound 8a
which is very common observation in bent-core compounds.

Conclusion

We have designed and synthesized banana-discotic dimers and
a banana-bridged discotic dimer to investigate possible meso-
morphism in such supermolecular architectures. The chemical
structures have been characterized by spectral techniques and
elemental analysis which establishes the identity and purity of
the new compounds. The thermal behavior of the novel meso-
genic oligomers has been investigated by differential scanning
calorimetry and polarizing optical microscopy. These novel
banana-discotic hybrid oligomers are unable to exhibit meso-
morphism presumably because of the incompatibility of the
bent-core with the discotic core and/or the volume fraction
mismatch of the mesogenic rigid cores. Attempts to realize
mesophase in such architectures with different molecular topo-

logies are currently under way in our laboratory.

Experimental

All the reagents and solvents were used as received without any
further purification except CH,Cl, which was dried and
distilled before the reactions. Column chromatographic separa-
tion was performed on silica gel (100-200 mesh). 'H NMR
spectra were recorded in CDCl3 on a 400 MHz (Bruker AMX
400) spectrometer. All chemical shifts are reported in & (ppm)
units down field from tetramethylsilane (TMS) and J values are
reported in Hz. FT-IR spectra were recorded as KBr discs on a
Shimadzu FTIR-8400 spectrophotometer. Elemental analysis
was performed on a Carlo-Erba Flash 1112 analyzer. Transition
temperatures were observed using a Mettler FP82HT hot stage
and FP90 central processor in conjunction with an Olympus
BX51 polarizing microscope. Transition temperatures and asso-
ciated enthalpies were measured by differential scanning calo-
rimetry heating from room temperature to isotropic temperat-
ures at the scan rate of 5 °C per minute (Perkin-Elmer Model
Pyris 1D).

Synthesis
Compound 1, compound 5 and Compound 7a—b were prepared
by following the literature procedures [28-31].

Preparation of 2-(12-bromododecyloxy)-3,6,7,10,11-penta-
kis(hexyloxy)triphenylene (2): A mixture of monohydroxy
triphenylene (2.0 g, 2.7 mmol), 1,12-dibromododecane (4.4 g,
13.0 mmol), cesium carbonate (1.12 g, 8.8 mmol) and 50 ml of
methyl ethyl ketone (MEK) was refluxed for 48 h at 85 °C. The
resulting mixture was cooled and poured into 50 ml of water

Beilstein Journal of Organic Chemistry 2009, 5, No. 52.

and then extracted into chloroform. The organic layer was
washed with water, dried over anhydrous sodium sulfate
followed by removal of solvent. The crude product was puri-
fied by column chromatography over silica gel with eluent 2%
ethyl acetate in hexane. Finally the product was precipitated as
waxy solid from dichloromethane by adding hexane,
yield 2.44 g.

Preparation of benzyl 4-{12-[3,6,7,10,11-pentakis(hexyloxy)-
triphenylene-2-yloxy]dodecyloxy}benzoate (3): Triphenylene
bromide 2 (2.34 g, 2.3 mmol), benzyl 4-hydroxy benzoate (0.45
g, 1.98 mmol) and cesium carbonate (2.0 g, 5.94 mmol) in 50
mL of MEK was refluxed for 48 h. The reaction mixture was
poured into 50 mL of water and then extracted with chloroform,
the chloroform layer was washed with 50 mL of water followed
by drying over anhydrous sodium sulfate. The solvent was
removed to yield a viscous oily residue 3 which was taken as
such for hydrogenolysis.

Preparation of 4-{12-[3,6,7,10,11-pentakis(hexyloxy)tri-
phenylene-2-yloxy]dodecyloxy}benzoic acid (4): A mixture of
compound 3 (2.3 g) dissolved in 1,4-dioxane (20 ml) and 5%
Pd-C catalyst (0.4 g) was stirred in an atmosphere of hydrogen
until the required quantity of hydrogen was absorbed. The
resulting mixture was filtered in hot and the solvent removed
under reduced pressure. The solid material obtained was recrys-
tallised using methanol. Yield 1.0 g. mp 68-70 °C.

Preparation of bent-core bridged discotic dimer 6: A
mixture of compound 4 (0.5 g, 0.48 mmol), compound 5
(0.085 g, 0.24 mmol), DCC (0.22 g, 1.07 mmol) and catalytic
quantity of DMAP was stirred in dry dichloromethane at room
temperature for about 24 hours. The solvent was removed and
the residue purified by column chromatography on silica gel
using mixture of petroleum ether and ethyl acetate (2%) as
eluent. Removal of solvent afforded a residue which was recrys-
tallised from dichloromethane and hexane to afford 6. Yield 0.2
g. IR (KBr), vimax (cm™1): 2922, 2852, 1734, 1456, 1377, 1261,
1170, 721; '"H NMR (400 MHz, CDCl3, 5/ppm): 8.28 (d, 4H, J
= 8.7 Hz, Ar-H), 8.16 (d, 4H, J = 8.0 Hz, Ar-H), 7.83 (s, 12H,
Ar-H), 7.51 (t, 1H, J = 8.5 Hz, Ar-H), 7.36 (d, 4H, J= 8.7 Hz,
Ar-H), 7.30 (t, 1H, J = 8.2 Hz, Ar-H), 7.26 (d, 2H, J = 8.1 Hz,
Ar-H), 6.98 (d, 4H, J= 8.9 Hz, Ar-H), 4.24 (t, 24H, J= 6.4 Hz,
-OCHy,), 4.03 (t, 4H, J= 6.2 Hz, -OCH,), 1.97 (m, 28H, -CHj-),
1.69-1.31 (m, 92H, -CH,-), 0.94 (t, 30H, J = 6.1 Hz, -CH3);
Elemental analysis: Found: C, 76.34; H, 9.01. Cy54H710022
requires C, 76.64; H, 8.77.

Compounds 8a and 8b were prepared following the similar
procedure for compound 6. 8a: IR (KBr), viax (cm™1): 2922,
2850, 1743, 1733, 1602, 1508, 1437, 1259, 1159, 1068, 721; 'H
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NMR (400 MHz, CDCl3, 8/ppm): 8.31 (m, 4H, Ar-H), 8.16 (d,
4H, J = 8.8 Hz, Ar-H), 7.83 (s, 6H, Ar-H), 7.63 (t, 1H, J=3.4
Hz, Ar-H), 7.40 (m, 4H, Ar-H), 7.13-6.95 (m, 7H, Ar-H), 4.24
(t, 12H, J = 6.4 Hz, -OCH,-), 4.08 (t, 2H, J = 6.2 Hz, -OCH5-),
3.98 (t, 2H, J = 6.1 Hz, -OCHj,-), 1.97-1.77 (m, 16H, -CHj-),
1.51-1.19 (m, 68H, -CHj,-), 0.94 (t, 15H, J =7 Hz, -CH3), 0.87
(t, 3H, J = 6.7 Hz, -CH3); Elemental analysis: 8a Found: C,
75.91; H, 8.74. C19gH 440 requires C, 76.38; H, 8.54. 8b: IR
(KBr), Viax (cm™1): 2922, 2852, 1726, 1606, 1462, 1377, 1263,
1169, 721; '"H NMR (400 MHz, CDCls, 8/ppm): 8.31 (m, 3H,
Ar-H), 8.15 (m, 4H, Ar-H), 7.85 (s, 6H, Ar-H), 7.61 (t, 1H, J=
8 Hz, Ar-H), 7.39 (m, 3H, Ar-H), 7.28 (m, 3H, Ar-H), 6.98 (m,
4H, Ar-H), 4.25 (t, 12H, J = 6.5 Hz, -OCHj3-), 4.08 (m, 4H,
-OCH,;-), 2.06-1.78 (m, 16H, -CHj-), 1.62-1.23 (m, 68H,
-CH,-), 0.95 (t, 15H, J= 6.9 Hz, -CH3), 0.88 (t, 3H, J= 6.5 Hz,
-CHj3); Elemental analysis: 8b Found: C, 74.3; H, 8.39.
CiogH142016F, requires C, 74.79; H, 8.25.
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New concepts for the synthesis of metallomesogens have been recently developed in order to use the metal centre as a scaffold for

grafting different functionalities and inducing non-conventional shapes and properties in the resulting complexes. Our strategy was

based on the synthesis of mesogenic coordination complexes whose molecular architectures are controlled by the modulation of

different and tunable molecular motifs: the nature of the metal ion and the surrounding ligands as central unit, the number of flex-

ible chains at the periphery, and the nature of counter-ions in ionic complexes. The appropriate choice of molecular construction

motifs allows control at global architectures and induces pre-selected properties from the level of single molecule to supra-

molecular network, confirming that metal coordination provides a helpful tool for obtaining multifunctional soft materials.

Introduction

Recent interest in designing novel soft and functional materials
with more and more challenging requirements such as improved
charge transport, luminescence, chirality and biological func-
tions for high-tech applications has been directed towards the
use of new mesomorphic systems [1-14]. Design principles
based only on the shape and the symmetry of the mesogenic

molecules is giving way to alternative concepts for achieving

new molecular and supramolecular motifs able to give rise to
dynamic functional properties and unusual topologies and
families of mesophases. This goal has been reached through
different strategies: the creation of hybrid molecular topologies
[15-22]; the micro-segregation between incompatible units
within molecules [15,23-25]; the development of self-orga-
nizing super and supramolecules able to generate complex hier-
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archical structures through specific inter- or intramolecular
interactions [25-30]. The high level of functionality integrated
into molecular-based electronic systems obtained by incorpo-
rating metal centres into selected organic structures [31]
supports the design of metal-containing liquid crystals (metallo-
mesogens) as an effective and helpful way to expand of the
traditional range of technological applications of liquid crystals
[32-37].

We have been involved for long time in the field of metallo-
mesogens with the synthesis of cyclopalladated rod-like
complexes starting from mesogenic azo and azoxybenzenes,
confirming that mesomorphism of the organic precursors is
preserved after complexation [38]. More recently, our work has
addressed the design of new, higher performing complexes,
whose structures, inaccessible for organic liquid crystalline
systems, are able both to induce very low transition tempera-
tures and to modulate their optical, electronic and thermal prop-
erties [34,36,38]. A multi-motif approach based on the sponta-
neous association of single tectons such as the metal-ligand
central unit, the number of flexible chains at the periphery, the
type of complementary ligands occupying the coordination
sphere of the metal ion and the counter-ion in ionic systems, has
been followed. In this paper selected examples of recently
synthesised multifunctional metallomesogens are highlighted,
all obtained from classical and unusual nitrogen ligands and
different metal centres from across the periodic table, going
from the most common Pd(II) to the scarcely used Pt(Il) and
Zinc(I), until the never used Ga(Ill). Indeed, with the nature of
the metal centre being the leading actor in the design of new
metallomesogens, the choice of unexplored metal centres is an
effective route to a new generation of dynamically multifunc-
tional soft materials, with higher performance than classical
liquid crystals. Our interest in the synthesis of metallo-
mesogens and their wide use in the field of material science,
coupled with the fact that transition metal complexes have
potential antitumor activity, led us to believe that a great
number of metal-containing liquid crystals, already synthesized
and analysed with respect to their chemical and physical proper-
ties, can constitute a huge database for the design of new biolo-
gically relevant complexes.

Review

Palladium(Il) complexes
New mononuclear ortho-palladated complexes have been
prepared in order to expand the applications of these systems
towards new peculiar properties induced by innovative cyclo-
metallating and ancillary ligands.

For example, an interesting red emitting mesomorphic complex

has been prepared starting from the Nile red dye

Beilstein Journal of Organic Chemistry 2009, 5, No. 54.

(9-diethylamino-5H-benzo[a]phenoxazine-5-one) as a cyclo-
metallating ligand and from the suitably functionalized
curcumin B-diketonate as a complementary O,O chelating
ligand (Figure 1).

C14H200  OCq4H2g
OC14H29
0]
(0]
OC1q4H2g
C14H290  OCq4H2g

Figure 1: Molecular structure of NIRPAC: a Pd(ll) complex based on
Nile red and a curcumin derivative.

The presence of the principal ligand [39-44] introduces inter-
esting luminescence properties into the metallic system (which
is luminescent in solution), in the red region of the Vis spec-
trum (A = 610 nm), with emission quantum yields in the range
of 6-23%, depending on the solvent. However, the 3,4,5-
trialkoxy-substituted benzoato fragment of the curcumin ligand
imposes an overall hemi-disc structure to the resulting palla-
dium derivative [45] allowing the onset, even at room tempera-
ture, of a rectangular columnar mesophase which is stable over
a very large temperature range (140 °C). The emission proper-
ties observed in the solution are preserved in the liquid crystal-
line state, therefore the flat disk-like molecular structure organ-
ized into columns, the broad thermal stability and the lumines-
cence in the red region of the visible spectrum make this new
Pd(II) complex a very intriguing candidate for applications in
OLED devices.

A further class of ortho-palladated complexes has been obtained
starting from the 2-phenylquinoline, a ligand extensively used
in the synthesis of cyclometallated iridium(IIl) and platinum(II)
derivatives [46,47] but whose reactivity towards Pd(II) centres
is unexplored. This kind of ligand has been functionalised with

a chiral group such as a cholesteryl ester unit, introduced as
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terminal substituent in 4 position, and chosen for many different
purposes, including its universal affinity for cell membranes
and its ability to self order into liquid crystalline state [48]. The
functionalised 2-phenylquinoline ligand has firstly been cyclo-
palladated and then conjugated to a number of O,O chelating
B-diketonate ligands, giving rise to a series of mononuclear
complexes combining two chelating functional moieties in their
structures (Figure 2) [49].

The coordination to the Pd(Il) centre induces, in all the resulting
compounds, thermotropic mesomorphism whose nature has
been found to be strictly related to the ancillary ligand. Indeed a
transition from a calamitic to a columnar mesophase is
observed, through a calamitic/discotic cross-over point, due to
the peculiar combination of two different molecular architec-
tures. The mononuclear tropolonate derivative (A in Figure 2)
shows a chiral nematic phase while the half-disc-shaped
curcuminoids (B in Figure 2) self-assemble with the formation
of columnar mesophases.

Moreover, the presence of biologicaly active fragments (the
0,0 chelating ligands) induces promising anticancer activity in
vitro against two human prostatic cancer cell lines in all these
complexes suggesting that, through the careful choice of the
molecular building blocks, cyclopalladated mesogens represent
multifunctional biomaterials. They bear at the same time the
active principle and the membrane-compatible delivery
component, and are becoming innovative tools in establishing

new and effective anticancer therapies.

Finally, in order to investigate the unexplored cyclopalladating
ability of 2,2"-pyridylpyrroles, a series of 3,5-disubstituted-2,2'-
pyridylpyrroles and their mononuclear Pd(II) ortho-palladated

H5C
H;C
Hs;C
R*=
H H
R=H, CyHys
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B R
/N\ /O R=CH3 R'= CH3
Pd > =CFs = CHs
7N =CHs = CF;
R~Z"n 0 =CF; = CF,
_ R'
R

Figure 3: Some unusual palladiomesogens based on 3,5-
disubstituted-2,2"-pyridylpyrroles and B-diketonates.

derivatives (Figure 3) have been prepared [50].

The resulting complexes, containing as ancillary ligands some
acetylacetonates, are “non conventional” shaped palladiomeso-
gens. Indeed, they completely lack terminal tails, usually neces-
sary for inducing mesomorphism. In this case the presence of
fluorinated groups on the complementary ligands promotes a
delicate balance between incompatible parts of the molecules,
generating phase segregated structures favourable for the
appearance of mesomorphism through hexagonal columnar
phases. The strategy adopted, building on the modulation of
incompatible simple synthons on a metallomesogenic molecule,
opens new possibilities for tailoring soft materials with non-

conventional structures.

Platinum(Il) and Zinc(ll)

For the less explored Pt(II) and Zn(II) metal centres versatile
2,2'-bipyridines have been selected since they are well-known
building blocks for the formation of inorganic functional nano-
materials [51]. The complexation of non-mesogenic 4,4'-disub-
ted 2,2'-bipyridine ligands with Pt(II) salts confirmed the role of

Figure 2: Molecular structure of Pd(Il) complexes based on functionalised 2-phenylquinolines and B-diketonates.
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coordination chemistry in the metal-mediated formation of
liquid crystals. Indeed the induction of a dipole moment upon
coordination with an MX, moiety, allowed most of the half-disc
shaped complexes [L"PtX,] (Figure 4) to self-assemble into full
disc shaped dimers as described by the complementary
shape approach [52].

The appearance of mesomorphism is related to the length of the
alkyl chains: indeed the complexes based on the 2,2'-bi-
pyridines with short tails melted directly into an isotropic liquid,
while the higher homologues produce the global rod-like shape
responsible for the liquid crystalline behaviour, namely of a
lamello-columnar type. Changes of the ancillary ligands have
been carried out in order to use dipole coupling as a tool for
molecular architecture. Mesomorphic behaviour was found to
depend on the size of the X group and on the dipole moment
associated with the Pt-X bond, with the sequence, for the
clearing points CI<Br<I and the azide group which promoted a
lowering of both transition temperatures. Moreover, these Pt(II)
complexes revealed to be photoluminescent with a good degree
of tunability, depending on the n-donor capacity of the
X ligands.

Zinc(I1) complexes are widely applied in OLED technology for
their light emitting efficiency, high thermal and redox stability,
and tunable electronic properties [53-55]. Hence the design of
Zn(II) complexes showing at the same time, order, mobility,
and changes in molecular organization in response to external
stimuli could be a good strategy for developing new soft mater-
ials for innovative applications. In this context the same 2,2'-bi-
pyridines have been coordinated to Zn(II) ions where the tetra-
hedral geometry of the Zn(Il) derivatives prevented the single
molecules self-assembling in dimers. Moreover, strong inter-
molecular contacts stabilized the crystalline state and no meso-
morphic behaviour was observed below the melting point [52].
We decided to extend this work changing the substituents on the

ROOC COOR

[L"PtX5]

R = CgH17, C16H33, CooHas

X=Cl,Br,I,N;

Figure 4: Molecular structure of Pt(Il) complexes based on 4,4'-disub-
ted 2,2"-bipyridines.
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bipyridine ligands by introducing of further aromatic rings
equipped with several aliphatic tails each. Hence the synthesis
of a series of cis-dichloro hexacatenar Zn(II) complexes has
been performed (Figure 5) [56].

In this case the molecular organization in the mesophase,
mainly driven by intermolecular attractive interactions
(hydrogen bonds, C-H-r and n—r contacts) between the large
flat aromatic cores rather than dipolar or metal-metal interac-
tions, is able to produce supramolecular columnar meso-
morphism, appearing for the first time in tetrahedral
Zn(IT) derivatives.

These results show more and more that, by careful choice of
molecular building blocks, it is possible to modulate the interac-
tions necessary for organization of single molecules in to supra-
molecular architectures to give rise to the desired metallomeso-
genic material. Moreover, preliminary measurements of photo-
conductivity on these complexes doped with Cg to increase
absorption in the visible region, have given excellent results and

further experiments are still in progress.

Gallium (1ll)

Since the nature of the metal centre represents an important tool
for tailoring specific molecular shapes and topologies, we have
selected the Ga(Ill) ion, never used before in the design of
metallomesogens, in order to explore the possibility of induc-

ing mesomorphism in luminescent metal complexes [57].

In particular, we have explored the possibility of promoting
mesomorphism in pentacoordinate bisquinolinate Ga(Ill)
coordination compounds, well-known blue emitting species,
whose properties derive from solid state interactions [58-60].
Hence we have introduced the mobility of a promesogenic poly-
catenar group through the 3,4,5-tris(tetradecyloxy)-benzoyloxy
monodentate ligand in the carboxylate unit, keeping the two

RO OR RO OR
RO OR
C-OH,C CH,O—

Y 2 2 C\\

— (0]
/ \
\ VAR /)
\ /
/M\
Cl Cl
[L"ZNnCl,]

Figure 5: Molecular structure of Zn(Il) complexes based on poly-
catenar 4,4'-disubstituted 2,2"-bipyridines.
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Figure 6: Molecular structure of a gallium(lll) mesogen.

quinolinate groups responsible for intermolecular interactions in
the crystalline organization grafted around the gallium(III)
centre [61]. In this way a unconventional jellyfish shape
molecule has been obtained and its molecular structure has been
confirmed through single crystal X-ray diffraction (Figure 6).

Despite its unusual molecular shape, this complex shows ther-
motropic mesomorphism, with a lamello-columnar organiza-
tion and, at the same time, a light-green emission with the
typical high quantum yield of pentacordinated Ga(Ill)
complexes (40% in solution) [62], has been detected.

Conclusions

We have selected some examples of recent works on metallo-
mesogens demonstrating that, moving across the periodic table,
it is possible to expand the pool of metal ions able to induce
mesomorphism in an appropriate framework. Hence it is
possible to modulate single molecular geometries starting from
the conventional square planar ion [Pd(II)], and going to the
tetrahedral [Zn(IT)] and pentacoordinate Ga(III) to obtain novel,
non conventional structures. Moreover, by changing the nature
of coordinating ligands and the kinds of substituents, further
properties such as luminescence and bioactivity can be
promoted at the same time, leading to smart multifunctional
material. Finally, through the appropriate choice of crucial
single synthons, it is possible to modulate the role of inter-
molecular interactions in the resulting architecture in order to
create new supramolecular arrays with peculiar properties
arising either from individual building blocks or from
their synergy.
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Tetraphenylenes 2 with eight peripheral gallic esters were prepared in two steps from octamethoxytetraphenylene 1 in 19-72%

yield. Investigation of the mesomorphic properties of 2 by DSC, POM and X-ray diffraction revealed that derivatives 2a—d with

short alkoxy chain lengths (Cs—Cg) did not show any mesomorphic properties, whereas compounds 2e—i with Co—C;3 chains

displayed rectangular columnar mesophases and compounds 2j—1 with C14—C¢ chains displayed hexagonal columnar mesophases.

Furthermore an anomalous odd-even effect of the clearing points of compounds 2e-1 versus chain length was detected.

Introduction

Columnar liquid crystals have received increasing interest
during the last decade due to their 1D charge transport and self-
healing properties, which make them particularly promising
candidates for organic field effect transistors, organic photovol-
taic devices and light emitting diodes [1-3]. Tetraphenylenes,
whose saddle-shaped conformation is caused by the anti-
aromatic character of the corresponding central flat 8-membered
ring [4-6], are suitable building blocks for supramolecular
chemistry, asymmetric catalysis and formation of inclusion
complexes [3-28]. We have shown that tetraphenylenes with
eight peripheral alkoxy or alkanoate chains display thermo-

tropic columnar and smectic mesophases [29,30]. Furthermore,
anomalous odd-even effects were discovered for these discotic
tetraphenylenes, i.e. the ascending and descending transition
temperatures with increasing numbers of methylene groups in
the side chain exhibit an inversion of this alternation between
n =12 and n = 14 homologues [31]. In order to explore whether
this anomalous odd-even effect is a more general phenomenon,
the corresponding gallic ester-substituted tetraphenylenes were
prepared and their liquid crystalline properties were investi-
gated. In addition, we were curious about the mesophase types,

because tetraphenylenes with peripheral alkoxy or alkanoate
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chains displayed smectic mesophases in addition to columnar
phases, whereas the corresponding tetraphenylenes with
p-alkoxybenzoate substituents displayed only columnar meso-
phases even with long chain lengths [29-31]. Thus, we antici-
pated that the presence of the sterically demanding gallic esters
in the periphery of the tetraphenylene can be accommodated
much better by columnar packing as compared to a smectic

layer structure. The results are discussed below.

Results and Discussion

The synthesis started from the known octamethoxytet-
raphenylene 1 [4,19,20,29-31], which was demethylated with
boron tribromide in CH;Cl, at =50 °C to room temp. followed
by hydrolysis with MeOH (Scheme 1). Subsequent treatment
with gallic acid chlorides in the presence of catalytic amounts of
DMAP in pyridine/CH;Cl, yielded after aqueous workup and

-50°Ctort, 1h;
MeOH, rt, 1 h

2)DMAP, py  C1OC OR
CH,Cly, 30 °C, 18 h
OR

OR OR

1
l 1) BBrs, CH,Cl,

OR
OR
OR OR
2a-1 R = CnH2n+1
2 ab cd e f g h i j k 1
n 5 6 7 8 9 10 11 12 13 14 15 16

yield [%] 28 72 65 28 69 58 68 19 65 62 40 49

Scheme 1: Synthesis of tetraphenylenes 2.
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chromatographic purification the desired gallic ester-substi-
tuted tetraphenylenes 2a—1 in 19-72%. In some cases purifica-

tion turned out to be rather tedious resulting in decreased yields.

Mesomorphic properties of compounds 2 were studied by
differential scanning calorimetry (DSC), polarizing optical
microscopy (POM) and X-ray diffraction (WAXS, SAXS). The
DSC results are summarized in Table 1.

While compounds 2a—d with chain lengths up to Cg showed
only crystal to crystal transitions and isotropic melting,
tetraphenylenes 2e—1 with chain lengths between Cg and Cq
displayed enantiotropic mesomorphism. For compounds 2e,f
additional crystal to crystal transitions were detected. A typical
DSC curve is shown in Figure 1. Thus tetraphenylene 2h with
dodecyl chains displays a melting transition at 3 °C and a
clearing transition at 36 °C upon second heating. Upon cooling
an isotropic to mesophase transition at 33 °C and a crystalliza-
tion peak at 0 °C were detected. The hysteresis phenomena
observed for some compounds are probably due to super-

cooling, which is common for such highly viscous materials.

IGXO Cr

Cr Col I

30 -20  -10 0 10 20 30 40 50
T/°C

Figure 1: DSC traces of compound 2h during (a) second cooling and
(b) second heating (heating/cooling rate 5 K/min).

POM investigations revealed focal conic and fan-shaped
textures typical for columnar mesophases (Figure 2).

However, clear evidence was possible only by XRD data, which
are summarized in Table 2. While rectangular columnar meso-
phases were observed for tetraphenylenes 2e—i with shorter
chains (n = 9-13) (shown for 2f in Figure S1 in the Supporting
Information), hexagonal columnar mesophases were found for
the long chain derivatives 2j—1 (n = 14-16) (shown for 2j in
Figure S2 in the Supporting Information). Indeed, as expected
the columnar mesophase seems to accommodate the eight bulky

gallic esters much better than the smectic layer structure.
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Table 1: Phase transition temperatures [°C] and (enthalpies [kJ/mol])2.

Beilstein Journal of Organic Chemistry 2009, 5, No. 57.

2 n Cr1 Cr2 CI’3 Col |

a 5 . 51(10.1) - 79 (44) - 191 (156.3) - . 2. heating
b 6 . 46 (8.3) - 69 (7.4) - 142 (11.2) - . 2. heating
c 7 . 10(1.7) - 41(0.6) - 55(0.6) -- . 2. heating
d 8 . 4(15.0) - 41 (27.7) - 62 (7.2) -- . 2. heating
e 9 . -6(11.6) - 35(4.2) - . 37(3.8) - 2. heating
e 9 . 1(-2.7) - 11(-0.8) -- . 26 (-5.3) - 2. cooling
f 10 - 74.1) - 40 (12.5) - . 46 (5.6) - 2. heating
f 10 - 24 (-7.9) - - . 39 (-5.7) - 2. cooling
g 11 . 29 (7.4) -- - . 43(1.0) - 2. heating
¢] 11 . 20 (-7.6) -- - . 40 (-1.1) - 2. cooling
h 12 . 3(19.4) -- - . 36 (10.3) - 2. heating
h 12 . 0(-18.6) -- - . 33(-9.7) - 2. cooling
i 13 16 (18.5) -- - . 33(11.9) - 2. heating
i 13 . 13(-18.9) -- - . 28 (-134) - 2. cooling
j 14 - 16 (9.6) -- - . 41(2.5) - 2. heating
j 14 16 (-5.8) -- - . 29 (-1.8) - 2. cooling
k 15 . 25(8.0) -- - . 36 (20.1) - 2. heating
k 15 - 20 (-10.3) -- - . 32(-16.2) - 2. cooling
| 16 - - - . 41(36.2) - 2. heating
| 16 22 (-5.2) - - . 36 (-17.3) - 2. cooling

aCr crystalline, Col columnar, | isotropic; * phase was observed, -- phase was not observed; heating/cooling rate 10 K/min for 2a—e,i,j, 5 K/min for

2f-h k1.

The crossover from rectangular columnar to hexagonal
columnar mesophases with increasing chain lengths has been
also observed in other columnar systems [32,33] and has been
attributed to the enhanced core—core interaction necessary for
the formation of the Col, phases [34]. According to molecular
modelling [35] and comparison with the XRD data each disk

within the hexagonal and rectangular columnar pattern is occu-

pied by one tetraphenylene molecule. For better visibility only
the modelled tetraphenylene (octakis)acyl core unit is shown in
Figure 3, which reveals the saddle shape.

Next, the clearing points of mesogenic compounds 2e—1 were
plotted against the chain lengths » (Figure 4). An anomalous
odd-even effect can be seen, which inverts at n = 11.

Figure 2: Texture of 2h under the POM at 25 °C upon cooling from the
isotropic liquid (heating/cooling rate 5 K/min; magnification 100x%).

Figure 3: Molecular modelling of the saddle-shaped tetraphenylene
(octakis)acyl core unit of 2 [35].
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Table 2: X-Ray diffraction data for compounds 2e—I2.

2 TIC] or] dops [A]
2e 20 1.71 259
2.93 151
3.33 13.3
2f 32 1.73 25.6
2.32 19.0
3.34 13.2
2g 15 1.60 2717
217 20.4
3.14 141
2h 20 1.51 29.3
2.25 19.6
2i 25 1.47 30.1
2.28 19.4
2j 30 1.46 30.3
2.47 17.9
2k 20 1.40 31.6
2.39 18.5
2.75 16.1
3.65 121
2 20 1.35 32.8
2.32 19.0
3.50 12.6

Beilstein Journal of Organic Chemistry 2009, 5, No. 57.

hk dealc [A] Mesophase parameters
(20) 25.9 Col,
(11) 15.1 a=518A
(21) 13.5 b=158A
(20) 184 Col,
11) 19.0 a=512A
(31) 13.1 b=205A
(20) 27.7 Col,
11) 204 a=554A
(31) 14.1 b=219A
(20) 29.3 Col,
(11) 19.6 a=58.6A
b=208A
(20) 30.1 Col,
(11) 194 a=60.3A
b=205A
(10) 30.6 Colp
(11) 17.7 a=353A
(10) 31.9 Colp
(11) 184 a=369A
(20) 16.0
(21) 121
(10) 33.1 Colp
(11) 191 a=382A
(21) 12,5

@Diffraction angle 0; observed and calculated diffraction spacings dops and dgaic; Miller indices hk.

For the previously studied tetraphenylene derivatives with
alkoxy, alkanoate and p-alkoxybenzoate chains the inversion
was observed at n = 12—13 [31]. Although in all four cases an
anomalous odd-even effect is present, the chain length depen-
dence of the clearing temperatures differs somewhat. For
derivatives with alkoxy or alkanoate chains directly attached to
the tetraphenylene unit, the oxygen atom is part of the chain and
thus odd carbon chains are actually even-numbered. They

50

45 N

LN .,
J N/
N

30 T .
8 10 12 14 16 18

chain length n

Tel/°C

Figure 4: Clearing temperatures T [°C] of tetraphenylenes 2e—l as a
function of the chain lengths n.

should thus have an elongated shape which should lead to a
higher degree of orientational order and hence a higher clearing
temperature than the odd-numbered chains (including oxygen),
i.e. those with an even-number of carbon atoms. The data in
Figure 4 suggest that for 3,4,5-trialkoxygallic esters 2 this argu-
ment does not hold and the orientational order and hence the
clearing temperature is determined both by the alkoxy chain
lengths as well as the rigid gallic acid moiety. In order to elim-
inate the influence of the alkyl side chain on the odd-even effect
of the tetraphenylenes the melting temperatures Tj,?% of
n-alkanes were subtracted from the clearing points 7¢; of the
respective tetraphenylenes 2 (Figure 5). An almost regular
effect could be seen. Thus it seems that transition temperatures
are also governed by the influence of the gallic ester moiety on
the dynamic properties of the alkyl tails.

Conclusion

In conclusion, only columnar mesophases have been found for
gallic ester-substituted tetraphenylenes 2e—1 with a minimum
chain length of » =9. An anomalous odd-even effect was
detected, in which the alternation of the melting transition

inverses at n = 11. The results agree with previous findings, and
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Figure 5: The differences between the clearing temperatures T [°C]
of tetraphenylenes 2 and the melting points 7,2 of the n-alkanes
exhibit an almost normal odd-even effect without any inversion of the
alteration.

suggest that the anomalous odd-even effect is a more general
phenomenon than previously thought. Investigations to extend
this concept to other classes of liquid crystals are currently in
progress.

Experimental

General

Melting points were measured on a Mettler Toledo DSC822 and
are uncorrected. NMR spectra were recorded on a Bruker
Avance 300 and Avance 500 spectrometer. FT-IR spectra were
recorded on a Bruker Vektor22 spectrometer with MKII Golden
Gate Single Reflection Diamant ATR system. Mass spectra
were recorded on a Finnigan MAT 95 and a Varian MAT 711
apparatus. Small-angle scattering data from unaligned samples
(filled into Mark capillary tubes of 0.7 mm diameter) were
obtained using a Kratky compact camera (A. Paar) provided
with a temperature controller (A. Paar) and a one-dimensional
electronic detector (M. Braun). Aligned samples were exposed
in a home-made flat-film camera and the 2D diffraction patterns
recorded with an imaging plate detector (Fuji BAS SR). In the
flat-film camera, the sample was placed in a small hole of a
brass block, the temperature of which was controlled by a
Lakeshore controller and kept in a 1.5 T magnetic field for

alignment.

Differential scanning calorimetry (DSC) was performed using a
Mettler Toledo DSC822, and polarizing optical microscopy
(POM) using an Olympus BX50 polarizing microscope
combined with a Linkam LTS350 hot stage and a Linkam TP93
central processor. Flash chromatography was performed using
Kieselgel 60, 40—63 um (Fluka). All solvents were dried, and

Beilstein Journal of Organic Chemistry 2009, 5, No. 57.

reactions were performed in dried glassware. The used petro-
leum ether (PE) had a boiling range of 30-75 °C. Octamethoxy-
tetraphenylene 1 was prepared as described in ref. [31].

General procedure for the preparation of
heptakis[(3,4,5-trialkoxybenzoyl)oxy]tetra-
phenylen-2-yl 3,4,5-trialkoxybenzoates (2)

To a solution of octamethoxytetraphenylene 1 (0.14 g, 0.25
mmol) in CH,Cl, (2 mL) were added BBr3 (2.2 mL, 2.2 mmol,
1 M solution in CH,Cl,) at =50 °C and the mixture was stirred
for 1 h at room temp. The solvent was removed in vacuo and
the residue was dissolved in degassed MeOH (5 mL) for 1 h and
evaporated. The residue was dissolved in CH,Cl, (2 mL),
treated with DMAP (4 mg, 0.03 mmol) and pyridine (1 mL) and
gallic acid chloride (5 mmol) were added dropwise. After stir-
ring overnight at 30 °C, the mixture was diluted with CH,Cl,
(10 mL), hydrolyzed with 2 M HCI and the layers separated.
The aqueous layer was extracted with CH,Cl, (2 x 10 mL), the
organic layers were washed with sat. NaHCO3 (10 mL), H,O
(10 mL), dried over MgSOy4 and concentrated in vacuo. The
crude product was purified by column chromatography on SiO,
(hexanes/ethyl acetate 20 : 1) to yield colorless waxy solids.

3,6,7,10,11,14,15-Heptakis[(3,4,5-dodecyl-
oxybenzoyl)oxy]tetraphenylen-2-yl 3,4,5-
tridodecyloxybenzoate (2h)

270 mg (19%) of a colorless solid. '"H NMR (500 MHz,
CDCl3): 8 = 0.85-0.89 (m, 72H), 1.25-1.49 (m, 432H),
1.70-1.75 (m, 48H), 3.79-3.86 (m, 32H), 3.98 (t, J = 6.5 Hz,
16H), 7.24 (s, 16H), 7.39 (s, 8H) ppm. 13C NMR (125 MHz,
CDCly): 6 = 14.1, 22.7, 26.1, 26.2, 29.4, 29.4, 29.5, 29.6, 29.7,
29.7, 29.8, 29.8, 30.4, 32.0, 69.0, 73.5, 108.3, 123.0, 124.5,
138.1, 142.0, 143.0, 152.9, 163.8 ppm. FT-IR (ATR): v = 2921
(vs), 2852 (s), 1976 (w), 1743 (m), 1585 (m), 1499 (w), 1466
(w), 1430 (m), 1390 (w), 1335 (s), 1291 (w), 1240 (w), 1190
(s), 1114 (s), 947 (w), 802 (w), 748 (W), 623 (m), 546 (w) cm™ !,
UV/VIS (n-hexane): Apax (1g € max) = 275 (5.15), 214 (5.60)
nm. C343Hg24040 (5688.9) caled. C 77.69, H 11.06; found: C
77.74, H 10.95.

Supporting Information

Supporting information includes experimental and
spectroscopic data for compounds 2a—f, 2g-1, and X-ray
diffraction measurements of derivatives 2f.j.

Supporting Information File 1

Analytical data of compounds 2a—f, 2g-1.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-5-57-S1.pdf]
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With the relatively new technique of coaxial electrospinning, composite fibres of poly(vinylpyrrolidone) with the liquid crystal

4-cyano-4'-octylbiphenyl in its smectic phase as core material could be produced. The encapsulation leads to remarkable confine-

ment effects on the liquid crystal, inducing changes in its phase sequence. We conducted a series of experiments to determine the

effect of varying the relative flow rates of inner and outer fluid as well as of the applied voltage during electrospinning on these

composite fibres. From X-ray diffraction patterns of oriented fibres we could also establish the orientation of the liquid crystal

molecules to be parallel to the fibre axis, a result unexpected when considering the viscosity anisotropy of the liquid crystal kept in

its smectic phase during electrospinning.

Introduction

Electrospinning is a versatile process for producing nano- and
microfibrous materials through electrostatic means. Even
though the basic principles have been known for a long time
and the first patents on electrospinning go back to 1902 [1,2],
there has been a revival of interest since the beginning of the
1990s [3-6]. For laboratory scale purposes the simplest setup for
electrospinning consists of three main components: a
chargeable spinneret (e.g. a metallic needle) through which a
polymer solution or melt is pumped, a grounded collector (e.g.
an aluminium foil) and a high voltage power supply connecting

spinneret and collector (see Figure 1).

The mechanism behind the electrospinning process is driven by
an interplay of electrostatic forces and the surface tension of the
polymer solution [5,7]. By applying a high DC voltage (several
kV) between the spinneret and ground, surface charges are
induced in a droplet of polymer solution protruding from the
end of the spinneret, which then deforms into a so-called Taylor
cone. When the electrostatic repulsion between the induced
charges together with the coulomb force of the applied field
become strong enough to overcome the surface tension, a liquid
jet is ejected from the cone. This highly charged liquid jet
experiences an electrostatic self-repulsion leading to a whip-
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Figure 1: Schematic illustration of the main parts of the setup used in
our lab for coaxial electrospinning and of the resulting composite
fibres.

ping motion and stretching process on its way to the collector,
the latter leading to a dramatic reduction of fibre diameter.
During this process most of the solvent must be evaporated, so
that a stable, essentially dry fibre (the length of which in the
ideal case is determined only by the time spinning is continued)
is collected on a target substrate. This collection can be made on
glass slides placed on the collector during electrospinning,
resulting in a randomly oriented, nonwoven mat. Beside this,
oriented fibres can also be achieved by modification of the
target, e.g. by using two parallel electrodes as collector [8]. A
recent review on different electrospinning setup designs is given
in [9].

The morphology and final diameter of the resulting fibres can
be influenced by several parameters, which can be divided into
two categories: intrinsic properties of the polymer solution, and
operational conditions. The most important are: type of polymer
and its concentration; viscosity, electrical conductivity, polarity

and surface tension of the solvent; applied electric field,

Beilstein Journal of Organic Chemistry 2009, 5, No. 58.

distance between spinneret and collector, flow rate of the
polymer solution and also the humidity and temperature of the
surroundings, since they influence the evaporation of the

solvent.

An interesting variation of electrospinning is the use of a spin-
neret comprising two coaxial capillaries, allowing two different
liquids to be spun, one inside the other, leading to a composite
fibre with core—sheath structure [10-12]. Recently it could be
shown that also a room temperature nematic liquid crystal (LC)
can be coaxially spun with a composite sheath of TiO, and
poly(vinylpyrrolidone) (PVP) [13]. Such composite fibres with
a core exhibiting the responsiveness and special properties (in
particular optical) that result from the unique combination of
fluidity and long-range order of liquid crystals are interesting
from different points of view. On the one hand, the LC can give
the fibre new functionality, in particular sensitivity to tempera-
ture variations or to the application of electric and/or magnetic
fields, on the other the strong confinement that can be achieved
by the process can affect the LC phase sequence [14]. Electro-
spinning offers a cheap and simple way of studying such
confinement effects systematically.

In this work we present our results on composites of PVP as
sheath and the liquid crystal 4-cyano-4'-octylbiphenyl (8CB) as
core produced by coaxial electrospinning. The latter LC
exhibits a smectic phase (phase sequence: cryst. 20.5 SmA 32.0
N 39.2 iso0.) in contrast to the LC used in our previous work,
which formed only a nematic liquid crystal phase. After some
general remarks on the properties of these composites, we show
in the first part a systematic study on fibres with different
content of LC core. Secondly we studied the influence of the
magnitude of the applied voltage on the fibres. Finally we show
X-ray investigations on these materials and discuss the orienta-
tion of the LC based on these results.

Results and Discussion

All fibres were spun at room temperature, i.e. with the LC in its
smectic phase. In the resulting fibres the PVP sheaths were
transparent and isotropic so that one could directly observe the
birefringent liquid crystal core through a polarising optical
microscope (POM) and follow the phase sequence (Figure 2).
The fibres are thermally stable enough to allow repeated heating
into the isotropic phase of the contained liquid crystal and
cooling to room temperature again without any change in
appearance. In differential scanning calorimetry (DSC) investi-
gations only the transitions of the liquid crystal are found up to
about 100 °C, where decomposition of the PVP sheath starts to
take place. When fully dried the fibres also show good mechan-
ical stability so that they can be pulled from the glass slide and
folded or rolled together.
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Figure 2: Polarizing optical microscopy photographs of 8CB-
containing composite fibres; (a) SmA phase at room temperature; (b)
isotropic state at 45 °C.

Variation of the extent of LC filling

In this part we will discuss characteristic examples of a series of
composite fibres in which the flow rate of the polymer solution
was kept constant at ¥, = 125 pl h™!, while the flow rate of
the LC was increased stepwise: V., =3, 20,45, 70, 115, 145,
190 and 215 pl h™!. In the upper row of Figure 3 non-polar-
ising microscopy pictures of these samples are shown, while the

lower row displays the corresponding POM pictures.

At the smallest flow rate presented here no liquid crystal is
visible inside the resulting fibres (Figure 3a). At 20 ul h™!
droplets of LC appear in many of the fibres, the thicker ones
being visible also in the non-POM photos as darker spots inside
the fibres (Figure 3b). In the next sample (45 ul h™!, Figure 3c)
the droplets have transformed into elongated segments. Such a
transformation upon increasing flow rate of the inner fluid has
been predicted by numerical modelling of the coaxial electro-
spinning process [15]. Depending on the exact spinning condi-
tions either a bubbly slug or annular flow pattern may result. On
the other hand there are still many parts of the fibre samples
where no LC seems to be present at all.

V,/ulh'= 5 20

50 pm

Beilstein Journal of Organic Chemistry 2009, 5, No. 58.

When increasing the LC flow rate to 145 ul h™! almost all
fibres, besides some very thin ones, are (partially) filled with
the liquid crystal while the diameter of the deposited fibres
grows substantially (Figure 3d). At points where many fibres
meet they fuse. This tendency is further increased in the last
sample in Figure 3e. The smeared-out morphology in this last
texture strongly suggests that the fibre still contained substan-
tial amounts of solvent upon collection. The liquid state of such
a deposited material then allowed a post-collection morphology
change, ruining the desired coaxial fibre structure.

Measuring the exact outer and inner fibre diameter by optical
microscopy is quite difficult for such small structures, but we
can give reasonably accurate estimates at least for the outer
diameter. We determined the mean, minimal and maximal outer
diameter of the filled fibres by measuring the diameter at 50
points of each sample. The resulting values are plotted in
Figure 4, taking unfilled pure PVP fibres as reference. As one
can see, up to the sample with V7 ;, = 70 pl h™! all three deter-
mined kinds of diameter are unchanged compared to the sample
without liquid crystal, within the accuracy of this kind of meas-
urement. With further increasing content of LC core, the smal-
lest found diameters are still in the same range as before, but the
mean diameter and especially the largest found diameter
increase strongly. In the last samples this may be partly because
of the smearing out of the fibres as described at the end of the
previous paragraph. But at least for the two highest flow rates
the LC core visible in the non-POM photographs is as thick as
the whole fibres in the first samples (see for Figure 3d1 and
Figure 3el).

DSC thermograms of these fibres are presented in Figure 5, as
well as the thermogram of bulk 8CB for comparison. The effect
of confinement on the LC phase sequence can be clearly seen.

Figure 3: Microscopy photographs of characteristic samples when varying the flow rate of the liquid crystal V,-,, while retaining the flow rate of the
polymer solution constant. Upper row: sample seen without polarisers; lower row: same sample position seen between crossed polarisers.
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Figure 4: Outer fibre diameters as a function of LC flow rate as determined from 50 measurements by optical microscopy on each sample.

In the fibres the clearing peak is broadened and shifted towards
higher temperatures compared to the bulk LC, but between the
different fibres the clearing point variations are small. The
smectic to nematic transition, on the other hand, is shifted to
8CB as bulk higher temperatures with decreasing LC content of :[he fibres
until it finally disappears in the last shown sample (V' ;, =5 ul
h™1). During this process the shape of this transition in the ther-
mogram transforms continuously from a peak in the bulk to a

V =215 h" step, signifying a change from (weakly) first- to second-order

in

character of the transition.

V =145 h" Another remarkable effect is that in the thermograms obtained

in

for ¥, =20 pl h™! and 45 pl h™! during a first heating experi-

ment the SmA-N as well as the clearing transition were visible,

heat flow / mW mg"

V. =45uh’ but in the cooling run and in a subsequent second heating

/\/W experiment only the N-iso. transition was found and it was

shifted towards lower temperatures. This change in the effective

Y -1 e :
V,=5ulh phase sequence could be verified by textural observations

- during a similar experiment in the microscope. When repeating

the DSC heating scan after having kept the sample at room

T T T T T T T T v T T 1
25 30 35 40 45 50 55

temperature / °C like at the very beginning. We interpret these findings as a

temperature for several weeks, again two peaks were found, just

strong supercooling effect on the smectic phase, meaning that
transformation from the nematic to smectic phase is kinetically

Figure 5: DSC thermograms on heating of 8CB as bulk and as inclu- hindered in the encapsulated liquid crystal, most likely due to
sion compound in PVP fibres produced with different flow rates of the

7 mesogen anchoring without positional order at the inner surface
LC (¥ in)-

of the polymer sheath. So, after heating into the isotropic phase,
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on subsequent cooling the smectic phase cannot be formed
immediately even though it is the thermodynamically stable

phase at room temperature.

Conversely, the same phenomenon explains the increase of the
SmA-N transition on initial heating as the fibre diameter is
made thinner (Figure 5): if the smectic phase is present in the
fibre the layer geometry will be retained even when the
temperature is raised somewhat above that where a bulk sample
becomes nematic, because the mesogens at the inner sheath
surface are anchored in the smectic configuration, with 1D posi-
tional order, and the extreme surface-to-volume ratio in a thin
fibre gives these surface molecules a much stronger than usual
influence on the whole sample behaviour. This reasoning
presumes a planar anchoring of the mesogens at the sheath
surface, a geometry that was confirmed by X-ray scattering
experiments, as described at the end of this article. This finding
also correlates with the previously described result that the
outer fibre diameter is not changed for a small content of LC
core, meaning that only a small fraction of the LC molecules are
not affected directly by the polymer surface, so that a strong
effect on the LC phase sequence could be expected in this case.

Influence of applied voltage
According to the numerical study on flow patterns in coaxial
electrospinning [15] annular flows with smooth core-sheath

interfaces appear only if the electrical field strength is above a

12.5 kV

S

A

15 KV

RS A
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certain threshold level. It is also known from another study [12]
that the reduction of outer fibre diameter that is generally seen
upon increasing field strength is not coupled to any substantial
decrease in wall thickness, i.e. the reduction of total fibre
diameter is almost completely given by a reduction of core
thickness.

Examples of our fibres produced at different field strengths are
shown in Figure 6. As one can see, at a combination of outer
and inner flow rates of 125 and 70 ul h™!, respectively, a
smooth inner core is achieved at a voltage of 12.5 kV, while an
increase of the outer flow rate to 260 pl h™! (without changing
the inner flow rate) requires a voltage of 15 kV. At even higher
voltages the filling gets non-uniform again and it becomes more

and more difficult to achieve a homogenous fibre mat.

In Figure 7 a plot of the dependence on applied voltage of mean
fibre diameters measured by optical microscopy of these
samples is shown. It is clear from the diagram that the diameters
are reduced with increasing field strength and increase with
higher flow rate of the polymer outer solution, as is to be
expected. But when comparing this reduction of outer fibre
diameters to the diameter range found in the previous described
experiment with different flow rates of LC (see Figure 4), the
variation is rather small. This observation suggests that the
effect of the electric field strength variations on the inner

diameter is in fact almost negligible, which would explain that

i
/

o= 260 pl h!
V,, =70 pl h-!

V, =70 pl h'

Figure 6: The liquid crystal core shows a transformation from bubbly to smooth and to bubbly again with increasing electric field strength, the

threshold voltage being dependent on the ratio of outer to inner flow rate.
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Figure 7: Influence of the applied voltage and the flow rate of the polymer solution on the mean fibre diameter.

we found no influence on the phase transition temperatures,
which are the same for all samples shown and whose values fit
to the results shown in Figure 5 with corresponding LC flow

rate.

Since our observations of the inner diameter are only indirect
and would have to be corroborated with direct measurement
(practically very difficult to achieve with these particular fibres)
our experiments can not be yet fully compared to the results of
the above mentioned reference [12] on composites of TiO,/PVP
sheath with mineral oil as core. We hope to be able to modify
our procedures and/or material combinations such that in the
future we will be able to investigate the fibres by electron
microscopy with respect to the diameter of the LC core.

X-Ray investigations on fibres

To gain information about the orientation of the liquid crystal
molecules (and the layers of the SmA phase) inside the fibres,
2D X-ray diffraction patterns were recorded. For this purpose
two samples of uniformly aligned fibres with maximum LC
content were spun between bars of aluminium foil and were
then rolled up in two perpendicular directions. A schematic
sketch of the fibre directions before and after rolling is given in
Figure 8c and Figure 8d, respectively. The corresponding
diffraction patterns can be seen in Figure 8a and Figure 8b, the
orientation being more clearly distinguishable in the first pattern
than in the second one. This is mainly due to the facts that the

roll-up direction can be better controlled in this case and that in

OO M MO

IR ERTRTRETYY
% n o0 o 00 00
V! y U
\\',0‘0‘0>0 o‘nv/

VALV, V0, v,

Figure 8: a), b): 2D X-ray diffraction pattern of oriented fibres at two
perpendicular roll-up directions schematically sketched in c) and d),
respectively. The incident X-ray beam is represented by the blue
arrow. These scattering patterns from the composite fibres should be
compared to those from unfilled PVP fibres and bulk 8CB, respectively,
shown in Figure 9.
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a) b)

Figure 9: X-ray diffraction patterns of PVP fibres without LC (a) and of surface-aligned samples of bulk 8CB in the SmA, nematic and isotropic phase,

respectively (b to d).

the second case the X-ray beam is directed along rather than
across the fibres in a large part of the sample, thereby not
producing any significant scattering response. So in the
following we will discuss Figure 8¢ in more detail.

The layer reflections of the SmA phase can be seen on the
equator in the small angle region. The corresponding layer
spacing d4 = 3.08 nm can be very well compared to the value of
3.14 nm measured for bulk 8CB (Figure 9b) and to literature
values (see for example [16,17]). In the middle and wide angle
regions of the diffractogram two diffuse rings can be seen,
caused by the polymer sheath (compare to Figure 9a). The outer
diffuse ring is on the meridian overlayed by diffuse scattering
due to the liquid-like distributed lateral distance between the LC

molecules.

When considering the orientation of the fibres with respect to
the incident X-ray beam the finding of layer reflections on the
equator and of transverse spacing peaks on the meridian leads to
a model in which the smectic layers are arranged perpendicular
to the fibre formation axis (cf. Figure 10). This is somewhat
unexpected, since the fibres are spun at a temperature at which
the liquid crystal is in its smectic phase, in which the lowest
viscosity is along the layers and not perpendicular to them.
Considering only the flow geometry [18,19] one would thus
expect concentric layers extended along the fibre axis in

contrast to our experimental results. Possible explanations of

dA
—>

Ta a aa i a |
Ao TS T
> > |

- - o=
> -

Figure 10: Schematic sketch of the arrangement of LC molecules and
the smectic layers in an electrospun fibre.

this discrepancy might be either that the significant stretching
during the electrospinning process leads to a shear induced
phase transition to the nematic phase, causing a rearrangement
of the molecules, or that the molecules are rearranged after elec-
trospinning as a result of the interaction with the inner PVP
sheath surface.

Conclusion

We show in this work that a liquid crystal in its smectic phase
can be embedded as core in a PVP microfibre via coaxial elec-
trospinning resulting in a new composite material with inter-
esting properties. In our system the behaviour of the LC could
be investigated by calorimetry measurements, X-ray diffraction
experiments and by polarized optical microscopy, the latter one
being possible only because the polymer we used as sheath
material is transparent and isotropic, which is an improvement
to previous work with PVP/TiO, as sheath [13]. From the X-ray
diffraction patterns determined on oriented fibres we can
conclude that in our fibres at room temperature the smectic
phase still exists with the smectic layers being oriented perpen-
dicular to the fibre formation axis, an unexpected result when

considering the flow geometry of a smectic phase.

By varying the relation between the flow rate of the outer
polymer solution and the flow rate of the LC the morphology of
the core could be changed stepwise from discontinuous to very
thin but continuous with overall fibre thicknesses comparable to
unfilled fibres. In this regime complex phase behaviour dictated
by strong surface effects was found. At higher LC flow rates a
continuous bulk-like core and thick fibres were found. On the
other hand, by increasing the voltage applied during electro-
spinning over a certain threshold value (dependent on the outer
flow rate) a discontinuous core could be transformed into a
continuous one while reducing the fibre diameter only slightly
so that the phase behaviour was not influenced by this para-
meter. So by combining these two variables, maybe also with
others relevant for electrospinning like the concentration of the
polymer solution, composite fibres with the desired properties

can be produced.
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Experimental

The fibres were spun from a solution of 12.5 wt % PVP (Acros,
MW 1,300,000 g/mol) and 0.5 wt % NaCl in ethanol through an
outer tube of 0.7 mm inner diameter. The core liquid crystal
8CB (Synthon Chemicals GmbH) was pumped at room
temperature through an inner capillary of 320 um inner and 450
um outer diameter (fused silica tubing, BGB Analytik AG). The
spinneret—collector distance was kept constant at 10 cm. With a
high voltage power supply (Gamma High Voltage Research) a
voltage of 10 kV was applied, unless otherwise stated. All fluids
were pumped at a controlled rate using a Fluigent MFCS4C
microfluidics controller. The resulting samples were kept at
room temperature for several days prior to conducting DSC or
X-ray studies to ensure that all solvent was evaporated so that
the fibres were mechanically stable. Oriented fibres for X-ray
investigations were spun across parallel bars of aluminium foil
placed on the collector.

Calorimetry investigations were carried out on a Perkin Elmer
Pyris 1 DSC at a heating rate of 10 K min~!. Samples of about 5
to 15 mg fibres were used for the measurements. X-ray investi-
gations of fibres were performed on oriented fibres, rolled up to
achieve a compact sample (see Figure 8c and Figure 8d). The
sample of the bulk liquid crystal was aligned at the sample—air
interface while cooling slowly on a glass plate, the temperature-
controlled heating stage partially shadowing the patterns below
the equator. The diffraction patterns were recorded with a 2D
detector (HI-STAR, Siemens) using Ni-filtered CuK,, radiation.
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The merger of ionic liquid and liquid crystal fields, obtained by using the imidazolium ring as a common element, has allowed us to

tailor a new set of materials which associate specific functionalities. These functionalities are consequences of the original proper-

ties of the component, ionic liquids, liquid crystals and their association in a single compound. The study of this interesting associa-

tion led us to elaborate environment-flexible cationic architectures from which mesomorphic properties emerge. Moreover, we have

also explored the influence of different anions on the mesomorphic properties.

Introduction

Uniting the properties of ionic derivatives with those of liquid
crystals, with their many forms of labile macroscopic ordering,
raises interesting prospects [1]. By themselves ionic liquids are
organic salts (i.e. totally composed of cations and anions) that
are — unlike traditional salts — liquid at or near ambient tempera-
tures. The combination of properties is truly unique: ionic
liquids are non-volatile and non-flammable, have high chem-
ical and radiochemical stabilities, tunable electric conductiv-
ities, exceptional dissolution properties [2-4]. By varying the
cations and anions the physico-chemical properties of ionic
liquids can be tuned and specifically optimised for a wide range

of applications [5-11]. Although many organic cations (e.g.

phosphonium, ammonium, pyridinium, imidazolium) can be
used for the design of ionic liquids, none of these cations are as
popular as the imidazolium ion.

In particular, the modification of the N,N' substituents in
imidazolium systems is a facile mean of creating various
amphotropic liquid crystals. Such imidazolium liquid crystals
have especially great potential as ordered reaction media that
can impart selectivity in reactions by organising reactants, as
scaffolds for the synthesis of nanostructured particles [12-14],
in dye-sensitized solar cells [15,16] or also in bio-related
science [17,18].
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In conclusion, this combination represents a fascinating class of
new multifunctional materials [19] in which the organic modi-
fications afforded to the imidazolium central part and the ions’
environment (e.g. ion assemblies) closely govern their melting
points and their use [20].

The present article concerns a synthetic route to imidazolium
salts, which have been modified to present thermotropic liquid
crystal behaviour. In association with different anions and in
relation to the chain length incorporated in the methylim-
idazolium cations, we were able to tune the different transition
temperatures and thus obtain stable smectic A phase from
ambient temperature to 250 °C (decomposition temperature).
The mesomorphic properties were studied by polarizing optical
microscopy, differential scanning calorimetry and X-ray
diffraction. With the support of dilatometry, models for the
lamellar supramolecular arrangement of the salts are proposed
and its evolution is discussed as a function of the counter ions’
morphology.

Results and Discussion
Synthesis and characterization

Our molecules are based on an organic calamitic structure in
which a polar rigid group (methylimidazolium head) is associ-
ated to a flexible aliphatic chain with 8 to 16 carbons. The
syntheses of all the compounds presented in this study began
with the preparation of the bromide imidazolium salts followed
by an anionic exchange step. Bromide derivatives 1, of 1-(4-
alkyloxybenzyl)-3-methyl-/ H-imidazol-3-ium with n = 8, 10,
12, 14, 16 have been synthesized in good yield (>82%) and on
the gram scale. These compounds were obtained in three steps,
following slightly modified literature procedures. Methyl
4-hydroxybenzoate was etherified with various 1-bromoalkanes
(C,Hp,+1Br, n =8, 10, 12, 14, 16) in the presence of K,CO3 in
DMEF (yield > 96%), and the resulting amphipathic esters E,,
reduced by LiAlH, to the corresponding benzyl alcohols A,,.
The different resulting alcohols were converted quantitatively
into the intermediate 4-(alkoxy)benzyl bromides with thionyl
bromide. The final compounds 1,, were then obtained by quat-
ernization of 1-methylimidazole with the bromides in refluxing
THF under inert atmosphere (Scheme 1).

To obtain the desired set of compounds, we performed as a final
step an anionic metathesis in water from 1,, in order to give 2,
3., 44, 5, and 6, respectively with BF4~, PF¢~, SCN™, CF3S03™
and (CF3S0;),N™ anions (Scheme 2) in good yield, easily
scaled up to gram quantities. In this part, we used the good solu-
bility of the bromide derivatives 1, in water to perform the
anionic exchange. By a simple addition in water solution of the
corresponding lithium, potassium or sodium salts of the desired

products, our targeted compounds were dearly obtained by
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Scheme 1: Mesogenic imidazolium synthesis [Reaction conditions: (i)
DMF, K2COg3, BrC,Hzn+1, 60 °C, overnight; (i) LiAIH4, THF, Ar, 4 h; (iii)
SOBry, DCM, under Ar; THF dry, methylimidazole, inert atmosphere].
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Scheme 2: Anion exchange in water.

phase separation (n < 10) or precipitation (n > 10) according to
the chain length.

All imidazolium COI‘npOlll‘ldS (18—68, 110—610, 112—612, 114—614,
116—61¢) were purified by flash chromatography or crystalliza-
tion. Their structural characterizations and their purities were
established by 'H NMR, 13C NMR{!H}, FT-IR spectroscopy
and elemental analysis.

Due to their close chemical structures, similar behaviour was
observed during NMR characterization for all 1, samples as a
function of concentration. A significant chemical shift related to
the proton of the imidazolium head (Hjy,), and in particular a AS
= 0.43 ppm (from low to high concentration) for the Hj, carried
by the carbon atom between the two nitrogen atoms, was
observed for 113. As already mentioned in a previous article
[21], these spectroscopic results clearly indicate the formation
of aggregates in solution and underline the high sensitivity of

these protons to their environment.

This second point was definitively demonstrated by a NMR
study performed as a function of the anionic species (constant
concentration [¢] = 3.1-1072 mol-L™ ") (Figure 1).
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Figure 1: "H NMR spectrum (in CD2Cly) of 119-61¢.

Related to their morphologies and to their abilities to interact
with the imidazolium moiety, we observed significant variation
of the chemical shift of the H;, between the two nitrogen
atoms: & = 10.61 ppm (Br7); 8.83 ppm (BF47);
8.53 ppm (PFg7); 9.54 ppm (SCN™); 9.14 ppm (CF3SO37);
8.63 ppm ([CF3S0O;],N7). We could also observe some modi-
fications of the spectrum for the protons of the first substituent
group of the imidazolium core (N-CH3 and N-CH,) localized
respectively around 4 ppm and 5.3 ppm.

Correlated to the crystal structure of compound 1y these obser-
vations were made on all the protons used for the organization
of the polar part by multiple anion-cation and cation-cation
interactions [21]. These NMR studies carried out as a function
of the nature of the anion are a reflection of the modifications
that occur in the polar layer in function of the anion source in

solution.

Investigation of the liquid crystalline behav-
iour

As expected most of the ionic compounds showed liquid crys-
talline properties [19,22-30]. Their characterization was the
result of the combination and interpretation of thermal studies

(Thermogravimetry Analysis or TGA, Differential Scanning

Calorimetry or DSC), direct polarized optical microscopy
(POM) observation and small angle X-ray diffraction studies
(SAXS).

Thermic behaviour

Due to their amphipathic structures, all imidazolium salts
interact more or less rapidly with the water contained in air.
This property explains the presence of different amounts of
water in the elemental analyses. Otherwise, water-free samples
can be obtained and used for the investigation of liquid crystal-
line behaviour, if we conserved them under vacuum at 50 °C

during the night preceding the analysis (Figure 2).

The TGA realized on all samples indicated their good stability;
no degradation occurred below 220 °C (Figure 3). The analysis
showed a degree of stability as a function of the anion but no
real tendency can be extracted as a function of chain length. In
all series the general order of stability order is SCN™ = Br~ <
BF4 = PFg~ < CF3S03™ < (CF3S50;),N".

To avoid any phenomenon related to the sample preparation
(purification, crystallisation, hydration) our reported DSC
results are obtained from the second thermic cycle (2" heating

and cooling) and all phase transitions described occurred in the
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Figure 2: TGA measurements of wet and water free 142 imidazolium
salt.

ionic liquids between —80 °C to 200 °C (ESI). The DSC graphs
for the compounds with short aliphatic chains exhibit a glass
transition during the cooling process rather than a crystalliza-
tion peak. In contrast, increasing the chain length (n > 10) we
have almost detected a crystalline transition. During the
following heating process, most of these compounds (n > 10)
show crystalline polymorphism with some rearrangement
between different solid organizations (cold crystallization,

transition crystal to crystal) (Table 1).

The transitions between crystal and mesomorphic state and also
the clearing point increase with the chain length, allowing liquid
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Figure 3: TGA measurements of the two entire series 119—61¢ and
144—614 (rate 10° C-min~", in air).

Table 1: Temperatures and enthalpy changes of the phase transitions for 1g_1¢ to 6g_19. G: Glass; Cr: solid; SmA: Smectic A phase; I: isotropic liquid;

Dec: decomposition.

1,-5n Phase sequences
°C (kJ:mol™1)
18 G -15.6(—) SmA 155.1(0.4) |
| 155(0.45) SmA -30.7(-) G
3g G -26.1(=) Cr 34.8(0.15) |
133.6(0.2) Cr-31.9(-) G
5g G -44.3(-) |
1-51.9(-) G
110 G -14.5 (-) SmA 227(-)P |
| 227(-)P SmA -23.2(-) G
310 G -26.2 () Crq 7.1(24.2)? Cry 66.3 (31.5) SmA
93.3(0.4) |
192.1(1.1) SmA -33.2(-) G
510 Crq -13.1 (5.6)@ Cry 5.31(1.4)2 Cr3 13.5 (5.9)2

Cry 45.66 (4.9) Crs 56.37 (30.8) |
| -16.7(=) Cry

aCold crystallisation, PTransition observed by POM.

2,-6

2
4g

63

Phase sequences
°C (kJ:mol™)

G -29.1(-) SmA 71(0.3) |
169.9(0.4) SmA -36.1(-) G

Cr 33.7(24.3) SmA 50.9(0.35) |

1 50.2(0.28) SmA 7.1(25.6) Cr
G -59.4(-) Cry —14.5(29.9)2 Cr,
26.7(36.3) |

1(-)G

G -29.1 (=) Crq =0.1(17.9)2 Cr,
30(18.0) SmA 143.4(0.47) |
1 142.5(0.88) SmA -29.7(-) G

Cr 32.3(23.8) SmA 116.6(0.7) |
| 115.6(1.0) SmA 8(28.0) Cr

Crq —24.1 (8.7)2 Cr, 36.8(51.3) |
1 -30.7(17.4) Cry
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crystalline properties to exist from sub-ambient temperature (1g,
2g, 4g) to very high temperature avoiding any isotropization
before decomposition of the material (molecules with long alkyl
chain n > 12). In parallel, the nature of the anion (shape, size)
played an important role in the evolution of the clearing point.
In the same family (from 1, to 6,) the stability of the liquid
crystalline phase dramatically decreases, finally disappearing
completely (Figure 4).

This evolution will be more discussed later in regard to the
results obtained with the dilatometry study. In summary, only 9
of the compounds did not show liquid crystal characteristics; 6,,
which are constituted by the larger anion (bis[(trifluoromethyl)-
sulfonyl]amide), are ionic liquid compounds without any supra-
molecular organization into mesophase. This is also the case in

Beilstein Journal of Organic Chemistry 2009, 5, No. 62.

the series of compounds 5,, with n < 12 (only a monotropic
mesophase was observed for 51;), and finally for 3g.

Supramolecular arrangement

Despite the significant tendency of these molecules to form
spontaneously a single homeotropic monodomain (Figure 5a)
the nature of the mesophases could be quite easily assigned on
the basis of their optical textures if separated microscope slides
(100 um spacer) were used.

The utilization of a spacer allows the formation of large
oriented monodomains to be avoided and thus furtive forma-
tion of birefringent batonnets upon slow cooling from the
isotropic melt, followed by developed focal conic texture
(Figure 5b) can be clearly observed. These observations exem-

300

ECr ESmA

Iso & Dec

250

200

150

Temperature (°C)
g 3

o4

114

614

Figure 4: Transition temperatures of 114—614 as a function of the anion (Cr = crystal; SmA: smectic A phase; Iso: Isotropic Liquid; Dec: decomposi-

tion).

Figure 5: (a) lllustration of a single homeotropic monodomain, which is observed as a black isotropic texture under POM, (b) focal conic texture

observed at 80 °C with 1g (spacer Mylar foil 100 ym).
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plified the existence of a smectic-A phase for all ionic meso-

morphic compounds.

The identification of all mesophases was supported by small-
angle X-ray diffraction. SAXS patterns were collected for the
mesomorphic salts as a function of temperature (Figure 6).
Typically, in all cases, in the large angle region, i.e. at ca.
4.5-4.6 A, a very intense and diffuse scattering halo was
observed, corresponding to the molten alkyl chain in liquid-like
order (A), whilst in the low-angle part of the diffractogram one
to three equidistant sharp and intense peaks were observed,
characteristic of the layered organization.

d001

_ d
£140000 - 002 A
3
S8 dyos
>
2
§ 70000
£

o - 5 10 15 20 25

24
26 ()

Figure 6: Diffraction small-angle X-ray pattern of the smectic phase of
2,4, recorded at T =100 °C.

The very intense first sharp peak was directly correlated to the
periodicity value. In each system, the smectic periodicity
increases with the chain length and decreases with increasing
temperature, reflecting the higher thermal mobility of the alkyl
chains, concomitant with the compression of the smectic layers.
Interestingly also, the periodicity of the salts is closely correl-
ated to the anion species and the general order is Br™ > BF, =
SCN™ > PF4 > CF3S03™.

Dilatometric studies

Prior to the analysis of the molecular packing of the various
compounds in the smectic mesophase, the molecular volume
(Vmo1) of one salt, 15, was measured by using a home built
high precision apparatus, incorporating temperature control
within 0.03 °C, relative density measurement within 0.01% and
absolute density measurement within 0.1%. The molecular
volumes of the other homologues and of the analogues with the
other counter ions were calculated with an accuracy of 0.5%
from the molecular volume measured before and from the

methylene and counter ion partial volumes.

Beilstein Journal of Organic Chemistry 2009, 5, No. 62.

Despite the untilted smectic layering and the tiny thermal
expansion of the molecular volume mainly due to the contribu-
tion of the alkyl tails, all compounds exhibited a very strong
dependence upon temperature of the layer spacing. This evid-
ence is the consequence of the evolution of the projection area
of a mesogen counter-ion assembly within the mean smectic
plane, the thickness of the aliphatic sublayer variating in
proportion since the spreading of the liquid alkyl chains occurs
without volume variation [31]. This projection area, called
"molecular area" S, is equal to the ratio NV o/d, in which d is
the layer spacing, V01 the molecular volume and N the number
of superposed mesogen counter-ion assemblies in the ionic
sublayer. Thus, the alkyl tails expelled from each side of the
sublayer containing the ions and the mesogens impose a bilayer
(N = 2) type of organisation on these sublayers, consisting of
two head-to-head facing ionic monolayers.

The resulting variations of S versus temperature 7" within the
analogous series of various anions but constant chain length

(see Figure 7) consist of steep increases, approximately linear

so |
455- .
SN y ¥
°<40— Y ¢ n
~ I 3 * .
[ 3
Pasps "
30 F
19}
~~ [ = *
[ 3 .
°§/17_- i
3} | ' .
¢
| ' .
15}¢ ’
70 110 150

T (°O)

Figure 7: Variation with the counter-ion of the molecular area S and of
the ionic sublayer thickness d. (including mesogenic segments) in the
smectic A phase for series: squares: 144; circles: 244; up triangles: 314;
down triangles: 444; diamonds: 514.
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with very similar slopes and with lateral shifts following the
different bulk of the anions. Anion substitution actually leads to
large variations of S, but very small variations of the ionic
sublayer thickness d. (obtained by subtracting the aliphatic
sublayer contribution, see Figure 7), the residual discrepancies
being explicable by the different shapes of the anions. This indi-
cates that polymorphic evolution in the series is almost exclus-
ively due an anion size effect with no significant influence on
the segregation in sublayers. As a clear confirmation, close to
the isotropization temperatures, the values reached by S depend
on the chain length but are almost independent of the anion
(between 43 and 44 AZ and around 47 A2, for the C;, and the
C4 analogous series respectively, see Table SI-7 in Supporting

Information File 1).

So far the results are nearly identical to the ones already
discussed for a series with the same counter ions, C;; alkyl tails
but a small change in the mesogenic part [32]: from S and d. in
the smectic A phase and also from comparison with the crystal-
line organization it was deduced that the enormous difference
between the cross-section of the tails and the ionic lattice area is
compensated by the gathering of the ionic sublayer and by the
folding of the tails. As in the present case, the dependences
upon 7T of S and d. indicated the decrease of gathering degree
and therefore the increase of folding with increasing 7. Thus the
compromise molecular areas are still 1.5 to 1.9 times larger than
the cross-sectional area of a molten but stretched aliphatic chain
(between 21 and 24 A2, depending on T), from which a high
degree of folding geometrically equivalent to 50° random tilting
is deduced. Indeed, this significant folding of the tails is directly
observed in oriented X-ray patterns (see Figure 8): despite the
very good alignment of the smectic layers deduced from the
narrow first and second order spots on the meridian, the diffuse
band in the wide angle region occurring from the lateral packing
does not lie on the equator but spreads over the whole azimuthal
range.

7
Figure 8: Grazing incidence X-ray pattern at 100 °C on the top of a 312
droplet, slowly cooled down from isotropic phase; for image contrast
compatibility with the surrounding zone, intensities inside the zone,

delimited by the black line and containing the first order reflection of
the lamellar stacking, are divided by one hundred.
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Unlike temperature and counter ion size, a chain length increase
induces only minor changes of S, the main effect being the
evolution toward steeper variations versus I (Figure SI-2 in
Supporting Information File 1). When plotting together the area
isotherms ST and the area close to isotropization S™2%, differ-
ences in steepness and gaps clearly set the lower limit for the
smectic packing (Figure 9).

Figure 9: Variations with chain length of the maximum molecular
areas close to isotropization S™@X and of the molecular area isotherms
ST in the smectic A phase for the series 1, with Br~ counter-ion: solid
squares: SM3X; open squares: S8 °C; open circles: S8 °C; open up
triangles: S190 °C; open down triangles: $120 °C; open diamonds:
S140°C crosses S160 °C; solid line and dotted lines are parabolic fit of
SMax and of ST, respectively.

Remarkably, the gaps between the extrapolated isotherms seem
to vanish close to this low limit, for a chain length corres-
ponding roughly to the segments incorporated in the interface
layer, because of the gathering of the ionic sublayers. (On the
basis of previous results [32], the calculated molecular area SO
and ionic sublayer thickness d.? for flat layers are estimated to
be 54 A2 and 10 A, respectively. S and d. values close to the
low limit are of about 33 A2 and 17 A. With the hypothesis that
the interface layer goes from d.° to (2d.—d.?), the calculation
results in chain segments incorporated in the interface layer that
contain on average about 7 methylene groups). Thus, this would
logically mean that smectic packing is only possible if the tails
are long enough to jut out of the diffuse interface with the ionic
sublayers and that the tail segments incorporated in the inter-
face do not contribute significantly to the weak dependence of S
upon chain length. Beyond the short chain limit, the major
influence of chain length concerns the stability of the smectic
packing revealed by the variation of S™2%, Thus, increasing
chain length causes an important stabilization in the whole
explored domain, probably because of the better defined
sublayer alternation, extending the smectic packing to larger
molecular areas and to more disorganized chains. Nevertheless,

increasing chain length also dilutes the ionic sublayers, redu-
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cing the correlations between them, and a higher limit should
therefore exist for the system, but for much longer tails than the

longest grafted here (n = 16).

Conclusion

We have synthesised different series of thermotropic ionic
liquid crystals based on the imidazolium cation and containing
anions varying with regard to their shapes, sizes and charge
localization. As expected, most of the imidazolium compounds
show stable mesomorphism, which can be observed at sub-
ambient to very high temperature. Both the alkyl chain length
and the anion type have a strong influence on the mesomorphic
behaviour.

In regard to the different studies realized and more precisely to
the dilatometry analysis, the most interesting feature of this
imidazolium architecture is its flexibility. This is highlighted, in
the smectic A organization, by the ability of the system to
compensate the difference between the cross-section of the tails
and the ionic lattice area by the gathering of the ionic sublayer
and by folding of the tails. This environment-flexible cationic
organic backbone offers us, even in presence of large coun-
terions, the opportunity to elaborate ionic liquid crystals. The
1-(4-alkoxybenzyl)-3-methyl-1H-imidazol-3-ium cationic
moiety is a versatile smectogenic part which could in the near
future organise into supramolecular arrangements involving

numerous anions with specific functionalities.

Experimental

General procedure for imidazolium syntheses
The reactions were performed under Argon atmosphere.
4-(Alkyloxyphenyl)methanol (A,,) and thionyl bromide were
dissolved in dry DCM. TLC monitored the progress of reaction
until no more alcohol was observed. The solvent was removed
under vacuum and the intermediate 1-bromomethyl-4-alkyloxy-
benzene was used directly without further purification. This
bromo derivative and freshly distilled 1-methylimidazole were
stirred in THF during two days. After evaporation to dryness,
the residue was purified by flash chromatography on silica gel
column (elution DCM/MeOH, MeOH 0% to 9%) followed by
flash chromatography on alumina gel column (elution DCM/
MeOH, MeOH 3% to 8%) or by a recrystallisation from DCM/
Et,O.

General procedure for anion metathesis in

water

CpHop+q wWith n <10

The lithium, sodium or potassium salt of our desired anion was
dissolved in water and added to an aqueous solution of a 1-(4-
alkyloxybenzyl)-3-methyl-1H-imidazol-3-ium bromide. A
slight precipitation of the desired imidazolium occurred imme-

Beilstein Journal of Organic Chemistry 2009, 5, No. 62.

diately. The reaction was stirred for a couple of hours, and
dichloromethane was added. The organic layer was washed
three times with water, dried on MgSO4 and evaporated under
reduced pressure.

CpHop+q with n > 10

The lithium, sodium or potassium salt of our desired anion was
dissolved in water and added to an aqueous solution of a 1-(4-
alkyloxybenzyl)-3-methyl-1H-imidazol-3-ium bromide. A
precipitation of the desired imidazolium salt occurred immedi-
ately. The reaction was stirred for a couple of hours. After cent-
rifugation, the solvent was removed and the crude product was
washed twice with water. The product was finally obtained pure
by crystallization on a mixture from dichloromethane and
diethyl ether.

Supporting Information

Supporting Information File 1

Product characterization (spectroscopic and analytical
data), complementary information about the
characterization of the liquid crystalline properties (DSC,
X-Ray, dilatometry).
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-5-62-S1.doc]
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Based on 5-(4-hydroxyphenyl)-2-octylpyrimidine 8, 5-phenylpyrimidine derivatives 3—7, 9 with different spacer chain lengths (C,

up to Cg) and different terminal polar groups (Br, Cl, N3, OH, CN) were synthesized by etherification and nucleophilic substitution.

The mesomorphic behaviour of these compounds was investigated by differential scanning calorimetry (DSC), polarizing optical

microscopy (POM) and X-ray diffraction (WAXS and SAXS) and revealed smectic A mesophases for bromides, chlorides and

azides 3, 4 and 6. For these compounds a maximum phase width was observed for the C5 spacer regardless of the terminal group,

whereas the hydroxy- and cyano-substituted derivatives 5 and 7, respectively, were non mesomorphic and showed only melting

transitions.

Introduction

A tremendous amount of work has been done on calamitic
liquid crystals, which has led to applications in the field of LC
displays [1]. Among the large family of various calamitic meso-
gens 2-alkoxy-5-phenylpyrimidines 1 are prominent members
due to the fact that the two nitrogen atoms increase the polarity
of the rigid rod core structure (Scheme 1) as exemplified by the

derivative 1a which displays a SmA phase between 45 °C and

N=—
N

1a 2a
R'=R2=CgHq3 R"=R2=CgHy3
Cr45SmA 711 Cry9Cr, 68 Crs 84

Scheme 1: Comparison of mesomorphic properties of 1a and 2a.
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71 °C, while the corresponding biphenyl derivative 2a with the
same terminal alkyl chains does not have any liquid crys-
tallinity [1].

Whereas three regioisomeric phenylpyrimidines are possible,
i.e. 4-, 5-, and 2-phenylpyrimidine, only the latter two are suit-
able for liquid crystals. Furthermore 5- and 2-phenyl-
pyrimidines differ in their overall conformation. According to
ab initio calculation by Barone [2], 2-phenylpyrimidine is
almost planar, whereas 5-phenylpyrimidine has a twisted
conformation with a dihedral angle of 43.1° [3]. The different
conformations together with differences of the polarisation and
dipole moment between 2- and 5-phenylpyrimidines also lead to
different mesomorphic properties as was shown by Lemieux for
phenylpyrimidines tethered to terminal trisiloxanes [4,5] and by
Tschierske for dimeric phenylpyrimidines tethered to
oligoethyleneglycol units [6].

We recently reported the synthesis of 1,1’-biisoquinolines
tethered to calamitic subunits [7]. During these studies we
discovered that the 5-phenylpyrimidine building block 3e
already displayed a SmA mesophase. We thus wondered
whether variation of the spacer chain lengths and terminal
group X (Scheme 2) might have significant influence on the
mesomorphism. The results of this study are discussed below.

Results and Discussion

Syntheses: In order to obtain different series 3—7 the known
5-(4-hydroxyphenyl)-2-octylpyrimidine 8 [7-12] was used as
starting material (Scheme 3).

Compound 8 was deprotonated with KOH in DMSO at room
temperature for 10 min followed by addition of 1,®-dibromo-
alkane. After 4 h, the reaction mixtures were purified and the
desired bromides 3b—e were isolated in 23 up to 60% yield.
When 1,3-dibromopropane was used, 27% of the elimination
product 9 was isolated as byproduct. For comparison the corre-
sponding 4-allyloxy-4'-octylbiphenyl 11 was prepared in 49%
yield by allylation of 4-hydroxy-4'-octylbiphenyl. Compound
3a was obtained by etherification of 5-(4-hydroxyphenyl)-2-

N=—
C8H17_<\N:/>—®*O—(CH2),,—X —

variation of spacer lengths
n=223,456

variation of terminal group
X =Br, Cl, OH, N3, CN
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octylpyrimidine 8 using K,CO3 in MeCN under reflux for 12 h
to yield 39%. The synthesis of series 4 with chloride as terminal
group proceeded in a similar way by using 1,m-dichloroalkanes
giving 4a—e in 31-70% yield. Upon deprotonation of 8 under
the conditions described above, followed by treatment with
5-bromopentanol or 6-bromohexanol, the hydroxy compounds
5d and Se were isolated in 76% and 80% yield, respectively. To
obtain the azides 6, bromides 3a—e were treated with NaNj in
DMF at 100 °C for 24 h and the products 6a—e were isolated in
74% up to quantitative yield (Scheme 4). In a similar manner,
the cyanides 7 were prepared from the bromides 3. Treatment of
the bromides 3¢—e with KCN in EtOH/H,O at 110 °C for 12 h
leads to the cyanides 7c¢—e in 72 to 97% yield.

Since the yields of 3b were limited due to side reactions like
elimination, the respective cyanide 7b was prepared by depro-
tonation of hydroxy derivative 8 with NaH in DMF for 40 min
at 0 °C followed by addition of 1-bromo-3-propionitrile at room
temperature. After 12 h, the cyanide 7b was obtained in 33%
yield.

Mesomorphic properties: Mesomorphic properties of com-
pounds 3—10 were investigated by differential scanning calori-
metry (DSC), polarizing optical microscopy (POM) and X-ray
diffraction (WAXS and SAXS). The DSC results for bromides
3 are summarized in Table 1.

Whereas compounds 3a,c,e with even chain lengths of the
spacer displayed monotropic SmA phases, compounds 3b,d
with odd chain lengths displayed enantiotropic SmA phases. A
typical DSC curve of derivative 3d with a pentyloxy spacer is

shown in Figure 1.

On the third heating a melting transition at 40 °C into the SmA
phase and a clearing transition at 57 °C could be observed.
Subsequent cooling revealed an isotropic to SmA transition at
60 °C and a crystallization peak at 24 °C. The SmA to crystal-
line transition tends to strong supercooling in the order of 10-30
K (Table 1, Figure 1).

Scheme 2: Variation of spacer lengths and terminal group at 5-phenylpyrimidine.
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A: 1) KOH, DMSO, rt, 10 min

N= N=
CSH”_<\N:/>_@OH B: Zc':\l;;MZZN Nu g CBH17_<\,\,:/>_@O_(CHZ)"—X
8 reflux, 12 h 3,4,5
method compd. Nu?@ n X yield (%)
B 3a Br(CHy),Br 2 Br 39
A 3b Br(CHy)3Br 3 Br 23v
A 3c Br(CHy)4Br 4 Br 53
A 3d Br(CHy)sBr 5 Br 53
A 3e Br(CHy)eBr 6 Br 60
A 4a CI(CH,),Cl 2 Cl 31
A 4b CI(CH,)sCl 3 o 49
A 4c CI(CH,)4Cl 4 Cl 70
A ad CI(CH,)sCl 5 Cl 31
A 4e CI(CH,)sCl 6 Cl 60
A 5d  CI(CHy)sOH 5 OH 76
A 5¢  CI(CHy)sOH 6 OH 80

@Nu: nucleophile

N= I
bbyproduct with 3b:  CgHy7— }—@O \
N

9 27%

10

Scheme 3: Synthesis of compounds 3-5, 9 and 11.

POM observation of 3a—e revealed fan-shaped textures typical
of SmA phases. An illustrative example is depicted in Figure 2.
The assignment of the SmA mesophases was further confirmed
by XRD experiments (see the Supporting Information).

It should be noted that the allyloxy-substituted byproduct 9
showed a smectic mesophase between 50 °C and 67 °C as well.
In contrast, the corresponding 4-allyloxy-4'-octylbiphenyl 11
showed only isotropic melting at 92 °C. The DSC results of
chlorides 4 are summarized in Table 2.

All members 4a—e showed enantiotropic SmA phases. For com-
pounds 4a,c,e with even numbered spacer lengths smaller meso-
phase widths were observed as compared to compounds 4b,d
with odd numbered spacer lengths. Furthermore an odd—even
effect of both melting and clearing points was found. A typical
DSC curve which is shown in Figure 3 for chloride 4e with

hexyloxy spacer, revealed a melting transition at 59 °C to the

1) KOH, DMSO, rt, 10 min
2) allylBr, rt, 4 h, 49%

11

smectic A phase and a clearing transition at 66 °C upon a
second heating. Upon the second cooling run an isotropic to
SmA transition at 64 °C and a crystallization peak at 42 °C were
observed.

POM investigation displayed fan-shaped and focal conic
textures, as exemplified in Figure 4. XRD experiments proved
the smectic phase.

In contrast to the bromides 3 and chlorides 4, the hydroxy and
azide derivatives Sa,b and 7b—e were non mesomorphic and
showed only melting transitions at 76 °C and 75 °C for com-
pounds 5a,b and at 77 °C, 86 °C, 67 °C and 68 °C for the azides
7b—e, respectively (upon heating or cooling) in the DSC curve.
Presumably, the higher polarity of the terminal hydroxy group
with respect to the azido group, together with hydrogen
bonding, inhibits mesophase formation. Next the azides 6 were
investigated by DSC (Table 3).
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A: NaN3, DMF, 100 °C, 24 h
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N=
CeHir—\ }—@O—mm—sr
N

B: KCN, EtOH/H0, 110 °C, 12

N—
> CeHir— }@O—(CHz)n—Y
h N

3 6, 7c—e
method compd. n Y yield (%)
A 6a 2 N3 74
A 6b 3 N3 quant.
A 6¢c 4 N3 quant.
A 6d 5 N3 quant.
A 6e 6 N3 quant.
C 7b 3 CN 33
B 7c 4 CN 97
B 7d 5 CN 88
B Te 6 CN 72
N= C: 1) NaH, DMF, 0 °C, 40 min N=
CgH }—@—OH i > CgH }—@o— CH,)3-CN
8 17_<\N Y 2) Br(CHg):CN, 1t, 12 h, 33%  ° 17_<\N / (CHa)s
8 7b
Scheme 4: Synthesis of compounds 6 and 7.
Table 1: Phase transition temperatures [°C] and enthalpies [kJ/mol] of compounds 3.2
3 n Crq T AH  Crp T AH SmA T AH |
a 2 . 52 3.9 . 63 32.2 - - - . 2. heating
. 29 -25.8 - - - . 56 -5.6 . 2. cooling
b 3 . 46 13.0 - - - . 52 1.9 . 2. heating
. 35 -13.9 - - - . 52 -3.2 . 2. cooling
c 4 . 66 31.1 - - - - - - . 2. heating
. 49 -24.1 - - - . 63 -5.0 . 2. cooling
d 5 . 40 17.6 - - - . 57 5.1 . 2. heating
. 24 -16.7 - - - . 60 -5.3 . 2. cooling
e 6 . 64 36.3 - - - - - - . 2. heating
. 35 -23.9 - - - . 58 -5.5 . 2. cooling

aCr crystalline; SmA smectic A; | isotropic; * phase was observed; - phase was not observed. Heating and cooling rate: 10 K/min.

Whereas compound 6a with an ethoxy spacer was non meso-
morphic, enantiotropic SmA phases were detected for all other
chain lengths 6b—e. Compound 6d showed an additional crystal
to crystal transition. A typical DSC curve of derivative 6¢ is
shown in Figure 5. POM revealed fan-shaped and focal conic
texture, see for example Figure 6. Figure 7 and Figure 8 reveal
that due to substantial supercooling for all spacer chain lengths
and terminal groups the mesophases are smaller during the
heating cycle as compared to the cooling cycle. The broadest
mesophase was observed for the azide derivative 6d with AT =
27 °C upon heating and AT = 45 °C upon cooling. In compar-
ison to the compounds with an azide as terminal group the

halides (n = 2, 5, 6) have a lower tendency to supercooling.
Whereas for azides 6 the broadest mesophase was observed for
Cs spacer (6d), for chlorides 4 derivatives 4b and 4d with Cj
and Cs spacer displayed similar mesophase width. For bro-
mides 3 again the derivative 3d with Cs spacer showed the
broadest mesophase.

From the X-ray data, the following model (Figure 9) of the
layer structure is proposed. The d values obtained from the
X-ray experiments fit with the molecular lengths derived from
simple molecular modelling (Chem3D) [13]. For example, the
XRD pattern of the azide derivative 6¢ results in a layer dis-
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10

Cr SmA P | 2. cooling
Cr SmA | 2. heating
20 30 40 50 60 70
T/°C

Figure 1: DSC curve of compound 3d (heating/cooling rate 10 K/min).

Figure 2: Fan-shaped texture of 3e under crossed polarizers upon
cooling from the isotropic liquid (magnification 200x): at 55 °C (cooling

rate 5 K/min): smectic A phase.

tance of 25.5 A, whereas the calculated length of the molecule
for the most elongated conformation is 26 A, which is clear
evidence for the presence of monolayers. This leads to the
assumption that the molecules might be aligned antiparallel
within each smectic layer (Figure 9). Packing the molecules in
this array prevents close contacts between the polar regions of
the rigid core and the terminal groups. The observed maximum
phase width for the C5 spacer regardless of the terminal group
suggests that for this chain length space filling is optimal and
the terminal group X can be accommodated well between the
alkyl chains. This model might also explain why the meso-
phase is lost with strongly polar or hydrogen bonding terminal
groups such as cyanides and hydroxy derivatives.

Conclusion
It has been shown that 5-phenylpyrimidine derivatives with
terminal chloro-, bromo-, azido-, hydroxy- and cyano groups

Table 2: Phase transition temperatures [°C] and enthalpies [kJ/mol] of compounds 4.2

4 n Cr T AH SmA T AH |

a 2 . 50 21.6 . 55 1.4 . 2. heating
. 25 -18.7 . 53 -1.5 . 2. cooling

b 3 . 37 11.9 . 53 3.9 . 2. heating
. 23 -11.8 . 58 -4.2 . 2. cooling

c 4 . 63 21.9 . 67 2.7 . 2. heating
. 46 -23.5 . 70 -4.9 . 2. cooling

d 5 . 42 15.7 . 56 5.0 . 2. heating
. 27 -17.0 . 62 -4.8 . 2. cooling

e 6 . 55 20.8 . 59 4.7 . 2. heating
. 42 -25.3 . 64 -4.5 . 2. cooling

aCr crystalline; SmA smectic A; | isotropic; « phase was observed; - phase was not observed. Heating and cooling rate: 10 K/min for 4a—d, 5 K/min for

de.
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Cr SmA | 2. cooling
™
Cr SmA | 2. heating
20 30 40 50 60 70 80
T/°C

Figure 3: DSC curve of compound 4e (heating/cooling rate 5 K/min).

Figure 4: Fan-shaped texture of compound 4d at 45 °C upon cooling
from the isotropic liquid (cooling rate 1 K/min) (magnification 200x%).

separated by an alkoxy spacer chain from the aromatic core
were easily synthesised by nucleophilic substitution. Depending
on the terminal group and the tether lengths the formation of
smectic A mesophases was observed for the chloro-, bromo-
and azido derivatives. Surprisingly, the strong latent dipole
moment of hydroxy and cyano derivatives and the ability of
hydroxy derivatives to form hydrogen bonds seems to
completely suppress the formation of mesophases. Furthermore,
the polar pyrimidine ring seems to play an important role in

promoting liquid crystalline properties.

Experimental

General

Melting points were measured on a Mettler Toledo DSC822 and
are uncorrected. NMR spectra were recorded on a Bruker
Avance 300 and Avance 500 spectrometer. FT-IR spectra were
recorded on a Bruker Vektor22 spectrometer with MKII Golden

Table 3: Phase transition temperatures [°C] and enthalpies [kJ/mol] of compounds 6.2

6 n Crq T AH  Crp T AH SmA T AH |
a 2 . 48 30.6 - - - - - - . 2. heating
. 44 -31.4 - - - - - - . 2. cooling
b 3 . 45 11.9 - - - . 49 1.1 . 2. heating
. 34 -13.7 - - - . 47 -2.9 . 2. cooling
c 4 . 42 253 - - - . 60 5.0 . 2. heating
. 28 -17.8 - - - . 63 -5.3 . 2. cooling
d 5 . 7 0.9 . 28 17.2 . 55 3.4 . 2. heating
. 1 -0.6 . 11 -16.0 . 57 -4.7 . 2. cooling
e 6 . 41 26.5 - - - . 53 6.1 . 2. heating
. 20 -22.2 . 25 -0.5 . 58 -5.9 . 2. cooling

aCr crystalline; SmA smectic A; | isotropic; « phase was observed; - phase was not observed. Heating and cooling rate: 10 K/min.
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E Cr SmA N I 2. cooling
£
2 Cr SmA I 2. heating
[}
10 20 30 40 50 60 70 80
T/°C

Figure 5: DSC curve of compound 6¢ (heating/cooling rate 10 K/min).

Figure 6: Fan-shaped texture of compound 6e at 45 °C upon cooling
from the isotropic liquid (cooling rate 10 K/min) (magnification 200%).

Gate Single Reflection Diamant ATR system. Mass spectra
were recorded on a Finnigan MAT 95 and a Varian MAT 711
apparatus. X-Ray powder experiments were performed on a
Bruker Nanostar; software: SAXS 4.1.26. The samples were
kept in Hilgenberg glass capillaries of 0.7 mm outside diameter
in a temperature-controlled heating stage (+1 °C). A monochro-
matic Cu-K,1 beam (A = 1.5405 A) was obtained using a
ceramic tube generator (1500 W) with cross-coupled Gobel-
mirrors as the monochromator. The diffraction patterns were
recorded on a real-time 2D-detector (HI-STAR, Bruker). The
calibration of the patterns occurred with the powder pattern of
Ag-Behenate. Differential scanning calorimetry (DSC) was
performed using a Mettler Toledo DSC822, and polarizing
optical microscopy (POM) using an Olympus BX50 polarizing
microscope combined with a Linkam LTS350 hot stage and a
Linkam TP93 central processor. Flash chromatography was

6 — !
| |
5 —
’ , heating
c 4 7
] ON; 6
I — , ocl 4
I HBr 3
2 [—1
0 5 10 15 20 25 30 35 40 45
AT/°C

Figure 7: Comparison of the mesophase range AT for the different spacer lengths of compounds 3, 4 and 6: mesophase range upon heating (heating

rate 10 K/min).
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5
c 4 I .
i cooling
3 : ON; 6
4 acH 4
2 HBr 3
0 5 10 15 20 25 30 35 40 45

AT/°C

Figure 8: Comparison of the mesophase range AT for the different spacer lengths of compounds 3, 4 and 6: mesophase range upon cooling (cooling

rate 10 K/min).

performed using Kieselgel 60, 40-63 um (Fluka). All solvents
were dried, and reactions were performed in dried glassware.
The used petroleum ether (PE) had a boiling range of 30-75 °C.

General procedure 1

To a solution of 5-(4-hydroxyphenyl)-2-octylpyrimidine 8
(852 mg, 3.00 mmol) in 4 mL DMSO was added powdered
KOH (504 mg, 9.00 mmol). After stirring for 10 min at room
temperature, the a,0-dihaloalkane (or a-bromo-w-alkanol
respectively) (3.00 mmol) was added. Stirring was continued
for 4 h followed by quenching with 20 mL H,O and 100 mL
CH,Cl,. The organic layer was dried (Na;SO,) and the solvents
were evaporated. Finally the crude product was purified by
flash chromatography.

General procedure 2

A solution of bromide 3 (0.50 mmol) and NaNj3 (81.0 mg,
1.25 mmol) in 15 mL DMF was stirred at 100 °C for 24 h. After
cooling to room temperature, the reaction mixture was treated
with 20 mL H,O and extracted with CH,Cl, (3 x 30 mL). The
combined organic layers were dried (Na;SQOy), the solvent was
evaporated and the crude product purified by flash chromato-

graphy.

General procedure 3

A solution of bromide 3 (0.50 mmol) and KCN (35.8 mg,
0.55 mmol) in 4 mL EtOH/H,0 (3:1, v/v) was stirred at 110 °C
for 12 h. After cooling to room temperature, 10 mL CH,Cl,
were added and the aqueous layer was extracted with CH,Cl,
(3 x 10 mL). The combined organic layers were washed with
1 N NaOH (1 x 10 mL) and dried (NaySQOy). Finally the solvent
was evaporated and the crude product purified by flash chroma-

tography.

<

.8

Br, Cl, N;

Z;\Z

Figure 9: Proposed model for the layer structure.
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5-[4-(6-Bromohexyloxy)phenyl]-2-
octylpyrimidine (3e)

Prepared according to general procedure (1). Experiment:
284 mg (1.00 mmol) 5-(4-hydroxyphenyl)-2-octylpyrimidine 8,
160 puL (245 mg, 1.00 mmol) 1,6-dibromohexane, 168 mg
(3.00 mmol) KOH. Flash chromatography (PE/EtOAc, 4:1, v/v;
R¢=0.86: PE/EtOACc, 1:1, v/v) gave 268 mg (0.60 mmol, 60%)
of 3e as a colourless crystalline solid. DSC: Cr 35 °C [-23.9 kJ/
mol] (SmA 58 °C [—5.5 kJ/mol]) I. 'H NMR (300 MHz,
CDCl3): 8 =0.88 (t, 3H J = 6.9 Hz, CH3), 1.21-1.45 (m, 10H,
CH;), 1.49-1.58 (m, 4H, CH;), 1.79-1.98 (m, 6H, CH,),
2.96-3.01 (m, 2H, 2-CH,), 3.44 (t, 2H, J = 6.6 Hz, CH,Br),
4.02 (t, 2H, J = 6.4 Hz, OCHj), 6.99-7.03 (m, 2H, 3'-H, 5'-H),
7.46-7.50 (m, 2H, 2'-H, 6'-H), 8.83 (s, 2H, 4-H, 6-H) ppm.
13C NMR (125 MHz, CDCl3): § = 14.1 (CH3), 22.7, 25.3, 27.9,
28.9, 29.0, 29.2, 29.4, 31.9, 32.7, 33.8 (CH»), 39.2 (2-CH,),
67.9 (OCH,), 115.2 (C-3’, C-5"), 128.0 (C-2', C-6"), 126.7,
130.8 (C-1', C-5), 154.8 (C-4, C-6), 159.9 (C-4"), 169.5 (C-2)
ppm. FT-IR (ATR): V = 2916 (m), 2848 (m), 1586 (m), 1536
(m), 1515 (m), 1445 (s), 1247 (s), 1180 (m), 1116 (m), 1011
(m), 994 (m), 838 (s), 651 (m), 608 (m) cm™~'. MS (EL 70eV):
m/z (%) = 446.1 (100) [M]*, 361.0 (20) [M—CgH13]", 348.0
(78) [M + H-C7H;5], 199.0 (10) 186.0 (28). Co4H35BrN,O
(447.45): caled. C 64.42, H 7.88, N 6.26, Br 17.86; found C
64.46, H 7.88, N 6.14, Br 17.61.

5-[4-(6-Chlorohexyloxy)phenyl]-2-
octylpyrimidine (4e)

Prepared according to general procedure (1). Experiment:
85.0 mg (0.30 mmol) 5-(4-hydroxyphenyl)-2-octylpyrimidine 8,
45.0 uL (47.0 mg, 0.30 mmol) 1,6-dichlorohexane, 50.0 mg
(0.90 mmol) KOH. Flash chromatography (PE/EtOAc, 5:1, v/v;
R¢=0.40: PE/EtOAc, 3:1, v/v) gave 74.0 mg (0.18 mmol, 60%)
of 4e as a colourless crystalline solid. DSC: Cr 42 °C [-25.3 kJ/
mol] SmA 64 °C [~4.5 kJ/mol] I. 'H NMR (300 MHz, CDCl5):
§=0.85-0.90 (m, 3H, CHj3), 1.23-1.44 (m, 10H, CH,),
1.50-1.55 (m, 4H, CHj), 1.78-1.90 (m, 6H, CH;), 2.96-3.01
(m, 2H, 2-CH3), 3.56 (t, 2H, J = 6.7 Hz, CH,Cl), 4.01 (t, 2H, J
= 6.4 Hz, OCH,), 6.99-7.04 (m, 2H, 3"-H, 5'-H), 7.46-7.51 (m,
2H, 2'-H, 6'-H), 8.83 (s, 2H, 4-H, 6-H) ppm. 13C NMR
(75 MHz, CDCl3): & = 14.1 (CH3y), 22.7, 25.4, 26.6, 28.8, 29.1,
29.2,29.4,31.9, 32.5 (CHyp), 39.2 (2-CHy), 45.0 (CH,C1), 67.9
(OCHy), 115.3 (C-3', C-5"), 127.9 (C-2', C-6"), 126.7, 130.8
(C-1", C-5), 154.5 (C-4, C-6), 159.6 (C-4"), 169.6 (C-2) ppm.
FT-IR (ATR): V = 2917 (m), 2849 (m), 1587 (m), 1516 (m),
1446 (s), 1392 (m), 1287 (m), 1246 (s), 1181 (m), 1116 (m),
1029 (m), 994 (m), 941 (m), 838 (m), 721 (m) cm™'. MS (ESI):
m/z =403.3 [M + H]", 367.3 [M-CI]*. Cr4H35CIN,O (403.00):
caled. C 71.53, H 8.75, N 6.95, C1 8.80; found C 71.38, H 8.63,
N 6.81, C1 8.93.
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5-[4-(6-Hydroxyhexyloxy)phenyl]-2-
octylpyrimidine (5e)

Prepared according to general procedure (1). Experiment:
568 mg (2.00 mmol) 5-(4-hydroxyphenyl)-2-octylpyrimidine 8,
270 uL (362 mg, 2.00 mmol) 6-bromohexane-1-o0l, 336 mg
(6.00 mmol) KOH. Flash chromatography (PE/EtOAc, 1:1, v/v;
R¢=0.29) gave 615 mg (1.60 mmol, 80%) of Se as a colourless
crystalline solid. Mp: 75 °C. 'H NMR (300 MHz, CDCls): & =
0.85-0.90 (m, 3H, CHj3), 1.24-1.68 (m, 16H, CHy), 1.79-1.90
(m, 4H, CHy), 2.96-3.01 (m, 2H, 2-CH,), 3.68 (t, 2H, J =
6.5 Hz, CH,OH), 4.01 (t, 2H, J = 6.5 Hz, OCH,), 6.99-7.04 (m,
2H, 3'-H, 5’-H), 7.46-7.51 (m, 2H, 2'-H, 6'-H), 8.83 (s, 2H,
4-H, 6-H) ppm. 13C NMR (75 MHz, CDCl3): § = 14.1 (CH3),
22.7, 25.6, 25.9, 28.9, 29.2, 29.5, 31.9, 32.7 (CH,), 39.2
(2-CH,), 62.8 (CH,0OH), 68.0 (OCHjy), 115.3 (C-3', C-5), 127.9
(C-2, C-6"), 126.6, 130.8 (C-1°, C-5), 154.5 (C-4, C-6), 159.7
(C-4'), 169.6 (C-2) ppm. FT-IR (ATR): V = 3303 (m, br), 2917
(s), 2848 (m), 1606 (m), 1586 (m), 1536 (m), 1516 (m), 1466
(m), 1445 (s), 1377 (m), 1291 (m), 1288 (m), 1248 (s), 1181
(m), 1118 (m), 1060 (m), 1007 (m), 994 (m), 918 (m), 838 (s),
707 (m), 652 (m) cm ™. MS (EL, 70eV): m/z (%) = 384.3 (100)
[M1*, 299.2 (36), 286.2 (94). HRMS (ESI): m/z [M+H]" calcd.
for Cy4H37N,05: 385.2850; found: 385.2856. Cy4H36N,0,
(384.55): caled. C 74.96, H 9.44, N 7.28; found C 75.05, H
9.27, N 7.26.

5-[4-(6-Azidohexyloxy)phenyl]-2-
octylpyrimidine (6e)

Prepared according to general procedure (2). Experiment:
224 mg (0.50 mmol)) bromide 3e, 81.0 mg (1.25 mmol) NaNj.
Flash chromatography (PE/EtOAc, 2:1, v/v; Rg=0.56) gave
205 mg (0.50 mmol, quant.) of 6e as a colourless crystalline
solid. DSC: Cry 20 °C [-22.2 kJ/mol] Cr, 25 °C [-0.5 kJ/mol]
SmA 58 °C [-5.9 kJ/mol] I. "H NMR (300 MHz, CDCl3): & =
0.85-0.90 (m, 3H, CH3), 1.24-1.58 (m, 14H, CHy), 1.60-1.71
(m, 2 H, CH,), 1.78-1.91 (m, 4H, CH,), 2.97-3.01 (m, 2H,
2-CH,), 3.30 (t, 2H, J = 6.8 Hz, CH,N3), 4.02 (t, 2H, J= 6.4
Hz, OCH,), 7.00-7.04 (m, 2H, 3'-H, 5’-H), 7.47-7.51 (m, 2H,
2'-H, 6'-H), 8.83 (s, 2H, 4-H, 6-H) ppm. 13C NMR (75 MHz,
CDCly): 6 = 14.1 (CH3), 22.7,25.7, 26.5, 28.8, 28.9, 29.1, 29.2,
29.5, 31.9 (CHy), 39.2 (2-CHy), 51.4 (CH,N3), 67.9 (OCH,),
115.3 (C-3, C-5'), 127.9 (C-2', C-6'), 126.7, 130.8 (C-1, C-5),
154.5 (C-4, C-6), 159.6 (C-4"), 169.6 (C-2) ppm. FT-IR (ATR):
V =2921 (s), 2847 (m), 2091 (s), 1605 (m), 1587 (m), 1467
(m), 1446 (s), 1287 (m), 1246 (s), 1182 (m), 1032 (m), 993 (m),
836 (s), 654 (m) cm ™. MS (ESI): m/z = 432.3 [M + Na]", 410.3
[M + H]*. C24H35N50 (409.58): caled. C 70.38, H 8.61, N
17.10; found C 70.51, H 8.55, N 17.05.

Page 9 of 10
(page number not for citation purposes)



5-[4-(6-Cyanohexyloxy)phenyl]-2-
octylpyrimidine (7e)

Prepared according to general procedure (3). Experiment:
224 mg (0.50 mmol) bromide 3e, 36.0 mg (0.55 mmol) KCN.
Flash chromatography (PE/EtOAc, 4:1, v/v; Rg=0.23) gave
142 mg (0.36 mmol, 72%) of 7e as a colourless crystalline
solid. Mp: 68 °C. 'H NMR (500 MHz, CDCls): & = 0.88 (t, 3H
J=6.9 Hz, CH3), 1.20-1.45 (m, 10H, CHj), 1.51-1.60 (m, 4H,
CH,), 1.68-1.90 (m, 6H, CH,), 2.37 (t, 2H, J = 7.3 Hz,
CH;,CN), 2.96-3.01 (m, 2H, 2-CHj), 4.02 (t, 2H, J = 6.3 Hz,
OCHjy,), 6.99-7.03 (m, 2H, 3'-H, 5'-H), 7.46-7.51 (m, 2H, 2'-H,
6'-H), 8.81 (s, 2H, 4-H, 6-H) ppm. '3C NMR (125 MHz,
CDCly): 6 = 14.1 (CH3), 17.1,22.7,25.3, 25.4, 28.4, 28.9, 29.2,
29.5, 31.9 (CHy), 39.2 (2-CHjy), 67.9 (OCH;), 115.4 (C-3',
C-5'), 119.7 (CN), 128.0 (C-2', C-6'), 126.9, 130.8 (C-1°, C-5),
154.5 (C-4, C-6), 159.6 (C-4"), 169.7 (C-2) ppm. FT-IR (ATR):
V =3035 (w), 2950 (m), 2920 (m), 2852 (m), 1608 (m) 1588
(m), 1541 (m), 1518 (m), 1440 (s), 1397 (m), 1245 (s), 1188 (s),
1048 (m), 996 (m), 836 (s), 738 (m), 706 (m), 652 (m), 556 (m)
cm™ . MS (EL, 70eV): m/z (%) = 393.2 (72) [M]", 350.2 (8),
308.2 (28), 395.2 (100), 185.1 (11). HRMS (ESI): m/z [M+H]"
calcd. for Cp5H36N30: 394.2853; found: 394.2854. C,5H35N30
(393.56): caled. C 76.29, H 8.96, N 10.68; found C 76.15, H
8.93, N 10.51.

Supporting Information

Supporting information includes experimental and
spectroscopic data for compounds 4a—d, 5d, 6a—d, 7a—d, 9,
11 and X-ray diffraction data.

Supporting Information File 1

Analytical data of compounds 4a—d, 5d, 6a—d, 7a—d, 9, 11.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-5-63-S1.pdf]
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The phase diagrams of two mixtures of chemically similar smectogenic mesogens strongly differing in molecular length were

investigated. In these mixtures the nematic phase present in the pure short mesogen disappeared rapidly on the addition of the

longer mesogen, while the smectic state was preserved. In the smectic state the smectic A phase was the much more stable phase as

the smectic C phase disappeared quite rapidly as well. In these compounds the loss of the smectic C phase is accompanied by a

decrease in smectic translational order and very small tilt angles. This leads to a concentration induced smectic C to smectic A

transition. Thus smectic A seems to be the most stable phase to accommodate mesogenic molecules of substantially different

length. These surprising results are of general interest for the understanding of the structure and dynamics of smectic phases, as the

structure of these bidisperse smectics is signified by extensive out-of-layer fluctuations.

Introduction

The classical (and highly successful) approach to systematic-
ally tailor liquid crystal materials for specific applications is the
formulation of optimised mixtures consisting of several meso-
genic compounds and non-mesogenic additives such as chiral
dopants or UV-stabilizers. While the design of nematic
mixtures is highly developed and widely applied, far less is
known about the mixing of smectics and the particular effects
thereof. In principle the mixing of different kind of mesogens

can lead to a phase behaviour that differs completely from that

of the pure compounds. This effect is even amplified in
mixtures of mesogens with strongly differing molecular struc-
ture. In this paper we report a systematic study with mesogens
strongly differing in molecular length.

We recently discovered that the electroclinic effect of a chiral
smectic A* (SmA*) material (consisting of a phenylpyrimidine
host and 4 mol % of a chiral atropisomeric dopant) was ampli-

fied by a factor of three after adding only 5% of another homo-
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logous phenylpyrimidine, the molecular length of which was
about twice the length of the host molecule [1]. This remark-
able electroclinic effect amplification stimulated a more general
investigation of how the mixing of smectogenic homologues
differing only in molecular lengths (and thus making the distri-
bution of molecular length extremely bimodal) changes the
structure and properties of the nematic and the SmA phases and
the (possible) tilting transition to smectic C (SmC).

As a general first approximation calamitic mesogens are
considered as rigid rods. This means they are treated as long
and thin hard spherocylinders [2]. The justification for this
rather crude approximation, which neglects the flexibility of the
alkyl side chains, is the general observation that the thickness of
e.g. a smectic A layer (as observed in X-ray diffraction) is only
slightly smaller than the fully extended length of the consti-
tuting mesogenic molecules. In a naive model we now consider
the liquid crystalline phase behaviour of mixtures of two types
of these hard spherocylinders, which exhibit the same diameter
but their lengths are differing by a factor of two. In this naive
model, the nematic phase is expected — due to the absence of
translational order — to be the ideal liquid crystalline (LC) phase
for accommodating molecules of substantially different lengths.
On the other hand the smectic phases — due to their layer struc-
ture — seem to be unsuited to accommodate molecules of
different lengths. Comparing SmC and SmA, the SmC phase
might be better since it allows different tilt angles to fit different
molecular lengths into a smectic layer with fixed spacing
(Figure 1).

The actual results received in this study are indeed completely
reverse to the naive picture drawn above. The bimodal length
distribution of smectogenic molecules favours the formation of
non-tilted SmA phases at the expense of nematic or tilted SmC
phases.

N CgH
o y :\>7O/ g7
CaHo C N=

2PhP
Cr59.4 SmC 87.6 SmA 96.8 N 98.6 |

/N \ CiqHzg —
C14H29 N= N

PhP14
Cr75.3SmC 102.8 |
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Figure 1: Structure of different liquid crystalline phases build with two
kinds of hard spherocylinders with strongly differing lengths.

Results and Discussion

Scheme 1 and Figure 2 show the liquid crystalline materials we
used in this experimental study. As the long component we
chose the phenylpyrimidine PhP14 (2-[4-(tetradecyloxy)-
phenyl]-5-(tetradecyloxy)pyrimidine) [1], where the aromatic
core is substituted symmetrically with two alkoxy chains each
with 14 methylene units. It exhibits a molecular length of 45.5
A. For the short compound we used either the phenylpyrimidine
2PhP (2-[4-(butyloxy)phenyl]-5-(octyloxy)pyrimidine) [1] or
the phenylpyridazine 6PhPz (6-[4-(butyloxy)phenyl]-3-
(octyloxy)pyridazine) [3,4]. Both were asymmetrically substi-
tuted with two alkoxy chains with four and eight methylene
units, respectively. Their molecular length is 25.6 A. This leads
to a difference in lengths of a factor of the order of two.

CgH
CaHo N=N

6PhPz
Cr94.9SmC 104.11

MDW510
Cr851

Scheme 1: Chemical formulas and phase sequences of the mesogens PhP14, 6PhPz and 2PhP and the chiral dopant MDW510.
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Figure 2: Molecular structure of the mesogens PhP14, 6PhPz and 2PhP differing in molecular lengths by a factor of approximately two. The
molecular lengths were determined from the most extended conformers, after optimizing their energy using molecular modelling with MOPAC/AM1.

First we investigated the phase diagram of the system 2PhP/
PhP14 which is shown in Figure 3. This phase diagram shows
completely different behaviour from that expected from the
naive model. In particular we observed no indication of
destabilization of the smectic state. We could even observe a
eutectic point at xppp14 = 0.075, where the temperature range of
the smectic state is broadened. The nematic state on the other
hand disappears rapidly with increasing mole fraction xppp;4
and is already lost at a mole fraction xpppy4 of 0.3. In the
smectic state SmA turns out to be the much more stable phase.
SmC disappears quite rapidly and SmA is the dominating phase
in the phase diagram even though SmC is the dominating LC
phase of 2PhP and the only LC phase of PhP14. Taking into
account that the average alkyl chain length increases with

110

100

90
%
-~ 80
B~
70
60 crystalline
50 -+ T T " . |
0.0 0.2 0.4 0.6 0.8 1.0

Xpnp14

Figure 3: Phase diagram of the system 2PhP/PhP14. Over a broad
temperature and concentration range only the SmA phase is stable.

increasing xpnp4, this behaviour is to some extent analogous to
the well known mesomorphism in homologous series where
nematic is the dominating mesophase for short-length homo-
logues, SmA for medium-length homologues and SmC for
longer homologues (see e.g. [1]).

For all mixtures small angle X-ray scattering (SAXS) measure-
ments were performed. Figure 4 shows the layer spacing in the
SmA phase at 7 = T, in dependence on the mole fraction. A
linear correlation between the layer spacing and the mole frac-
tion is found. This linear dependence shows that the system
2PhP/PhP14 follows the Diele additivity rule [5]. It says that
the layer spacing of a mixture can be calculated as: dpix = da

xa + dg xg, where dyix, da and dg denote the layer spacings of

46 -
43 1
40
37 1 A
34
31
28 A
25

d/R

0.0 0.2 0.4 0.6 0.8 1.0

x'PhP 14

Figure 4: The layer spacing in the SmA phase at T = T vs mole frac-
tion for the system 2PhP/PhP14 (filled triangles) and calculated value
of the molecular length for pure PhP14 from molecular modelling
(open square).
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the mixture, the pure compound A and the pure compound B,
respectively and x, and xg the mole fractions of compound A
and B, respectively. From this equation the layer spacing of a
hypothetical SmA phase of pure PhP14 can be estimated. The
extrapolated value of 46.4 A corresponds quite well to the value
of 45.5 A we obtained for the extended length of the PhP14
molecule from molecular modelling studies (see Figure 2). For
2PhP the experimental d-value from SAXS (25.9 A) also agrees
very well with the extended length of the molecule (25.6 A).
This agreement between the experimental d-values and the
extended molecular lengths for both pure compounds justifies to
a certain extent the application of the spherocylinder model in
these cases.

Figure 5 gives an overview of the layer spacings of pure 2PhP
and of the mixtures with 5%, 65% and 70% PhP14 in 2PhP,
respectively. The reduced layer spacing (calculated from the
measured layer spacing divided by the layer spacing of the SmA
phase) is plotted vs the temperature difference 7—T relative to
the phase transition temperature from SmA to SmC. The pure
compound 2PhP shows a ‘common’ behaviour of the layer
spacing with significant layer shrinkage due to the molecular tilt
in SmC of about 7% at 7-T, = 20 K. In the mixture with 5%
PhP14 the layer shrinkage in the SmC phase is reduced to only
5%. Very small layer shrinkage of only 1% was found for the
mixture with 70% PhP14. And for the mixture with 65%
PhP14 no layer shrinkage at all could be found, although by
polarizing microscopy the broken fan-shaped texture of a SmC
phase was clearly observed (see Figure 6).

1.02 ,
|
1.00 +— — — _ooo_%fiiww‘“’ |
0.98 W ﬂ
< o]

S 0.9 - IR

= NEPCE
0.04 - o0 |o  2PhP

. ° |~ 5% PhPl4
0.92 4 Oo" |° 70% in
°° s 65% 2PhP

0.90 . r . ; i .

-40  -30 20 -10 0 10 200 30

T-T./K

Figure 5: Reduced layer spacing for the mixtures which exhibit SmA
and SmC phases in the system 2PhP/PhP14. Pure 2PhP shows quite
normal layer shrinkage of 7% at T-T. = -20 K (open circles). The addi-
tion of 5% of PhP14 reduces the layer shrinkage to only 5% at T-T; =
-20 K (filled triangles). For the mixtures with excess of the long homo-
logue PhP14 the layer shrinkage is dramatically reduced. The 70%-
mixture exhibits a layer shrinkage of only 1% at T-T; = -20 K and for
the mixture with 65% no layer shrinkage below the SmA to SmC phase
transition could be observed at all.

Beilstein Journal of Organic Chemistry 2009, 5, No. 65.

To gain a deeper understanding of these smectic phases the
optical tilt angle of the mixtures was measured in the corres-
ponding ferroelectric SmC* state [6] (see Figure 7) after addi-
tion of 4 mol % of the chiral dopant MDW510 ((R,R)-2-[4-
(octyloxy)phenyl]-5-(2,3-difluorohexyloxy)pyridine) [7,8]. The
pure compound PhP14 exhibits the highest tilt angles, with a
quite regular value of about 27°. The addition of more and more
of the longer molecules reduces the SmC-tilt stepwise until only
a SmA phase is left. This system thus shows a concentration
induced SmC to SmA phase transition and therefore opens the
possibility to design SmC phases with very small tilt angles [9].
These tilt angles are in good agreement with the tilt angles
calculated from the X-ray layer shrinkage after: 0 = cos™(d¢/
da). This correlation between the optical and X-ray tilt angles
shows that, even if the layer shrinkage is very small, the
mixtures do not necessarily exhibit the so-called ‘de Vries-type’
behaviour [10].

For a deeper insight into the quality of molecular ordering
inside the smectic layer structure the translational order para-

Figure 6: Textures of the mixture with 65% PhP14 in 2PhP as
observed in the polarizing microscope. The upper part shows the
broken fan-shaped texture of the SmC phase at T =75 °C. In the lower
part the fan-shaped texture of SmA is observed at T = 86 °C.
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Figure 7: Tilt angle vs temperature difference to the phase transition
temperature for pure PhP14 (filled triangles), 90% (open circles), 80%
(gray filled squares), 70% (filled diamonds) and 65% (open triangles)
PhP14 in 2PhP. The tilt angle is reduced successively with increasing
mole fraction of the short component 2PhP. In this system a concen-

tration-induced phase transition from SmC to SmA occurs.
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Figure 8: The translational order parameter Z in the SmA phase is
plotted vs the reduced temperature 1 — T/T,, for the pure component

2PhP and the mixtures with 7.5%, 30% and 60% PhP14 in 2PhP,

respectively. The pure 2PhP shows the highest order parameters of

about 0.9. The value of X is reduced after the addition of 7.5% of

PhP14 to about 0.7 and increases again slowly by the addition of more
PhP14 for the mixture with 30% PhP14 until it reaches a value of 0.8

for the 60% mixture.

Beilstein Journal of Organic Chemistry 2009, 5, No. 65.

meter X [11] of the SmA phases was determined by a method
previously described in [12]. The translational order parameter
Y gives a measure for the quality of smectic layering. It is
defined as the amplitude of the density wave arising from the
1D-periodic smectic layer structure.

Figure 8 shows the smectic order parameters X of the SmA
phase for the pure component 2PhP and for the mixtures with
7.5%, 30% and 60% PhP14 in 2PhP, respectively. Pure 2PhP
forms a SmA phase with a high degree of smectic order. It
exhibits a smectic order parameter of about 0.9. By adding a
small amount of the other component the translational order is
considerably reduced. For the mixture with 7.5% PhP14 (the
eutectic mixture, see Figure 3) X is in the range of about 0.7 and
further increases on the addition of more of PhP14. It shows a
value of about 0.75 for the 30% mixture and finally reaches a
value of about 0.8 in the 60% mixture. The smallest value for £
was observed at that point in the phase diagram where the SmC
phase is lost. And the re-entering of the SmC phase into the

phase diagram is preceded by a recovery of the smectic order.

To check whether these findings can be generalized, we investi-
gated another phase diagram of two strict SmC mesogens with a
length ratio of 1:2. The mixing of two strict SmC mesogens
should lead to a phase diagram where only SmC phases emerge.

Figure 9 shows the phase diagram of the system 6PhPz/PhP14.
This phase diagram is very similar to the one of the system
2PhP/PhP14. Although the two pure compounds show just
SmC phases, the SmC phases disappear rapidly with increasing
xphp14 and SmA replaces SmC. However, the stability of the

smectic state is preserved again.

105

100
95

Tr/°C

75 Crystalline *

0.0 0.2 0.4 0.6 0.8 1.0
PhP14

Figure 9: Phase diagram of the system 6PhPz/PhP14. Over a broad
temperature region only the SmA phase is stable, although the two
pure compounds exhibit only SmC phases.
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The reduced layer spacing of the mixtures with 60% and 70%
PhP14 in 6PhPz can be seen in Figure 10. Both mixtures show
small layer shrinkage of only 2% for the 70% mixture and 0.7%
for the 60% mixture, respectively. This small layer shrinkage
might also be related to small tilt angles in the corresponding
SmC phases. The smectic order parameters X of the mixtures
could not be compared with those of the pure compounds, as the
method described in [12] only applies to SmA phases whereas
the pure components exhibit SmC phases only.

1.00 ——— — —— — — e A —
0.7%a, ®
e
« A
E 0.99 1 2o .
. .o'
LI .0
0.98 1 el . 60% PhP14
e 70% in6PhPz
20 -10 0 10
T-T,/°C

Figure 10: Reduced layer spacing vs temperature difference to the
phase transition temperature for the mixtures with 60% and 70%
PhP14 in 6PhPz. The layer shrinkage is only 2% for the 70% mixture
and 0.7% for the 60% mixture, respectively.

Conclusions

Our investigations on two different phase diagrams of meso-
genic molecules with chemically similar cores but with length
ratios in the order of 2:1 led us to the following general results:

* When the short-length compound exhibits a nematic
phase, the nematic phase disappears quickly with
increasing mole fraction of the compound with greater
molecular length.

* Surprisingly, the temperature range of the smectic states
is preserved. It even becomes broader in some cases.
Nevertheless the quality of smectic layering is lowered.

* We observed that over a broad temperature range the
SmC phase is completely lost even though SmC is the
dominating phase in the pure compounds. Instead of
SmC, now the non-tilted SmA phase temperature range
is broadened.

* In the regimes before SmC phases disappear, the
mixtures show exceptionally small tilt angles (maximum
tilt < 10° over about 20 K).

Beilstein Journal of Organic Chemistry 2009, 5, No. 65.

These results open pathways to a systematic design of interest-

ing new low-tilt SmC materials.

To learn more about the ordering in smectic phases we
compared our results with the work of Koden et al. [13]. They
investigated several bidisperse mixtures of molecules with
strongly differing molecular cores, but the same molecular
length. In their mixtures they observed the same behaviour as in
our mixtures. The nematic phases disappeared rapidly, as well
as the smectic C phase, while the smectic A phase was the only
stable phase over the whole phase diagram. They also found a
dramatic decrease of the tilt angle in the remaining SmC phases,
until the SmC phases disappeared at a concentration-induced

phase transition to SmA.

These quite counterintuitive results are of general interest for
the understanding of the structure and dynamics of smectic
phases. Several theoretical approaches have been made to
predict the behaviour of bidisperse mixtures [14-18]. They
analyzed the stability of smectic A, nematic and isotropic
phases by theoretical models of the Onsager-type in depend-
ence on the composition of mesogens with different length and
aspect ratios. They indeed predicted the occurrence of smectic
phases in bidisperse mixtures for certain length and aspect
ratios. In all these theoretical works however a stabilization of
the nematic state at the expense of the smectic state was found.
This is contradictory to the experimental findings, as our find-
ings showed a stabilization of the smectic state while the
nematic phase disappeared completely. The existing theories
thus do not describe these results correctly. Furthermore there is
no theoretical work on the influence of bidispersity on the
balance between SmA and SmC.

In the existing theoretical approaches different models for the
ordering in smectic A phases of molecules of substantially
differing lengths are presented (Figure 11).

One possibility is to fill the space by nanosegregation of long
and short mesogens. This segregation can be of the intra-layer
(Figure 11a) or inter-layer (Figure 11b) type. Both options
however are entropically unfavourable. In the intra-layer type
all molecules are organized within one layer. Demixing of the
two kinds of mesogens occurs locally inside the layers. Further-
more the layer spacing of such a smectic phase would — for all
mole fractions — correspond to the length of the longer molecule
(Figure 11a). However, in our SAXS-measurements we
observed a layer spacing which varied linearly with the mole
fraction and it was always smaller than the length of the long
molecule. In the second kind of nanosegregation — the inter-
layer type — the two kinds of molecules demix and each of them

forms their own layers. The ‘layer spacing’ observed by SAXS
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Figure 11: Schematic sketches of different models for smectic A
ordering of bidisperse mesogens. Different models are: a) Intra-layer
segregation, b) Inter-layer segregation or c) Out-of-layer fluctuations.
After [5,18].

(cf. repeating unit) for this kind of smectic phase would corres-
pond to the added lengths of the two molecules (Figure 11b). As
the experimentally found layer spacing is always smaller than
the long molecule, this also cannot be the correct explanation.

The last possibility is a more dynamic picture, where the space
is filled by out-of-layer fluctuations (Figure 11c¢). The long
molecules organize themselves in the layers formed by the short
molecules by out-of-layer fluctuations. The layer spacing of this
kind of smectic A phases would be in between the lengths of the
two molecules, while the quality of smectic ordering, e.g. the
smectic order parameter X, would be essentially lowered in
comparison to the pure compounds. The experimental findings
for both the layer spacing and the smectic ordering are in
complete agreement with this model (see Figure 4 and
Figure 8).

With all this results we thus believe that out-of-layer fluctu-
ations are the most realistic model to describe the structure of
bidisperse smectics. This also explains the strong influence of
bidispersity on the balance between SmA and SmC. Since SmA
phases might tolerate out-of-layer fluctuations much more
casily, a stabilization of SmA at the expense of the SmC phase
might occur. Therefore, the structure of bidisperse smectics is
signified by extensive out-of-layer fluctuations.

Experimental

Compounds 2-[4-(tetradecyloxy)phenyl]-5-(tetradecyloxy)-
pyrimidine (PhP14) [1], 6-[4-(butyloxy)phenyl]-3-(octyloxy)-
pyridazine (6PhPz) [3] and (R,R)-2-[4-(octyloxy)phenyl]-5-
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(2,3-difluorohexyloxy)pyridine (MDWS510) [7] were synthe-
sized according to published procedures and shown to have the
expected physical and spectral properties. The liquid crystal
2-[4-(butoxy)phenyl]-5-(octyloxy)pyrimidine (2PhP) was
obtained from a commercial source. X-Ray scattering experi-
ments were performed with Ni-filtered CuK, radiation
(wavelength 1.5418 A). Small angle scattering data from
unaligned samples (filled into Mark capillary tubes of 0.7 mm
diameter) were obtained using a Kratky compact camera (A.
Paar) equipped with a temperature controller (A. Paar) and a
one-dimensional electronic detector (M. Braun). For polarized
optical microscopy a Leica DM-LP polarizing microscope with
an Instec HS1-i hot stage was used. The optical tilt angles 0
were determined by polarizing microscopy on samples aligned
in rubbed nylon/ITO coated glass cells with a spacing of 1.6 um
(AWAT PPW, Poland). To enable ferroelectric switching of the
tilt direction [19,20] in the achiral mixtures, 4 mol % of the
chiral dopant MDWS510 was added to receive chiral SmC*
phases. The measurements of 0 were taken at a field strength £
of 12.5 V um™! as half the rotation between the two optical
extinction positions corresponding to opposite signs of £. A
Netzsch DSC-204 Phoenix instrument was used for differential

scanning calorimetry analyses at a scan rate of 5 K min L.
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A series of V-shaped, shape-persistent thiadiazole nematogens, based on an oligo(phenylene ethynylene) scaffold with ester groups

connected via alkyloxy spacers, was efficiently prepared by a two-step procedure. Phase engineering results in an optimum of the

mesophase range and low melting temperature when the nematogens are desymmetrised with a butoxy and a heptyloxy spacer. The

mesophases are enantiotropic and over the whole temperature range nematic. For the optimised mesogen structure, optical investi-

gations by conoscopy monitored a uniaxial nematic phase upon cooling from the isotropic phase to room temperature (A7 = 150

°C). X-ray studies on magnetic-fiecld-aligned samples of this mesogen family revealed a general pattern, indicating the alignment of

two molecular axes along individual directors in the magnetic field. These observations may be rationalised with larger assemblies

of V-shaped molecules isotropically distributed around the direction of the magnetic field.

Introduction

Most molecules forming nematic liquid crystals, the nemato-
gens, are based on rod-shaped (calamitic), anisometric cores
with peripheral flexible chains along the molecular long axis
[1]. Nematic phases are the simplest liquid crystalline meso-
phases, in which phase anisotropy of crystals is combined with
fluid properties of liquids. In the nematic phases of calamitic
mesogens only the molecular long axes are oriented along a so
called director [2] and the molecular centres of gravity are
distributed like in a liquid. In models, the molecules are thought

to turn rapidly about their long axis and therefore the shape of

nematogens in theoretical studies has been simplified to a
spherocylinder [3]. These phases are called uniaxial. Almost 40
years ago, M. J. Freiser predicted that real nematogens possess
a non-cylindrical shape and thus should be able to form biaxial
nematic phases at an appropriate low temperature [4]. What is a
biaxial nematic phase and why is it so interesting? Uniaxial and
biaxial phases can be best understood by the property from
which this classification originates: the behaviour when light
propagates in the material. The optical property of a uniaxial

phase in a monodomain can be described by two refractive
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indices spanning a rotationally symmetric ellipsoid, also called
indicatrix (Figure 1, left side). There is one particular direction,
perpendicular to the circular cross section of this special
ellipsoid, along which the propagating linear polarised light
does not change its polarisation. This direction is called the
optical axis. In a uniaxial phase there is only one optical axis.
However, if the monodomains of materials have to be optically
described with three different refractive indices, the indicatrix is
an ellipsoid spanned by three different semi-principal axes,
possessing two different circular cross sections and
consequently two optical axes (Figure 1, right side).

In a biaxial nematic phase three molecular axes align along
individual directors resulting in a material with three different
refractive indices. However, at the same time this material has a
liquid-like distribution of the molecular centres of gravity. In
spite of the high molecular mobility the high order should be
maintained. These two parameters have to be balanced
extremely precise in order to obtain a thermotropic biaxial

nematic with molecules of low molar mass [5].

Historically, a biaxial nematic phase was found first in lyotropic
mixtures, where the micellar shape can be gradually tuned [6].
A thermotropic biaxial nematic phase of molecules of low
molar mass is in high demand because of its potential applica-
tion in display technology. After the discovery of the biaxial
nematic phase in lyotropic materials, many claims of biaxial
thermotropic nematic phases were published without being
accepted [5]. During this period also banana-shaped molecules
were discovered and theoreticians highlighted the possibility to
use bent-shaped molecules with rigorously defined shape
(bending angle) for the formation of the desired phase [5,7]. But
it was not until 2004 that sufficient evidence was presented for
biaxiality of nematic phases in the series of V-shaped
oxadiazoles by X-ray diffraction and solid-state 2H NMR spec-

Optical axis

nj

top view
@ "".
A ‘ ;

side view

Uniaxial Phase
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troscopy [8-10]. This has been recently confirmed by various
other methods [11-14]. Since then several new materials have
been designed and reported to be biaxial, among others tetra-
podes [15-17] and banana-shaped oligoesters [18,19]. However,
there is still a controversial discussion about the phase biaxi-
ality of these materials and their switching behaviour [20-22].
All these latter molecular structures are, however, flexible and
can change their conformation and thus their shape. Since theor-
etically biaxial nematic phases were predicted for a molecule
with a defined shape and angle, we aimed to design a shape-
persistent molecular scaffold of type I (Figure 2) based on
oligo(phenylene ethynylene) building blocks. These molecules
show liquid crystal behaviour only with a flat bending unit
possessing a dipole along the apex of the mesogen, sufficiently
long aliphatic chains R and at least one pyridyl or acceptor
substituted aromatic unit at the periphery of the molecule [23,
24]. Fluorenone [25], oxadiazole [26], thiazole and thiadiazole
[24] derivatives have been synthesised and evidence for biaxi-
ality in their monotropic nematic phases has been presented.
Monotropic phases are metastable and crystallise, thus making
detailed studies of these phases extremely difficult. Therefore,
low temperature stable (enantiotropic) phases are urgently
demanded. In an earlier theoretical work, weak hydrogen bonds
were suggested to possibly induce and stabilise biaxial nematic
phases [27]. Therefore, we modified our design concept and at-
tached ester groups to the peripheral aromatic unit via an
alkyloxy spacer to obtain the general structures of type II. The
esters may be subsequently cleaved, in order to generate
carboxylic acids and thus hydrogen bonded dimers and
oligomers. In this article, the synthesis of a series of
thiadiazoles of general structure II is presented and the
successful approach to low temperature, enantiotropic nematic
liquid crystals in the family of bent-shaped oligo(phenylene
ethynylenes) will be discussed.

Two optical axes
g

top view

A
n
A
1
A
m

side view
n,#n,#n,

Biaxial Phase

Figure 1: Uniaxial nematic (left) and biaxial nematic (right) phases and their corresponding indicatrices.
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Figure 2: Design of V-shaped, shape-persistent oligo(phenylene ethynylene) mesogens of type I and Il (R, R’ = alkyl chains; n, m = 4-10).

Results and Discussion
Synthesis

The shape-persistent arms of the new nematogens were
prepared following the recent optimised procedure [25], using
the mono-protected diethynylbenzene derivative 4 as a key
compound (Scheme 1). The peripheral aromatic units 5 were
obtained by etherification of 4-iodophenol with the correspond-
ing ethyl ®-bromoalkanoate [28]. Cross-coupling of iodoben-
zene 5 with ethynyl compound 4 and subsequent cleavage of the
silyl protecting group afforded the arm derivatives 6. As in the
previously published two-step synthesis, the arms 6 were linked

successively to the non-symmetric thiadiazole bending unit 7

(Scheme 2) [24]. All compounds were carefully purified and
characterised by 'H, '3C NMR, mass spectrometry and

elemental analysis (see experimental section).

Thermotropic Properties

The thermotropic behaviour of all materials was investigated by
differential scanning calorimetry (DSC) and polarised optical
microscopy (POM). The results are collected in Table 1. Inter-
estingly, all phenylene ethynylene oligomers show exclusively
enantiotropic nematic liquid crystal phases, even for the hockey
stick shaped intermediates 3. However, the temperature inter-

vals for the latter are small, approaching a maximum of 43 °C

OCgH1z _H
Z

OCgH43 _ _Si
” oy
+ 0 n |
~o_- o) = n OCgH13
=7 le} ~_0
H OCgH43 (0]

5a n=4 o) 6a n=4
4 b n=5 b n=5
c n=6 c h=6
d n=7 d n=7
e n=10 e n=10

Scheme 1: Synthesis of arm derivatives 6. Reaction conditions: (i) 1) Pd(PPhs)s, Cul, piperidine, rt; 2) TBAF, THF, rt.
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Scheme 2: Two-step synthesis of V-shaped nematogens: symmetric (1) and non-Cy-symmetric (2) thiadiazoles. Reaction conditions: (i) Pd(PPh3)s,

Cul, piperidine, rt; (ii) Pd(PPh3)4, Cul, piperidine, 65 °C.

for compound 3¢ and melting in all cases occurs only above
100 °C (Figure 3). In this series, an odd-even behaviour
becomes apparent for the Cr—N, as well as for the N-I trans-
ition with increasing chain length (n = 4-7) [1,29]. It is
important to note that for the first three members (3a—c) there is
only a small impact of the chain length on the phase transition
temperatures. Only with the heptyl chains do the transition tem-
peratures decrease significantly. A closer look at transition
enthalpies and entropies reveal very small values for 3a and 3b
(AH = 0.1 kJ'mol™"; AS = 0.2 J'K 'mol™!). Entropy values
approaching zero, i.e. second order transitions, are predited for
direct transitions from the isotropic liquid to the biaxial nematic
phase for biaxial molecules [30]. Thus, these hockey stick
shaped derivatives may be good candidates for the investiga-
tion of the presence of phase biaxiality. POM studies reveal for

derivatives 3a—e Schlieren textures with two and four brushed

-
o

-
h OO N DS hoO N
-

& 000 N O3

60 70 80 90 100110120130 140 150160170 180 190
T[°C]

Figure 3: Comparison of the mesophase ranges of intermediate
hockey stick compounds 3 and symmetric V-shaped nematogens 1.
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Table 1: Thermotropic behaviour of hockey stick compounds 3 and
V-shaped molecules 1 and 2.

Compound Rate 10 °C/min ASyN
(Onset [°C]/ AH [kJ/mol])®  [J:mol™"-K™]
3a Cr126/35.1N159/0.11 0.2
3b Cr120/44.0N 158/ 0.11 0.2
3c Cr119/47.0N162/091 2.1
3d Cr112/426 N 141/1.41 34
3e Cr118/58.0N 150/ 0.91 2.1
1a Cr96/659N179/1.81 4.0
1b Cr91/556N171/1.61 3.6
1c Cr99/56.5N 174/ 1.81 4.0
1d Cr108/57.6 N 164/1.91 4.4
1e Cr108/117.7N 155/ 1.81 4.2
2a Cr88/102.3N179/1.91 42
2b Cr68/38.5PN178/1.91 4.2
2c Cr67/37.0°N 175/ 1.81 4.0
2d Cr89/483N175/1.71 3.8
2e Cr96/555N 171/ 1.81 4.1
2f Cr70/37.3°N 168/ 1.71 3.9
2g Cr77/53.66N162/1.71 3.9

@Data are given for the second heating.
PData for the first heating.

disclinations. Homeotropic alignment to study possible biaxi-
ality of the samples was not obtained. Only for a sample of
compound 3a could planar aligned thin LC films be prepared.
Upon rotation of the sample the film became alternately dark at
0° and birefringent at 45°.

Figure 3 compares the transitions of symmetric V-shaped com-
pounds la—e. The transition temperatures [-N decrease from
compounds with a short peripheral spacer between the aromatic
and the ester group to long spacer derivatives. A clear odd-even
effect is revealed. The transition enthalpies and entropies are
relatively high (AH = 1.6-1.9 kJ'mol™!; AS = 3.6-4.2
J-K™1-mol™) pointing to first order transitions. Melting tem-
peratures and melting enthalpies follow a different progression;
they decrease from 1a to 1b and increase again from 1b to 1e.
All melting temperatures are relatively high (above 90 °C). In
order to lower the latter, non-symmetric V-shaped mesogens 2
with two arms consisting of different peripheral building blocks
have been prepared. The series of molecules 2a—c, 2f with a
pentanoic acid ethyl ester group on one side shows a decrease in
melting and clearing temperatures with increasing spacer
lengths on the other arm. The decrease of melting temperature
dominates and reaches a minimum for molecule 2¢ with an
octanoic acid ethyl ester as a peripheral group. In this series of
molecules no apparent odd-even effect can be monitored. The
thermotropic properties in comparison with the increasing

lengths of the peripheral alkanoic acid ethyl ester spacers are

Beilstein Journal of Organic Chemistry 2009, 5, No. 73.

illustrated in Figure 4. Apparently, the clearing temperature
decreases with the total number of peripheral methylene groups
(from 179.1 °C for 1a to 155.2 °C for 1e). Note that non-
symmetric compounds always possess lower melting and higher
clearing temperatures compared to their symmetric counter-
parts with the same number of methylene groups (compare 1b/
2b and 1d/2f). It appears that a large difference in chain lengths
results in higher stability of the mesophase, i.e. a low crystal-
lisation tendency (see 2f, 2g, 2b and 2¢ and compare to 2d and
2a). Maximum LC temperature intervals for enantiotropic liquid
crystalline phases of 109 °C and 108 °C were found for 2b and
2¢, showing the success of the strategy for this series of com-
pounds. Note, as indicated in Table 1, that some of the samples
can be supercooled without crystallisation. Some materials can
be stored for more than 1 h at 25 °C without visible formation
of crystal grains.

n m n+m
10 10 20
7 10 17
4 10 14
7 7 14
6 7 13
6 6 12
5 6 1
4 7 1
4 6 10
5 5 10
4 5 9
4 4 8

60 70 80 90 100 110120130140 150 160170 180 190
T[°C]

Figure 4: Comparison of the thermal behaviour of symmetric and non-
symmetric V-shaped molecules. The molecules are ordered from the
bottom to the top by increasing total number of spacer CH;, groups
(n+ m).

Microscopy studies were performed to examine the nature of
the mesophases. POM revealed for all samples Schlieren
textures with two and four brushed disclinations (Figure 5)
typically observed for nematic phases. The high mobility of the
phases, combined with a blaze of colours upon external pres-
sure and the absence of homeotropic alignment after shearing, is
also a sign of their nematic nature. The nematic materials
aligned preferentially planar on conventional glass substrates
and between glass coated with antiparallel rubbed polyimide
alignment layers. Rotation of the samples exhibited alternately
birefringent and dark textures. Conoscopy switched between a
blurry conoscopic cross and birefringent photographs. However,
the circular polariser could not reveal any optical axes. These
results would be expected for uniaxial as well as biaxial nematic
phases with planar alignment. Only homeotropic aligned

samples allow distinction between uniaxial and biaxial phases.
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In the case of 2¢ small homeotropically aligned areas could be
obtained on glass substrates. Conoscopy revealed positive
optical anisotropy, thus the molecules’ long axes are aligned
perpendicular to the glass substrate. The black texture between
the crossed polarisers at all rotation angles of the sample indi-
cates the uniaxial nature right after the phase transition, further
confirmed by the conoscopic cross. Upon cooling, the sample
becomes slightly birefringent in some areas. This process
yielded an inhomogenous texture pointing to the formation of
multiple small domains. The domains which remained dark
revealed a conoscopic cross at all temperatures. The symmetry
of the cross changed only slightly upon rotation of the sample.
These observations are in good agreement with the uniaxial
nature of the nematic phase of nematogen 2¢ even at room tem-

perature.

Figure 5: Textures of the nematic phase of 2c. a) Schlieren texture at
173 °C. b) and c) Planar alignment on rubbed polyimide at 167 °C (R =
rubbing direction). d) Homeotropic aligned area of 2¢ on glass at

163 °C. e) Conoscopic picture at 161 °C and f) Conoscopic picture
using the circular polariser.

X-ray Diffraction

X-ray studies were performed on magnetic-field-aligned
samples with the X-ray beam perpendicular to the alignment
direction. Figure 6A shows a typical X-ray pattern found for all
investigated derivatives with three diffuse pairs of reflections
(i—iii) and a halo (iv) corresponding to the average separation of
the liquid-like chains. As shown in Figure 6B, reflections (i) are

assigned to the separation of the molecules along the bisector.

Beilstein Journal of Organic Chemistry 2009, 5, No. 73.

Reflections (ii) correspond to a distance which can be rational-
ised by the separation of two antiparallel thiadiazole rings along
the molecular long axis. Reflections (iii) are typical for the n—n
distance between conjugated molecules. Note that for reflec-
tions (i) and (iii) the reflection conditions cannot be simultan-
eously fulfilled. This points to the fact that at least two distinct
domains are observed by the experiment [31,32].

Table 2 summarises the Bragg distances d together with the
correlation lengths &/d obtained by the Scherrer formula [33,
34]. It reveals that the values d(i—iv) are not a function of the
spacer lengths between peripheral aromatic units and the ester
groups. For example d(i) distances are almost constant in the
range of 15-16 A although the molecular length increases by 12
CH, units from compound 1a to 1e. Even the distances d(ii),
attributed to the molecular long axis, on which the different
spacer length should have the largest impact, remain constant
between 9 and 10 A. The latter can be rationalised when the
electron-poor thiadiazole units interact with the electron-rich
2,5-dialkyloxybenzenes of an antiparallel aligned mesogen. As
illustrated in Figure 6B, the sulfur atoms are then separated
throughout the sample on average by 9-10 A. The fact that with
small angle X-ray scattering no reflection corresponding to the
overall molecular length could be found is not fully understood.
The correlation lengths &/d are all in the range of 35 repeating
units indicating the absence of any long range positional order
and thus confirming the nematic nature of the mesophases. The
n—n-distances are relatively large and only marginally smaller
than the average separation of alkyl chains. However, at this
temperature range similar values have been obtained previously
in the series of fluorenone derivatives, in which the n—= interac-
tion increased with decreasing temperature and moderated the

uniaxial to biaxial transition [25].

X-ray diffraction shows the orientation of two molecular axes in
this mesogen family, which may be an indication for phase
biaxiality. In contrast, the optical experiments of compound 2¢
point to the uniaxial nature of its nematic phase. In order to
rationalise these two different results, it can be assumed on the
bases of the correlation lengths that the thiadiazoles form small
aggregates. These aggregates are responsible for the observed
diffuse X-ray pattern, however, they either rotate about their
long axis or the two different axes of the aggregates are isotro-
pically distributed around the direction of the magnetic field,
eventually resulting in a uniaxial phase even at room tempera-
ture. The latter model has been recently suggested by a theor-
etical work from Vanakaras [35], in which three different
uniaxial and biaxial nematic phases based on aggregates or
clusters have been proposed. The model is further supported by
results obtained from a bent-shaped oxazole derivative, which

forms polar clusters in the nematic phase [36]. However, further
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Figure 6: X-ray study of nematic mesophases from V-shaped mesogens. A: Diffraction pattern of 2¢ at 70 °C. B: Model of the local molecular order

and characteristic distances corresponding to reflections (i) and (ii).

work is in progress in order to draw a more detailed picture of
the supramolecular organisation of thiadiazole derivatives 1 and

2 in their nematic phase.

Conclusion

Thiadiazole nematogens with ester groups connected via
alkyloxy spacers could be efficiently prepared by a previously
reported two-step procedure. These mesogens are capable of
hydrogen bonding if the esters are cleaved. The mesophase
range and the melting temperature reach an optimum when the
nematogens are desymmetrised with a butoxy and a heptyloxy
spacer. For this molecule, optical observations by conoscopy
monitored a uniaxial nematic phase over the whole temperature
range of 150 °C upon cooling from the isotropic phase to room
temperature. X-ray diffraction points to the alignment of two
axes in the magnetic field in this family of mesogens. Both
features may be rationalised if larger assemblies of V-shaped
molecules are isotropically distributed around the direction of

the magnetic field, thus leading only to uniaxial nematic phases.
Work is in progress to synthesise molecules with a smaller
bending angle in order to induce possibly a biaxial order at high
temperature.

Experimental

Chemicals were obtained from Fisher Scientific and Sigma-
Aldrich and used as received. The synthesis of compounds 4
[23,25] and 7 [24] was described previously. Column chromato-
graphy was carried out on silica 60 (Merck, mesh 70-230). PFT
'H and '3C NMR spectra were recorded in CDCl3 with a Varian
Oxford 400 MHz spectrometer with the residual solvent signal
at 7.26 ppm as a reference. Mass spectra were obtained on a
Finnigan MAT95 (FD MS). Elemental analysis was carried out
in the microanalytical laboratory at the University of Mainz.
POM observations were made with a Zeiss Axioscop 40
equipped with a Linkam THMS600 hot stage. DSC was
performed using a Perkin Elmer Pyris 1.

Table 2: X-ray diffraction data. The correlation length ¢ was estimated from the half width of the reflections by using the Scherrer formula [33,34].

Compound T[°C] d (i) [AI(€/d) d (ii) [A](€/d) d (iii) [A](E/d) d (iv) [AI(€/d)
1a 105 15.1 10.2 4.3 4.6
(4.0) (4.2) (5.2) (4.3)
2a 80 14.9 9.8 4.2 4.4
(4.1) (4.4) (5.3) 4.7
1c 100 15.7 9.3 4.4 4.6
(3.4) (4.3) (5.4) (4.1)
2c 70 15.2 9.5 4.0 4.7
(2.4) (6.3) (6.1) (3.7)
1e 105 16.4 9.5 4.4 4.6
(2.8) (4.3) (5.4) (3.9)
Page 7 of 9

(page number not for citation purposes)



X-ray diffraction measurements were carried out on powder
samples in glass capillaries of 1.5 mm diameter. The nematic
phases were aligned in a magnetic field (1T) upon cooling from
the isotropic to the nematic phase. The WAXS measurements
were performed by using a standard copper anode (2.2 kW)
source with pinhole collimation equipped with a X-ray mirror
(Osmic typ CMF15-sCu6) and a Bruker detector (High-star)
with 1024 x 1024 pixels. The diffraction data were calibrated
by using silver behenate as a calibration standard [37]. The
X-ray patterns were evaluated using the datasqueeze software
(http://www.datasqueezesoftware.com/).

General method for preparation of interme-

diate products 3a—e

The mixture of 1.0 equiv of thiadiazole 7, 1.0 equiv of the cor-
responding terminal alkyne 6a—e, 0.1 equiv of Pd(PPh3)4 and
0.05 equiv of Cul in piperidine is stirred for 2 h at room tem-
perature. Subsequently, the solvent is removed in vacuo and the
products are isolated by column chromatography using a mix-
ture of EtOAc/hexane.

2-{4-|4-{4-[4-(Ethoxycarbonyl)butoxy]phenylethynyl}-2,5-
bis(hexyloxy)phenyl]ethynylphenyl}-5-(4-bromophenyl)-
1,3,4-thiadiazole (3a) Hexane/EtOAc = 6/1 (Ry= 0.25), yellow
solid; yield 0.12 g (78%). 'H NMR (400 MHz, CDCl3): § =
7.99 (2H, AA'BB’), 7.89 (2H, AA'BB’), 7.64 (4H, AA'BB’),
7.46 (2H, AA'BB’), 7.02 (s, 1H), 7.01 (s, 1H), 6.86 (2H,
AA'BB’), 4.14 (q, 2H, COOCH,CH3, J = 7.2), 4.05 (t, 2H,
OCHj, J = 6.4), 4.04 (t, 2H, OCHj, J = 6.4), 3.99 (m, 2H,
OCHy), 2.39 (t, 2H, CH,COOEt, J = 7.2), 1.85 (m, 8H, CHj);
1.55 (m, 4H, CHj); 1.36 (m, 8H, CH,); 1.26 (t, 3H, CH3, J =
7.2); 0.91 (t, 3H, CHs, J = 7.2), 0.90 (t, 3H, CH3, J = 7.2); 13C
NMR (100 MHz, CDCIy): 8 = 173.8 (C4, C=0), 167.9, 167.2
(Cq>» N=C-8); 159.3 (C4, C-OCHy), 154.0, 153.3 (Cq,
C-OCgHy3), 133.2, 132.6, 132.4 (Cy), 129.4 (Cy), 129.1 (Cy),
127.9 (Cy), 126.8, 125.8 (Cy), 117.0, 116.8 (Cy); 115.4, 115.2
(Cg), 114.6 (Cyp), 112.9 (Cy), 95.6, 94.0, 89.2, 84.7 (C=C), 69.8,
69.7, 67.8 (OCH,), 60.4 (COOCH;CH3), 34.4 (CH,COOEY),
31.7,29.5,29.4, 29.0, 25.9, 25.8, 24.8, 22.8 (CH;), 14.4, 14.2
(CH3); EA: Calc. for C59H353BrN,Os5S: C 68.28, H 6.20, N 3.25,
S 3.72; Found: C 68.38, H 6.31, N 3.33, S 3.70; FD MS: m/z
[%]:861.7 (87, [M+2]%); 859.7 (100, M™).

General method for preparation of V-shaped

molecules 1a—e and 2a—g

The mixture of 1.0 equiv of thiadiazole derivatives 3a—e, 1.0
equiv of the corresponding terminal alkine 6a—e, 0.2 equiv of
Pd(PPhj3)4 and 0.1 equiv of Cul in piperidine is stirred for 2 h at
65 °C. The solvent is then removed in vacuo and the products
are isolated by means of column chromatography using a mix-
ture of EtOAc/hexane.

Beilstein Journal of Organic Chemistry 2009, 5, No. 73.

2,5-Bis-{4-[4-{4-[4-(ethoxycarbonyl)butoxy|phenylethynyl}-
2,5-bis(hexyloxy)phenyl]ethynylphenyl}-1,3,4-thiadiazole
(1a) Hexane/EtOAc = 6/1 (Ry= 0.1), yellow solid; yield 120 mg
(74%). '"H NMR (400 MHz, CDCl3): 5 = 8.00 (4H, AA'BB’),
7.64 (4H, AA'BB'), 7.46 (4H, AA'BB’), 7.02 (s, 2H), 7.01 (s,
2H), 6.86 (4H, AA'BB’), 4.13 (q, 4H, COOCH,CHj3, J = 7.2),
4.04 (t,4H, OCH,, J = 6.4), 4.03 (t, 4H, OCH,, J = 6.4), 3.98 (t,
4H, OCH,, J = 6.4), 2.34 (t, 4H, CH,COOEt, J = 7.2), 1.85 (m,
16H, CHj), 1.55 (m, 8H, CH,), 1.37 (m, 16H, CH,), 1.26 (t,
6H, CH3, J=17.2), 0.91 (t, 6H, CH3, J=7.2), 0.90 (t, 6H, CH3,
J=17.2); 13C NMR (100 MHz, CDCl3): & = 173.6 (C4, C=0),
167.8 (Cq, N=C-S), 159.2 (Cq4, C-OCHy), 154.0, 153.5 (Cq,
C-0CgHy3), 133.2, 132.3 (Cy), 129.6 (Cy), 127.9 (Cy), 126.7
(Cy), 117.0, 116.8 (Cyp), 115.5, 115.2 (Cy), 114.6 (Cy), 112.9
(Cg)» 95.5, 94.1, 89.2, 84.7 (C=C), 69.8, 69.7, 67.6 (OCH>),
60.5 (COOCH,CH3), 34.1 (CH,COOE), 31.8, 29.4, 28.7, 25.9,
22.81, 22.79, 21.7 (CH,), 14.4, 14.2 (CHj3); EA: Calc. for
C84H98N201052 C 7599, H 7.44, N 2.11, S 2.41; Found: C
75.94, H 7.47, N 2.05, S 2.42; FD MS: m/z [%]: 1325.9 (100,
M™); 663.1 (70, MZT).

Supporting Information

Supporting Information File 1

Synthetic procedures and analytical results for compounds
1b—e, 2a—g, 3b—e, Sa—e and 6a—e.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-5-73-S1.doc]
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The effect of the phenyl-alkyl connecting group on mesogenic properties of several series of isostructural compounds containing

p-carborane (A and B), bicyclo[2.2.2]octane (C), and benzene (D) was investigated using thermal and optical methods. Results

demonstrated that mesophase stability in the series containing A—

D follows the order (Alk)CH,CH,— < (Alk)OOC— < (Alk)CH,O—

< (Alk)COO-. Surprisingly, the connecting groups (Alk)CH,CH,— and (Alk)OOC- destabilize the mesophase significantly

stronger for carboranes (A and B) than for carbocyclic derivatives (C and D). Analysis indicates that this effect may have quadru-

polar and conformational origin.

Introduction

During the past decade, we have been investigating mesogenic
derivatives of p-carboranes A and B (Figure 1) in the context of
fundamental and applied studies of liquid crystals and develop-
ment of new materials for electrooptical applications [1-23].
p-Carboranes belong to an extensive family of closo-boranes
and are characterized by 3-dimensional c-aromaticity and high-
order symmetry axis [23]. Therefore, it is of interest to under-

stand how the electronic properties of the two clusters and their

unusual molecular symmetry and size affect bulk properties of
mesogens. Through extensive comparison of isostructural
mesogenic derivatives of p-carboranes (A and B),
bicyclo[2.2.2]octane (C), and benzene (D), we have been
probing fundamental aspects of structure-property relationships
in liquid crystals such as the effect of conformational properties
[1,2], the structure of the linking group [5], and tail fluorination
[18,19] on mesophase stability, and also the effectiveness of
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A B

Figure 1: The molecular structures of 1,12-dicarba-closo-
dodecaborane (12-vertex p-carborane, A) and 1,10-dicarba-closo-
decaborane (10-vertex p-carborane, B). Each vertex corresponds to a
BH fragment and the sphere represents a carbon atom.

shielding of a lateral substituent [8,16,20] and chirality transfer
phenomena [17]. Results of these studies are important for the
design of new materials and optimizing of their properties for
applications.

During our investigation of structurally related series of meso-
gens containing rings A-D (Figure 2), it became apparent that
the benzene ring—alkyl chain connection has a distinctly
different impact on phase stability in derivatives of p-carborane
(A) than in their isostructural carbocycles. For instance, a larger
stabilization of the nematic phase, upon CH,—O replacement,
was observed in p-carborane mesogens relative to benzene
analogues. Thus, in series 1-4, the nematic phase is stabilized
by about 14 K more for the pairs 1A/2A and 3A/4A, than for
terphenyl (D) and bicyclo[2.2.2]octane (C) analogues
(Figure 2). Similarly high values for phase stabilization of about
34 K are observed in pairs of alkyl and alkoxy dioxane deriva-
tives 5[n] and 6[n] [4], as compared to similar benzene meso-
gens [24]. Also in series 711 the introduction of the connecting
oxygen atom gives a larger increase in mesophase stability by
an average of 6 + 2 K for the 12-vertex p-carborane derivatives
than for their benzene analogues [5]. However, in series 12 and

Beilstein Journal of Organic Chemistry 2009, 5, No. 83.

13 the effect of incorporation of the O atom as the connecting

group is practically the same for all ring systems [15].

A recently developed series of isostructural mesogens allows to
analyze the effect of the replacement of an alkoxy in 14[6] with
an ester group in 15[6]. The CH,O—0OOC exchange dramatic-
ally destabilized the nematic phase for the 10- and 12-vertex
p-carborane derivatives, while a much smaller effect was
observed for the carbocycles [25]. Series 14 and 15 [25] and
also diesters 17 [2] provide an opportunity for further investiga-
tion of this interesting phenomenon. Therefore, we focused on
series 14-16 to investigate the CH,O, COO, OOC connecting
groups, and also on series 17-20 to study the CH,0, CH,CH>,
COO, O0C groups.

Here we describe the preparation of an isostructural series of
diesters 16[6] and 18B, and also tetraesters 19 and 20, and a
detailed comparative analysis focusing on the impact of the
connecting group on mesogenic properties. The analysis is
aided by molecular modeling of the pertinent molecular frag-
ments. In addition, we report two homologues of 16A[6],
diesters 16A[5] and 16A[7].

Results
Synthesis

Diesters 16[n] were prepared from diphenols 21 and appro-
priate carboxylic acid chlorides in the presence of a base as
shown in Scheme 1. The requisite diphenols 21 were obtained
in nearly quantitative yields by treating the corresponding
dimethoxy derivatives 14[0] with BBrj3. This procedure repres-
ents a significant improvement to the original preparation of

CH, =N
e A BB o (- dBp-C e
Ha ‘&( o)
Y Y 5[n], X = CH,
7,L = CH,CHy; 8, L = COO; 9, L = CH=CHCOO; 6[n], X=0
L
C5H”O O‘OMCSW 10,L = CH=N; 11, L = CH=CH; m = 0, 1
N=
CsH11@’COO(O)mCBH17 12;m=0,1 CsH114<E>’COO@_<\ :/>7(O)mC8H17 13;m=0,1
N
14{6], X = OCH,(Alk)
CeHi3—X Q 9 O X—=CgH13 15[6], X = COO(AIK) c3|-|7—x4<;>ooc<E>coo<j>—x—cgﬁ7
16[6], X = OOC(AIK)

17: X = OCH,(Alk)
A B c D

Awn s
<< <<
L L | | I |

18: X = CH,CHo(Alk)
19: X = COO(AI)
20: X = OOC(Alk)

Figure 2: The molecular structures of derivatives 1-20.
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1. BuLi
2. Cul/Pyridine
3. 4-1-C¢H4OMe Pd(0)
H H O ° O OR MeOOB(OH)Z 4 BrOBr
* = A * =D
A BBr; 14[0], R = Me
CHoCly 21,R=H

CHap,1COCI I Blyw”gg‘e

CnH2n+1COO O ° O OOCCnH2n+1

16[n]
n=6for *=B,C,D
n=56,7for *=A

Scheme 1: Preparation of diesters 16[n].

1,12-bis(4-hydroxyphenyl)-p-carborane (21A) from 14A[0]
[26] and 1,4-bis(4-hydroxyphenyl)benzene (21D) [27].
The preparation of diphenol 21C will be described elsewhere
[25]. The dimethoxy carborane derivative 14A[0] was obtained
using the Wade’s arylation procedure [28] of p-carborane (A)
with 4-iodoanisole as described before [26]. The 10-vertex
analogue 14B[0] was prepared in a similar way and will be
described elsewhere [25]. 4,4”-Dimethoxyterphenyl 14D[0] was
prepared in 84% yield from 1,4-dibromobenzene and
(4-methoxyphenyl)boronic acid using the Suzuki coupling
procedure [29]. This method is comparable to other Pd(0)-
assisted methods for the synthesis of 14D[0] [30-32].

The 10-vertex p-carborane diester 18B was obtained from the
corresponding dicarboxylic acid 22B [33] and 4-pentylphenol
(Scheme 2) according to a recently described procedure [2]. The
two series of tetraesters 19 and 20 were prepared from the

forx =A,Band D
1. PClg

2. 4-RCgH40OH, 23 or 24
Pyridine

appropriate dicarboxylic acid 22 and phenols 23 and 24,
respectively. p-Carborane-1,12-dicarboxylic acid 22A and tere-
phthalic acid (22D) were converted to the corresponding acid
chlorides using PCls and then reacted with phenols in the pres-
ence of a base. The previously described method [2] for the
preparation of esters of bicyclo[2.2.2]octane-1,4-dicarboxylic
acid (22C) was unsuccessful and the desired esters 19C and
20C were obtained from the diacid and appropriate phenol
using the classical Mitsunobu procedure [34]. A similar
procedure was used for the preparation of tetraester 20B, while
19B was prepared more efficiently using the acid chloride
method. Ester 19D has been reported in the literature [35].

Phenol 24 was prepared by acylation of 4-benzyloxyphenol
with butyryl chloride followed by removal of the protective
benzyl group under reductive conditions as described in the lit-
erature [36] (Scheme 3).

18: R = CH,CH,C3H-

HOOC@COOH > ROOOC@COO@R 19: R = COOC3Hy
fors =BandC 20: R = O0CC3H;

22 4-RCgH4OH, 23 or 24
DMAD, PPhs

Scheme 2: Preparation of esters 18-20.

1. C3H;COCI/Pyridine

2. Hy/Pd(C)
HO OCH,Ph

Scheme 3: Preparation of phenol 24.

%mcoo@w

24
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Mesogenic properties

Transition temperatures and enthalpies of the newly prepared
compounds were determined by differential scanning calorime-
try (DSC). The phase types were assigned by comparison of
microscopic textures observed in polarized light with those
published for reference compounds [37-39]. Results for these
and also their structural analogues are shown in Table 1 and
Table 2.

All p-carborane derivatives in series 14-20 exhibit exclusively
the nematic phase. Similar nematic behavior is observed for
carbocycles in series 17-20 with the exception of 19D, which
exhibits a SmA phase in addition to a N phase. In contrast, most
carbocyclic derivatives in series 14[6]-16[6] display only
The
bicyclo[2.2.2]octane derivative 16C[6] is the only exception

smectic and soft crystalline polymorphs.

and exhibits a narrow range nematic phase above a soft crystal-
line phase designated as L or E on the basis of viscosity, ability
to supercool, and optical textures. In general,
bicyclo[2.2.2]octane derivatives 14C[6]-16C[6] exhibit ortho-
gonal phases (SmA and SmB), while the terphenyl analogues
display a rich smectic polymorphism involving mainly tilted
phases. The terphenyl derivatives 14D[6] and 16D[6] exhibit
the most interesting polymorphism in the series with 4 smectic
phases and possibly a soft crystalline modification such as a G
phase below the SmF phase in the latter. A DSC trace for

Table 1: Transition temperatures (°C) for selected liquid crystals.?
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Table 2: Transition temperatures (°C) for 16A[n].2

O OOCCnH2n+1

CnH2,1CO0 O '{5&’

—
n Transition temperatures
5 Crq 66 Crp 120 N 155 |
6 Cr108 N 1321
7 Cry1 76 Crp 92N 124 |

20btained on heating; Cr: crystal, N: nematic, I: isotropic. Transition
enthalpies are listed in the SI.

16D[6] is shown in Figure 3, and representative textures of its
mesophases are presented in Figure 4. The tilted phases in both
terphenyl compounds were identified by the appearance and
subsequent characteristic changes of the Schlieren textures in
the homeotropic regions of the SmA phase upon cooling.

In general, the order of phase stability for all five series follows
A ~ B < C < D. Derivatives of both p-carboranes A and B
exhibit similar stability of the nematic phase, with the excep-
tion of 15[6] and 19 for which the monotropic nematic phase of
the 10-vertex carborane derivatives is significantly less stable
(<20 K) than that of the 12-vertex analogues.

- £ - O

x ot { Yy

Cr98 SmB 161 SmA 179 I°  Cr° 182 SmF 218 Sml 219

SmC 232 SmA 235 [P
Cr 134 SmC 143 SmA 183 |P

Cr 66 X 96 SmF 226 Sml 232
SmC¥Y 250 SmA 251 |

Cr? 114 SmA 148 I°
Crf102 X 205 N 207 |

C3H7—X©OOC@COOOX—C3H7

14[6] —CH,0O—(Ph) Cr96 N 98 b Cr73N 105 1P
15[6] -OOC—(Ph) Cr112(N31)1>  Cr65(N11) 1P
16[6] —-COO-(Ph) Cr108 N 1321 Cr® 102 N 136 |
17 —CH,0—(Ph) Cr137N18261" Cri111N183.4 I
18 —CHyCHo—(Ph)  Cr 106 N 118 I¥ Cr85N 1101

19 —-00C—(Ph) Cr203 (N139)19  Cr160 (N 128) 1
20 —COO—(Ph) Cr133 N 230 | Cr120 N 234 |

Cr112N 2295 h Cr189 N 235V

Cr9g N 1731 Cr155N 181 |7
Cr121N 1951 Cr 130 SmA 207 N 221 I"
Cr133N 275 | Cr230 N 287 |

@0btained on heating; Cr: crystal, Sm: smectic, N: nematic, I: isotropic, X: unidentified phase. Transition enthalpies for new compounds are listed in the
SI. bRef. [25]. °Cr — Cr transition at 108 °C. 9Cr — Cr transition at 100 °C. eCr—Cr transition at 73 °C (14.9 kJ/mol). fCr — Cr transition at 33 °C (11.6 kJ/
mol). 9Optical determination obtained on cooling ."Ref. [2]. /Cr — Cr transition at 70 °C./Ref. [40]. KPreviously reported Cr 104 N 114 |, ref. [21]. Ref.

[41]. ™Ref. [42]. "Ref. [35].
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cooling
—
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SmA
X SmF  Sml|Sm
r T T ‘ T T T | T T | T T | 1
100 150 200 250
temperature / °C

Figure 3: Partial DSC trace for 16D[6]. Heating rate 5 K/min.

Analysis of three homologues 16A[n] demonstrated the
decreasing stability of the nematic phase with increasing chain
length from Ty of 155 °C for n = 5 to 124 °C forn =7
(Table 2). Investigation of the 4,4"-dimethoxyterphenyl 14D[0]
revealed a high temperature nematic phase (Cr 277 N 295 1),
which is in disagreement with the original literature report [43].

Comparative Analysis

Mesogenic properties of structurally analogous pairs were
compared, and the results are presented in Figure 5 and
Figure 6.

The —OCHy— — —CH,CHoy— substitution

A comparison of Ty for compounds in series 17 [2] versus their
isostructural analogues 18, in which the linking oxygen atom is
replaced with —-CH,—, demonstrates that the presence of the
oxygen atom increases the phase stability by about 55 K (or
27 K per alkoxyphenyl group) for the carbocyclic compounds.

AT,
IK ] ><: E
-304
J A
-35
] Cae
-40-
-45 I I I I
pairs 1/2 3/4 5186 17718

Figure 5: The change in the clearing temperature AT upon substitu-
tion —OCHy— — —CH,CHo— in selected pairs of compounds. The lines
are guides for the eye.

Beilstein Journal of Organic Chemistry 2009, 5, No. 83.

Figure 4: Optical textures of 16D[6] obtained for the same region of
the sample upon cooling: (a) SmA growing from isotropic (251 °C), (b)
focal-conic texture of SmC (242 °C), (c) Sml (229 °C), and (d) broken
focal-conic texture of SmF (211 °C). Magnification x 60.

In contrast, the difference in Ty is larger by 10 K for
p-carborane A and 18 K for p-carborane B (Figure 5 and
Figure 6). These results are consistent with earlier findings for
pairs 1/2, 3/4, and 5/6 (Figure 5) in which a particularly large
impact of the -OCH,— — —CH,CH,— substitution on Ty is
observed for the rigid biphenyl derivatives 1-4.

The —~OCHo— — —~OOC— and ~OCHy— ——COO-
substitution

Data in Table 1 demonstrate that the replacement of the
heptyloxy group with heptanoyloxy in 14[16]/16[6] and butoxy
with butanoyloxy in 17/20 results in an increase of the Ty by
about 30 K and 45 K, respectively, for all structural units A-D.
The only exception is the pair 14D[6]/16D[6] for which the
change in Ty is only 16 K. The larger change of Ty for pairs

——— 7N

AT, CH,0 - CCO
K 14[6] / 16[6]

0
17719
) CH,0 »0C0C
50 14[6]/ 15[6]
17118 CH,0 — CH,CH,
'190 T T T T
rng A B c D

Figure 6: The change in the clearing temperature AT upon replacing
of the —OCHy,— connecting group with another in selected pairs of com-
pounds. The lines are guides for the eye.
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17/20 than for 14[6]/16]6] is consistent with attenuation of the
substitution effect by the shorter alkyl chain in the latter (—C3H7
VS —C6H13).

In contrast, replacement of the oxymethylene linking group
with a carboxy group of reversed orientation relative to the core
(pairs 14[6]/15[6] and 17/19) leads to significant destabiliza-
tion of the mesophase, and the magnitude of the effect markedly
depends on the nature of the central structural element
(Figure 6). Thus, for derivatives of carbocycles C and D, T,
decreases less than 55 K for 14[6]/15[6] and less than 40 K for
17/19, while for the p-carboranes the decrease is larger,
reaching a value of 94 K for the pair 14B[6]/15B[6].

Data in Table 1 also allow for assessment of the impact of the
orientation of the connecting carboxyl group on Ty as a func-
tion of the central structural element. Thus, in pairs 16[6]/15[6]
and 20/19, the change of carbonyloxy to oxycarbonyl leads to a
marked phase destabilization for all structural elements A-D.
Consistent with our previous analysis, the effect is much
stronger for p-carboranes (>90 K) than for carbocycles (<80 K)
with the typical order: D, C < A <B.

Molecular Modeling

For a better understanding of the terminal substituent’s impact
on the conformational ground state of the molecules, four
benzene derivative models, 25-28, were optimized at the
B3LYP/6-31G(d) level of theory, and their equilibrium geomet-
ries are presented in Figure 7. Results show that the replace-
ment of the oxygen atom with a —CH,— group reorients the
terminal chain from co-planar, in the conformational ground
state of ethoxybenzene (25), to the orthogonal position relative
to the benzene ring plane in propylbenzene (26). Replacement
of the -CH,O- fragment with the -COO- group leads to an
increase of angle 0 between the ring and substituent planes to
about 50° in phenyl acetate (27). Reversing the connectivity of
the ester group (—COO— — —OOC-) results in return to the
co-planar orientation of the substituent in benzoate 28. The
computational results are consistent with experimental findings
for anisole [44] and ethylbenzene [45], and solid-state struc-
tures for compounds containing fragments 25-28 [46].

Overall, the interplanar angle 6 between the ring and substituent
increases in the series 25, 28 <27 <26 or —OR, —-C(O)OR <
—OOCR < -CHjR.

Further analysis of the computational results demonstrates that
molecular dipole moment p increases in the following order: 26
<25 <27 <28. The quadrupole moment tensor Qyy perpendic-
ular to the benzene ring is larger for the esters than for alkyl or

alkoxy derivatives.
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Discussion and Conclusion

Results presented in Table 1 are in agreement with general
trends [47,48] and demonstrate that the replacement of —-OCH,—
with —OOC- increases Ty, while replacement with -CH,CHy—
or —COO- decreases Tyj. Overall, the effectiveness of the
connecting group in mesophase stabilization follows the order:
—0OO0C(Alk) > —OCH;,(Alk) > —-COO(Alk) > —CH,CH;,(Alk).
The magnitude of the effect for the -OCH,— — —OO0C-
replacement is practically independent of the central structural
element A-D. In contrast, the decrease in 7y upon substitution
of —OCH,— with —CH,CHj,— or —COO- is stronger for
p-carborane derivatives (A and B) than for their carbocyclic
analogues. This effect is observed for compounds in which the
p-carborane is connected directly to the substituted benzene ring
(1-4, 14-16) or through a spacer (5, 6, 17-20).

The origin of the observed relative effectiveness of the
connecting groups (—OOC(Alk) > —-OCH,(Alk) > -COO(Alk) >
—CH;CH;(Alk)) is unclear at the moment. In general, the phase
stability is related to packing fraction, and for more compact
anisometric molecules (high packing fraction) the clearing tem-
perature is higher [49]. Thus, it can be expected that com-
pounds with substituents preferring coplanar orientation with
the aryl ring (~OR and —COOR) would exhibit higher meso-
phase stability than those with non-coplanar orientation (—CH,R
and —OOCR). While this simple steric argument is consistent
with data for pairs -CH,R/—~OR, the effect of orientation of the
carboxy group on mesophase stability is opposite. Therefore,
steric arguments alone cannot explain the observed trend for
these analogues.

26
e/° 0 90
u/D 13 03
Qxx /D<A -48 -58
42_—2)\( >
27 28

6/° 47.5 0

u/D 1.7 1.9
Qxx /D-A -60 -59

Figure 7: Equilibrium ground state geometries (B3LYP/6-31G(d)) for
benzene derivatives: ethoxybenzene (25), propylbenzene (26), phenyl
acetate (27), and methyl benzoate (28) and pertinent molecular para-
meters: dihedral angle 6, dipole moment y, and quadrupole moment
tensor Qxx perpendicular to the ring plane.
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Electronic effects also cannot sufficiently explain the observed
trend in mesophase stability and the poor performance of the
carboxyl group. Thus, the observed trend is inconsistent with
the order of dipole moments calculated for the relevant
molecular fragments 25-28 (Figure 7). According to the
computational results, esters 27 and 28 have similar, and also
the largest molecular dipole and quadrupole moments. There-
fore, compounds containing these fragments would be expected
to exhibit both similar and high mesophase stability. The data
show otherwise and a large difference in 7 is observed for the
isomeric esters (e.g. for 19B/20B ATy = 80 K; for other
examples see LiqCryst database [50]).

The origin of the observed excessive mesophase destabilization
in p-carborane derivatives by the —COO(Alk) and
—CH,CH;(Alk) substituents is even more puzzling. Data in
Table 1 show that mesophase of p-carborane derivatives
containing electron rich benzene rings (with the —OR and
—OOCR substituents) is excessively stabilized relative to those
containing either weakly donating (-CH,CH,R) or electron-
withdrawing (—COOR) substituents. This suggests that inter-
molecular quadrupolar interactions between p-carborane and
benzene ring may be responsible for the observed phase stabil-
ization. Support for this hypothesis is provided by the finding
that the connecting group affects bulk properties whether
p-carborane is connected to the benzene ring directly or through
a spacer. The observed larger effect of the -CH,CH,— —
—OCH,- replacement in pairs 1A/2A and 3A/4A as compared
to 17A/18A suggests a role for the molecular dipole moment in
phase stabilization. Since p-carboranes are moderately electron
withdrawing substituents, the alkoxy derivatives have a larger
dipole moment than the alkyl derivatives [16]. Alternatively, the
effect can be due to higher rigidity of 1-4, which attenuates the
effect as compared to the more conformationally flexible
diesters.

Overall, the analysis cannot distinguish one particular factor
responsible for the impact of structural elements (A-D) on
phase stabilization. Instead, a combination of conformational
properties of structural elements A—D and substituents, their
relative sizes [51], and electronic properties of the benzene ring
bearing the substituent dictate mesogenic properties.

The present report concentrates on the systematic variation of
the connecting group between the alkyl and phenyl ring, and its
effect on phase stability. For completeness, we also mention
one example of variation of the carborane—alkyl connecting
group, and its impact on 7. Thus, a replacement of -CH,CH,—
— —C=C- destabilized the Ty by over 150 K in bi-carborane
derivatives, while a similar transformation in the biphenyl

analogue leads to an increase of the clearing temperature [1,7].
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This dramatic effect has been attributed to conformational prop-

erties of molecules in the condensed phase.

A more complete understanding of the impact of structural
modification on bulk properties will emerge through further
research on structure-property relationships and studying of
other examples of structurally similar mesogens containing the

four ring systems A-D.

Experimental

Optical microscopy and phase identification were performed
using a PZO “Biolar” polarized microscope equipped with a
HCS400 Instec hot stage. Thermal analysis was obtained using
a TA Instruments 2920 DSC. Transition temperatures (onset)
and enthalpies were obtained using small samples (1-2 mg) and
a heating rate of 5 K min~! under a flow of nitrogen gas. For
DSC and microscopic analyses, each compound was addition-
ally purified by dissolving in CH,Cl,, filtering to remove
particles, evaporating and recrystallization typically from
hexanes or toluene/heptane mixture. The resulting crystals were
dried in vacuum overnight at ambient temperature. 10- and
12-vertex p-carboranes (A and B) were purchased from
Katchem s. r. o. (Prague, Czech Republic).

Supporting Information

Synthetic procedures for compounds 14D[0], 16[n], 18B,
19, 20, 24, and analytical details are provided.

Supporting Information File 1

General methods and synthetic procedures
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-5-83-S1.pdf]
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We study the influence of external electric or magnetic field B on orientational ordering of nematic liquid crystals or of other rod-

like objects (e.g. nanotubes immersed in a liquid) in the presence of random anisotropy field type of disorder. The Lebwohl-Lasher

lattice type of semi-microscopic approach is used at zero temperature. Therefore, results are valid well below the transition into the

isotropic phase. We calculate the correlation function of systems as a function of B, concentration p of impurities imposing random

anisotropy field disorder, the disorder strength # and system dimensionality (2D and 3D systems). In order to probe memory

effects we calculate correlation length ¢ for random and homogeneous initial configurations. We determine the crossover fields

B.(p) separating roughly the ordered and disordered regime. Memory effects are apparent only in the latter case, i.e. for B < B..

PACS numbers: 47.51.+a, 47.54.-r, 07.05.Tp, 61.30.-v

Introduction

For years there has been a strong interest in the phase and struc-
tural behavior of randomly perturbed liquid crystals (LCs) [1].
Such systems could be used in various electro-optical
applications. On the other hand they represent also an adequate
testing ground [2] to study fundamental questions concerning
the impact of disorder [3-6] on various phase and structural

transitions.

Most studies so far have been carried out in thermotropic
nematic LC phases, which exhibit long range orientational order
[7]. To enforce disorder to LC ordering one either confines LC
to various porous matrices [8-12] (e.g., aerogels, Controlled-
pore glass, Vycor glass) or mixes LCs with nanoparticles. For
the latter purpose aerosil nanoparticles [13-15] are particularly

adequate. They form random networks, the structure of which
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can be altered by varying the concentration of nanoparticles. At

least three qualitatively different regimes can be realized [16].

Studies so far have mainly focused on structural and phase
behavior [8-18]. It has been shown that the isotropic nematic
phase transition is typically replaced by the
paranematic—nematic (PN—N) phase transition. The transition
temperature in most cases decreases with increased disorder
strength. If disorder is strong enough the transition can disap-
pear. In the nematic phase memory effects can be observed
revealing to some extent glass-like features.

To our knowledge none of the studies so far have systematic-
ally explored the effect of external ordering field (B) in such
systems. This is the topic of our paper. We consider the compet-
ition between local disordering fields and the global external
magnetic or electric ordering field. Local random fields can be
in practice imposed geometrically. Experimental examples are
LCs confined to a porous matrix [1], mixtures of LCs and
aerosil nanoparticles [12-15], binary mixtures of different
rodlike objects which tend to be oriented perpendicularly [19],
and nanotubes immersed in liquid crystals [20,21]. We focus on
B induced erasing of memory effects in such systems using the
Lebwohl-Lasher [22] type lattice model deep in the nematic
phase.

The structure of the article is as follows. First we present the
semi-microscopic lattice model that we use. Then the results are
presented and discussed. In the following section we summarize
our results. Some numerical details are summarized in the last
section.

Model

We consider an orthogonal cubic lattice with N = N cylindric-
ally symmetric particles positioned at equidistant sites in the
space with d dimensions. The nearest neighbour’s distance is
taken as a unit, thus the side of the cell has the length L = N.
Local orientation of a particle at the site with index « is given
by a unit vector — director §,. We further set at randomly
chosen sites of concentration p cylindrically symmetric
quenched impurities enforcing orientational ordering along e,,.
The orientations of impurities are randomly chosen without any
preferred global orientation. We also impose a homogeneous
external (e.g., electric or magnetic) ordering field B = Beg,
which tends to reorient the director field along ep. Systems with
the head-to-tail invariance, where +S,, orientations are equi-
valent, are taken into account. This property is characteristic for
most LC molecules (where several structural details are aver-
aged out via relatively fast molecular rotations) or nanotubes.
The corresponding interaction energy of the system can be

expressed as [6,8,23]
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The parameter J > 0 describes the ordering interaction among
neighbouring molecules tending to orient directors parallel. The
index a in the double sum counts all the particles, and the
indices £ run over the 1st nearest neighbours of the a-th
particle. At randomly chosen sites of concentration p we add-
itionally place rigid impurities which are coupled with
surrounding directors by the random anisotropy type interac-
tion [24,25] of anchoring strength W > 0. At the sites with
impurities p, = 1 while at remaining sites p, = 0.

We describe ordering in the Cartesian coordinate frame (x,y,z),
whose axes point along unit vectors e,, e, and e, respectively.
The external field is oriented along a chosen axis, e.g., x-axis.
We consider behaviour in two and three dimensions, to which
we henceforth refer as 2D and 3D, respectively.

For latter convenience we scale quantities in Equation 1 with
respect to J: F=F/J, VT/, =W /J, B=B/+J, ie. we set
J=11n (1). We henceforth omit the tildes. Some details of the
minimization of the total energy Equation 1 are given in the
numerical approach section. We have neglected the role of
thermal fluctuations and consider configurations at zero tem-
perature. In case of nematic ordering in liquid crystals such
assumption is sensible deep in the nematic phase (i.e. well
below the isotropic-nematic LC phase transition temperature).

In simulations we either originate from randomly distributed
orientations of directors, or from homogeneously aligned
samples along a symmetry breaking direction. In the latter case
the directors are initially homogeneously aligned along e,. We
henceforth refer to these cases as the i) random and ii) homo-
geneous samples, respectively. The i) random case can be
experimentally realized by quenching the system from the
isotropic phase to the ordered phase without an external field
(i.e., B =0). This can be achieved either via a sudden decrease
of temperature or sudden increase of pressure. The ii)
homogeneous case can be realized by applying first a strong
homogeneous external field B along a symmetry breaking direc-
tion. After a well enough alignment is achieved the field is
switched off.

In order to diminish the influence of statistical variations we
carry out several simulations (typically Ny, = 10) for a given
set of parameters (i.e., W, p and a chosen initial condition).

From obtained configurations we calculate the orientational
correlation function G(7). It measures orientational correlation

of LC directors as a function of their mutual separation » (=1
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for nearest neighbours). We define it in two dimensional (2D)
ensembles as

2
G(r)=<2(sa-sﬁ) —1>, )
and in three dimensions (3D) as

G(r)= %<3(Sa -5,)° —1> 3

The brackets <> denote the average over all lattice sites that
are separated for a distance r. If the directors are completely
homogeneously aligned along a single direction it follows
G(r) = 1. On the other hand G(r) = 0 reflects completely uncor-
related directors. Since each director is parallel with itself, it
holds G(0) = 1. The correlation function is a decreasing func-
tion of the distance r.

In order to obtain structural details from a calculated G(r) de-

pendence we use the ansatz

G(r)=(1- s)e’(”é)m +s, 4)

with adjustable parameters &, m, and s. The correlation length &
estimates the average domain in which directors are signific-
antly correlated. The parameter m measures the distribution
width of & values. Presence of a single correlation length in the
system is reflected in m = 1. A value of s reveals the degree of
ordering within the system. The case s = 0 indicates the short
range order (SRO). A finite value of s reveals either the long
range order (LRO) or quasi long range order (QLRO). To
distinguish between these two cases a finite size analysis s(L)
must be carried out where L represents the typical linear size of
the system. If s(L) saturates at a finite value the system exhibits
LRO. If s(L) dependence exhibits algebraic dependence on L
the system possesses QLRO.

Results

We study the influence of an external ordering field on nematic
ordering which is orientationally perturbed by randomly distrib-
uted impurities of concentration p. We vary the history of
samples, concentration p of impurities, anchoring strength W
between LC molecules and impurities, dimensionality of the
system and the external field strength B. We consider 2D and
3D systems. Concerning histories we either originate from
initially homogeneously aligned directors or from completely
disordered configuration.

For a given set of control parameters we calculate a configura-

tion of the system by minimizing the interaction energy. The
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configuration reflects the interplay among elastic, external
ordering field and surface disordering tendencies. The external
ordering (B) and impurities introduce additional characteristic
scales into the system. The relative strength of elastic and
external ordering field contribution is measured by the external
field extrapolation length [7] &g = NA) / B. In the case of ordered
LC-substrate interfaces the relative importance of surface
anchoring term is measured by the surface extrapolation length
[7] d. = J/W. The external ordering field is expected to override
the surface anchoring tendency in the limit d./& >> 1. However,
if LC-substrate interfaces introduce a disorder into the system,
then instead of d, the so called Imry-Ma scale py characterizes
the ordering of the system. It expresses the relative importance
of elastic ordering and surface disordering term. It roughly
holds [26]

2
Eim o Wl ©)

where Wyis o« W measures the disorder strength.

From obtained orientational ordering we calculate the correla-
tion function G(r). From it we extract the average correlation
length & using Equation 4. In case that the disorder dominates
the system behavior one expects &= . On the contrary, the

dominance of B is reflected in &= &g.

Note that for cases studied we obtain qualitatively similar
results for 2D and 3D systems. Consequently, we carry out
more detailed simulations for 2D systems which demand less
computational time.

A typical G(r) dependence in 2D and 3D is shown in Figure 1a
and Figure 1b, respectively. We plot G(r) for both homogen-
eous and random initial configuration in the presence of
external field and without it. For B = 0 it holds ¢thom) > ran)
where superscripts (hom) and (ran) denote correlation lengths in
homogeneous and random samples, respectively. The reason
behind this are stronger elastic frustrations in random samples,
as analyzed in more detail in our previous paper [25]. Further-
more, &1 roughly obeys the Imry-Ma scaling for low enough
external fields (i.e. &2 << &g), suggesting &2 ~ & . The
presence of B becomes apparent when &- < &g, which is shown

in Figure 1.

We also note that in random samples s = G(r—w) always
equals zero [25] for B = 0 indicating short range order. On the
contrary in homogeneous samples we obtain a finite value of s
if the disorder strength is not too large. In Figure 1 we see that
the presence of external field can enforce a finite value of s also

in random samples.
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Figure 1: The orientational correlation function as a function of separation r between LC molecules for (a) 2D and (b) 3D systems. In random samples
G(r) vanishes for large enough values of r for B = 0 while in homogeneous samples it could saturate at a finite plateau s (if p or W are low enough).
For B > 0 a finite plateau can be observed also in random samples. (a) p = 0.3, W= 2.5, Ny = 260; (b) p = 0.3, W= 2.5, Ny = 100. At r = 1 the first

neighbors are placed in the cubic cell. The legend is shown in (a).

In Figure 2 we plot ¢ as a function of 1/B for both homogen-
eous and random samples. For strong enough magnetic fields
one expects £ = g oc 1/B. On the other hand for a weak enough
B the value of ¢ is dominantly influenced by the disorder
strength. Indeed, we observe a crossover behavior in &(B) de-
pendence on varying B. The crossover between two qualitat-
ively different regimes roughly takes place at the crossover field
B.. We define it as the field below which the difference between
gran) ang @hom) s apparent. Below B, the disordered regime
takes place, where ¢ exhibits weak dependence on B, i.e.
&~ &v- Above B, the ordered regime exists, where &~ &g oc 1/
B. Therefore, for B > B, it holds gran)  (hom) ~ = and in the

random regime one observes &hom) ~ #ran) ~ &\

The corresponding s(B) dependence is shown in Figure 3. As
expected s monotonously increases on increasing B, because the
external field tends to increase the degree of ordering. Note that
in random samples s(B = 0) = 0 and the presence of B gives rise
tos>0.

In Figure 4 we show the m(B) dependence. For weak enough
fields (B << B.) one typically observes m(an) > p(hom) > |
Therefore, in random samples we have larger dispersion of &
values than in homogeneous samples. With the increasing
external field both m(™" and m(M°™) asymptotically approach
towards m = 1. In the latter case the distribution of & vales is
sharply centered at &= &g.

The crossover field B. as a function of p is shown in Figure 5.
Indicated lines roughly separate ergodic (B > B.) and noner-
godic regimes (B < B.). With increasing p the degree of frustra-
tion within the system increases. Consequently larger values of
B are needed to erase disorders induced memory effects. Note
that B, is larger in 2D than in 3D systems because in the former
case the LC molecules are effectively more constrained by
impurities (i.e., in 3D the additional degree of freedom is
present).
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Figure 2: Correlation length ¢ as a function of 1/B for homogeneous and random samples for three different concentrations of impurities in (a) 2D and
(b) 3D. The ég(B) dependence displays a crossover between the disordered and ordered regime. The disordered regimes extends at (B < B;), where
ghom) > g(ran) | the ordered regime (B > Bg) one observes &) = £hom) =~ g5 (a) W= 2.5, Ng = 260; (b) W = 2.5, Ng = 100. The legend is shown

in (a).
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Figure 3: The s(B) dependence for homogeneous and random samples for two different p in (a) 2D and (b) 3D. For s(B = 0) we obtain s(@") = 0. In
the disordered regime it holds s(h°M > s(ran) and s(hom) = s(ran) jn the ordered regime. (a) W = 2.5, Ng = 260; (b) W = 2.5, Ng = 100. The legend is
shown in (a).
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Figure 4: The m(B) dependence r homogeneous and random samples for two different p in (a) 2D and (b) 3D. In the disordered regime it holds
m(@n) > m(hom) > 4 |n the ordered regime we obtain m(a" = m(hom) > 1 which asymptotically approach one on increasing B. (a) W = 2.5, Ny = 260;
(b) W= 2.5, Ng = 100. The legend is shown in (a).
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Figure 5: The crossover field B. on varying p. Indicated lines roughly

0.2

separate ergodic (B > B.) and nonergodic regimes (B < Bc). With

increasing p one the degree of frustration within the system increases.
Consequently larger values of B are needed to erase disorder induced

memory effects. The points are calculated and the lines serve as
guides for the eye. (a) W= 2.5, Ng = 260; (b) W = 2.5, Ny = 100.

Conclusions

We have studied the influence of external ordering electric or
magnetic field B on systems of rod-like objects (e.g. nematic
liquid crystals or a dispersion of nano-rods in a liquid environ-
ment [20,21]) in the presence of random anisotropic type of
disorder. We express the interaction energy F of the system
using the Lebwohl-Lasher type semi-microscopic description.
The orientational order is described in terms of the uniaxial
director field exhibiting head-to-tail invariance. We calculate
configurations of director fields by minimizing F at tempera-
ture zero. Therefore, our results are reasonable deep in the
nematic phase, where the long range orientational order is
observed in absence of random fields. In addition we neglect
biaxial states [27,28] which might be present in strongly elastic-
ally perturbed systems. For a given set of parameters (i.e.
concentration p of impurities imposing random anisotropy
disorder, disorder anchoring strength W, system dimensionality,
history of systems and B) we calculate the orientational correla-
tion function G(r) of the system. From it we extract the average
size of correlated regions and distribution of ¢ values measured
via the distribution parameter m.

Our main interest was to determine the magnetic field regime in

which random-field driven memory effects are erased by a
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strong enough magnetic field. For this purpose we monitored &
dependence on B for random and homogeneous initial configur-
ations. These states represent two extreme conditions and
consequently yield relatively strong memory effects for weak
enough values of B. On increasing B values of m are
approaching towards m = 1. This signifies that the single peak
distribution of & values is narrowing. On varying B we distin-
guish between two qualitatively different regimes. The disorded
regime, where random field effects are apparent, exists below
Be. In it we find ¢hom) > Aran) I the ordered regime B > B, the
average length ¢ is dominated by external field B and
¢~ ¢Egoc 1/B. The crossover values B, are larger in 2D systems,
and monotonously increase on increasing p.

The results of our studies suggest regimes in which memory
effects are expected. Our settings well mimic for example
mixtures of LCs and aerosil particles [13-15] or LCs confined to
porous matrices [10-12], or randomly perturbed nanotubes in a
liquid environment [20,21]. Our results might be of use for
electro-optic applications, where switching between different
optical states (i.e. global orientational ordering) is achieved via
external electric or magnetic fields in advanced soft nano-
composites or soft hybrid systems.

Numerical approach
The system consists of a lattice of Ny X Ny x Ny sites with unit
directors

Sk = e,SU) + e, Sl 1 ¢ 5lIK) (6)

In 2D we set Sz = 0. We express the total interaction energy
functional as the sum over all sites F' = ZFM where the term

Fjji consists of three parts: i

Fo——

2 2 2 2
i > z (Sjk +Sivj i)™~ Wik (Siik € )™~ B (Sji -€x)” (7)

ik

J=1. The indices i, j,k run over the first neighbors of the
point described by the indices /, j, k. With respect to denotation
of indices in Equation 1 these sets of indices correspond to
o= (Ij.k)and B =,/ k). The parameter p;j has the value
either 1 or 0, while the orientation of the unit vector e;j; is
random spatially distributed, we set these by random-number

generator.

The equilibrium director configuration is obtained by minim-
izing the total interaction energy with respect to all the directors
by taking into account the normalization condition s,./?k =1. The

resulting potential to be minimized reads F* = ZFM *, where
ik
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Fy* = }‘gk(sg'kz -+ Fljk ®)

[

and 4 are Lagrange multipliers. We minimize the potential /' "
and obtain the following set of N{equations which are solved
numerically:

z (Sjjk, S jric) + Wpijkg(sijkre;(j[r(an))JrBzg(sijk'ex) =0 )
ik

where the vector function g is defined as

gV, V) = (v vp)[ Vo = (vq-vo)vy ]

(10

The system of Equation 9 is solved by overrelaxation method
which has been proved fast and reliable. At cell boundaries we

impose the periodic boundary conditions.

Acknowledgements

Matej Cvetko acknowledges support of the EU European Social
Fund. Operation is performed within the Operative program for
development of human resources for the period 2007-2013.

Milan Ambrozi¢ and Samo Kralj acknowledge support from the
Slovenian Research Agency (Grant J1-0155).

References

1. Liquid Crystals in Complex Geometries Formed by Polymer and
Porous Network; Crawford, G. P.; Zumer, S., Eds.; Oxford University
Press: London, 1996.

2. Kurik, M. V.; Lavrentovich, O. D. Usp. Fiz. Nauk 1988, 154, 381.

3. Radzihovsky, L.; Toner, J. Phys. Rev. Lett. 1997, 79, 4214-4217.
doi:10.1103/PhysRevLett.79.4214

4. Feldman, D. E. Phys. Rev. Lett. 2000, 84, 4886—4889.
doi:10.1103/PhysRevLett.84.4886

5. Popa-Nita, V.; Romano, S. Chem. Phys. 2001, 264, 91-99.
doi:10.1016/S0301-0104(00)00340-2

6. Cleaver, D. J.; Kralj, S.; Sluckin, T. J.; Allen, M. P. The random
anisotropy nematic spin model. In Liquid Crystals in Complex
Geometries Formed by Polymer and Porous Networks;

Crawford, G. P.; Zumer, S., Eds.; Oxford University Press: London,
1996; pp 467-481.

7. Kleman, M.; Lavrentovich, O. D. Soft Matter Physics; Springer-Verlag:
Berlin, 2002.

8. Aliev, F. M.; Breganov, M. N. Sov. Phys. JETP 1989, 68, 70-68.

9. Tripathi, S.; Rosenblatt, C.; Aliev, F. M. Phys. Rev. Lett. 1994, 72,
2725-2729. doi:10.1103/PhysRevLett.72.2725

10. Bellini, T.; Clark, N. A.; Muzny, C. D.; Wu, L.; Garland, C. W.;

Schaefer, D. W.; Oliver, B. J. Phys. Rev. Lett. 1992, 69, 788-791.

doi:10.1103/PhysRevLett.69.788

.Kralj, S.; Zidansek, A.; Lahajnar, G.; MuSevic, |.; Zumer, S.; Blinc, R.;

Pintar, M. M. Phys. Rev. E 1996, 53, 3629-3638.

doi:10.1103/PhysRevE.53.3629

12. Kutnjak, Z.; Kralj, S.; Lahajnar, G.; Zumer, S. Phys. Rev. E 2003, 68,
No. 021705. doi:10.1103/PhysRevE.68.021705

1

-

Page 7 of 8
(page number not for citation purposes)


http://dx.doi.org/10.1103%2FPhysRevLett.79.4214
http://dx.doi.org/10.1103%2FPhysRevLett.84.4886
http://dx.doi.org/10.1016%2FS0301-0104%2800%2900340-2
http://dx.doi.org/10.1103%2FPhysRevLett.72.2725
http://dx.doi.org/10.1103%2FPhysRevLett.69.788
http://dx.doi.org/10.1103%2FPhysRevE.53.3629
http://dx.doi.org/10.1103%2FPhysRevE.68.021705

Beilstein Journal of Organic Chemistry 2010, 6, No. 2.

13.8Sinha, G.; Leys, J.; Glorieux, C.; Thoen, J. Phys. Rev. E 2005, 72,
No. 051710. doi:10.1103/PhysRevE.72.051710

14.Bellini, T.; Buscaglia, M.; Chiccoli, C.; Mantegazza, F.; Pasini, P;
Zannoni, C. Phys. Rev. Lett. 2000, 85, 1008-1011.
doi:10.1103/PhysRevLett.85.1008
And references therein.

15. Cordoyiannis, G.; Kralj, S.; Nounesis, G.; Zumer, S.; Kutnjak, Z.
Phys. Rev. E 2006, 73, No. 031707. doi:10.1103/PhysRevE.73.031707

16.lannacchione, G. S.; Garland, C. W.; Mang, J. T.; Rieker, T. P.
Phys. Rev. E 1998, 58, 5966—-5981. doi:10.1103/PhysRevE.58.5966

17.Popa-Nita, V. Eur. Phys. J. B 1999, 12, 83-90.
doi:10.1007/s100510050981

18. Popa-Nita, V. Chem. Phys. 1999, 246, 247-253.
doi:10.1016/S0301-0104(99)00184-6

19.Cvetko, M.; Krasna, M.; Ambrozi¢, M.; Kutnjak, Z.; Kralj, S., in press.
In preparation.

20. Dierking, |.; Scalia, G.; Morales, P. J. Appl. Phys. 2005, 97,
No. 044309. doi:10.1063/1.1850606

21.Lagerwall, J.; Scalia, G.; Haluska, M.; Dettlaff-Weglikowska, U.;
Roth, S.; Giesselmann, F. Adv. Mater. 2007, 19, 359-364.
doi:10.1002/adma.200600889

22.Lebwohl, P. A;; Lasher, G. Phys. Rev. A 1972, 6, 426-429.
doi:10.1103/PhysRevA.6.426

23.Romano, S. Int. J. Mod. Phys. B 2002, 16, 2901-2915.
doi:10.1142/S0217979202009986
And references therein.

24.Harris, R.; Plischke, M.; Zuckerman, M. J. Phys. Rev. Lett. 1973, 31,
160-162. doi:10.1103/PhysRevLett.31.160

25. Cvetko, M.; Ambrozi¢, M.; Kralj, S. Lig. Cryst. 2009, 36, 33—41.
doi:10.1080/02678290802638431

26.Imry, Y.; Ma, S. Phys. Rev. Lett. 1975, 35, 1399-1401.
doi:10.1103/PhysRevLett.35.1399

27.Cruz, C.; Figueirinhas, J. L.; Filip, D.; Feio, G.; Ribeiro, A. C.; Frere, Y.;
Meyer, T.; Mehl, G. H. Phys. Rev. E 2008, 78, No. 051702.
doi:10.1103/PhysReVE.78.051702

28. Ambrozi¢, M.; Bisi, F.; Virga, E. G. Continuum Mech. Thermodyn.
2008, 20, 193-218. doi:10.1007/s00161-008-0077-x

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License

(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:

(http://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.6.2

Page 8 of 8

(page number not for citation purposes)


http://dx.doi.org/10.1103%2FPhysRevE.72.051710
http://dx.doi.org/10.1103%2FPhysRevLett.85.1008
http://dx.doi.org/10.1103%2FPhysRevE.73.031707
http://dx.doi.org/10.1103%2FPhysRevE.58.5966
http://dx.doi.org/10.1007%2Fs100510050981
http://dx.doi.org/10.1016%2FS0301-0104%2899%2900184-6
http://dx.doi.org/10.1063%2F1.1850606
http://dx.doi.org/10.1002%2Fadma.200600889
http://dx.doi.org/10.1103%2FPhysRevA.6.426
http://dx.doi.org/10.1142%2FS0217979202009986
http://dx.doi.org/10.1103%2FPhysRevLett.31.160
http://dx.doi.org/10.1080%2F02678290802638431
http://dx.doi.org/10.1103%2FPhysRevLett.35.1399
http://dx.doi.org/10.1103%2FPhysRevE.78.051702
http://dx.doi.org/10.1007%2Fs00161-008-0077-x
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjoc
http://dx.doi.org/10.3762%2Fbjoc.6.2

Beilstein Journal
of Organic Chemistry

Self-assembled ordered structures in thin films of

HATS discotic liquid crystal

Piero Morales', Jan Lagerwall?, Paolo Vacca®$, Sabine Laschat?

Full Research Paper

Address:

TENEA, C. R. Casaccia, Via Anguillarese 301, 1-00060 S. Maria di
Galeria (Roma), ltaly, 2Institute of Chemistry — Physical Chemistry,
Martin-Luther-University Halle-Wittenberg, Von-Danckelmannplatz 4,
D-06120 Halle, Germany, 3ENEA, C. R. Portici, P.le E. Fermi, 1-80055
Portici (Naples) Italy and 4Institute of Organic Chemistry, University of
Stuttgart, Pfaffenwaldring 55, D-70569 Stuttgart, Germany

Email:

Piero Morales - piero.morales@enea.it; Jan Lagerwall -
jan.Lagerwall@Icsoftmatter.com; Paolo Vacca -
vacca.paolo@gmail.com; Sabine Laschat -
Sabine.Laschat@oc.uni-stuttgart.de; Giusy Scalia” -
giusy.scalia@solcanta.com

* Corresponding author
§ Affiliation of this author when his contribution to this work was given

Keywords:

AFM; discotic liquid crystals; hexapentyloxytriphenylene;
self-organization; thin films

Abstract

and Giusy Scalia™

Beilstein J. Org. Chem. 2010, 6, No. 51. doi:10.3762/bjoc.6.51
Received: 15 December 2009

Accepted: 09 April 2010

Published: 20 May 2010

Guest Editor: S. Laschat

© 2010 Morales et al; licensee Beilstein-Institut.
License and terms: see end of document.

Thin films of the discotic liquid crystal hexapentyloxytriphenylene (HATS), prepared from solution via casting or spin-coating,

were investigated by atomic force microscopy and polarizing optical microscopy, revealing large-scale ordered structures substan-
tially different from those typically observed in standard samples of the same material. Thin and very long fibrils of planar-aligned
liquid crystal were found, possibly formed as a result of an intermediate lyotropic nematic state arising during the solvent evapor-

ation process. Moreover, in sufficiently thin films the crystallization seems to be suppressed, extending the uniform order of the
liquid crystal phase down to room temperature. This should be compared to the bulk situation, where the same material crystallizes

into a polymorphic structure at 68 °C.

Introduction

Discotic liquid crystals are an interesting type of organic semi-
conductors that allow long-range charge transport thanks to the
spontaneous formation of channels as a result of molecular self-

organization into columns and the orbital overlap of neigh-

boring molecules [1,2]. In particular, columnar phases are very
appealing for applications since the transport of charges occurs
along the columns, which then behave like molecular wires.

Their good performance makes them promising for use as tran-
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sistors [3] in electronic circuits, for light emitting diodes [4] and
in solar cells [5,6]. Liquid crystals (LCs) possess a long range,
even if imperfect, order that is beneficial for creating a macro-
scopic common molecular orientation which can be potentially
controlled, thus making it possible to choose the direction of
charge flow. Moreover, the degree of molecular order affects
the charge transport efficiency, which improves with increasing
order.

Efforts to improve the electronic performance of such systems
have focused not only on the synthesis of optimized molecules
but also on the aligning methods. In fact while rod-like (calam-
itic) LCs can be easily aligned along chosen directions by the
use of treated surfaces or electric or magnetic fields, these treat-
ments are almost always ineffective for discotic LCs. Without a
macroscopic, uniform alignment the excellent properties of
discotic LCs cannot be expressed at their best. Moreover, the
ability to select the direction of the column alignment is also
desirable since the optimum direction depends on the applica-
tion [7]. Use of discotics as transistors requires LC columns
bridging the electrodes, usually parallel to the substrates. This
corresponds to the so-called planar alignment with the
molecular planes perpendicular to the substrate and the
columnar axis parallel to it. On the other hand, for solar cells or
OLEDs the columns should be perpendicular to the electrode
coated substrate, in what is referred to as homeotropic align-
ment, with the molecules lying flat on the substrate surface.
While some progress has been made in identifying alignment
methods, these are not generally effective for all types of
discotics, with some materials aligning as expected and others
not. Methods to align discotics include the use of treated
surfaces [8,9], the Langmuir-Blodgett technique [10], zone-
casting processes [11] or the use of magnetic fields [12]. With
the above methods planar alignment is mostly achieved and
often fibrillar structures are observed. Uniform homeotropic
alignment in thin films is rarer and often difficult to achieve.
The properties of the discotic thin films are also important for
applications since the uniformity of the alignment on macro-
scopic scale and the stability of the alignment with the tempera-
ture are fundamental for the actual implementation of discotics

in devices.

In the present work we study thin films of hexapentyloxytri-
phenylene, known as HATS for short (Scheme 1), a historically
important discotic molecule which allowed the proof of photo-
conductivity in discotic LCs [13]. Besides exhibiting high
charge mobility this material is, unlike many other discotic LCs,
relatively easy to align uniformly in a homeotropic configur-
ation between two glass plates, thus allowing time-of-flight
measurements of photoconductivity. While most of the studies

are with such geometry, which is obtained by confining the LC

Beilstein J. Org. Chem. 2010, 6, No. 51.

between indium tin oxide (ITO)-coated glass plates at micro-
meter distance, very little is known about the organization of
HATS in films of submicrometer thickness and their character-
istics. Such films, produced by drop-casting and spin-coating,
are the focus of this study.

oofﬁ
-
J_f

o'o o

Scheme 1: Hexapentyloxytriphenylene (HAT5).

Results and Discussion

Different preparation techniques obviously produce films of
different thicknesses and uniformity; drop-casting yields thicker
and less uniform samples as compared to those prepared by
spin-coating. The former were thick enough to show birefrin-
gence, thus making them suitable for optical microscopy
investigations. As can be seen in Figure la, the sample has a
striped texture, which is uncharacteristic of columnar phases
studied in standard sample cells (typical thickness of several
microns), with long fibers aligned locally along a common
direction. The alignment of the director (the average orientation
of the main molecular symmetry axis) is planar, as evidenced
by the non-zero birefringence, with the column axes parallel to
the substrate. The film was heated to study the phase sequence,
which revealed that the temperatures of the transitions were
somewhat shifted from those of bulk samples (crystal 69 °C
Coly, 122 °C isotropic). A first change in texture was observed
around 75 °C (Figure 1b), corresponding to melting into the
columnar liquid crystalline phase (Coly). The new texture
retained the striped character but broke up into many small
domains. At 125 °C (Figure 1c) the disappearance of birefrin-
gence revealed the transition to the isotropic phase.

The textures were also monitored on cooling and showed the
liquid crystal phase formation at about 110 °C with the texture
now typical of a discotic columnar phase with the characteristic

bright dendritic features in a black background (Figure 1d). The
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Figure 1: Optical microscopy textures of a film prepared by drop-
casting on heating to the isotropic phase and subsequent cooling. All
images were taken with crossed polarizers, except (e) which was
taken with the analyzer removed.
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area in the red oval includes bright and dark regions in the
polarizing microscopy image. Observing the same area without
the analyzer (Figure le) revealed a different, non-birefringent
dendritic regime, suggesting a homeotropic LC alignment. At
crystallization (Figure 1f), the alignment within each regime
was partially lost, resulting in the previously non-birefringent
homeotropic areas becoming visible between crossed polarizers.

The striking difference between the initial and final texture after
the thermal treatment demonstrates that the starting arrange-
ment must have been strongly influenced by the preparation
process, the flow direction of the solution and the assembly
during solvent evaporation probably being critical for the devel-
opment of the fibrillar structure (we will propose a more
detailed explanation below). However, this alignment is appar-
ently not stable in this relatively thick film and when the LC is
heated into the isotropic phase this organization is lost. On
subsequent cooling into the columnar phase this instead forms
according to the interaction with the surface, resulting in a
standard homeotropic alignment configuration typical of bulk

samples.

The samples prepared by spin-coating resulted in a thinner layer
of material as suggested by a basically black appearance in the
polarizing microscope. In some cases some birefringent lines
with planar alignment, with widths in the range 2—-3 pm, could
be detected (Figure 2). Other samples prepared with settings
that ensured thinner films had a uniformly black aspect. The
origin of the black background is the extremely small thickness
of the LC film, giving negligible effective birefringence, even
for a director in planar orientation. The analysis of these regions
thus relied mainly on atomic force microscopy (AFM,
Figure 3—Figure 9). This technique confirmed that the black
background observed by optical microscopy is not simply the
uncovered substrate but it shows a fibrillar structure reminis-
cent of the optical microscopy textures from the thicker films
produced by casting.

It is thus reasonable to deduce that the LC is also aligned
planarly in these thin films. Indeed, the linear structures that
could also be detected optically in the spin-coated films were
birefringent with a well-defined optical axis, such that they
appeared and disappeared upon rotation of the sample; an
example is shown in the red ellipse in the top and bottom
pictures of Figure 2. It was possible to localize these structures
by AFM as shown in Figure 3. Here an example with overall
diameter in the order of 1.5-2 pum (similar to the lines detected
optically) is shown, together with small elongated aggregates.
The substrate roughness, evaluated as the root mean square of
the AFM topographic values of representative areas of the

image is 1.6 nm.
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Figure 2: Optical microscopy images of a spin-coated sample with
linear structures thick enough to be detected optically. Since their
birefringence depends on the relative orientation of the optical axis and
the polarizers, we have used a reference area, enclosed in the red
oval, for demonstrating the uniform, planar alignment of the director in
the linear structures. The upper and lower images were obtained with
crossed polarizers while the middle one was taken without the
analyzer to show the complete sample morphology.

309.2 nm

[0 um

Figure 3: AFM scan of a thick rope, of similar size to the linear struc-
tures observed by optical microscopy. AFM shows that they are actu-
ally composed of several thinner fibers.

Beilstein J. Org. Chem. 2010, 6, No. 51.

The structure actually appears to be a kind of rope, formed by
thinner fibers, each of diameter in the order of 0.5 pm. In other
regions it was possible to observe the thinner fibers, of dimen-
sions comparable to the ones constituting the thicker rope, not
in aggregates but lying separately on the substrate as can be
seen in Figure 4. These thinner fibers can also be very long, at
least tens of micrometers.

57.29 nm

Figure 4: Thinner, isolated fibers, similar to the ones constituting the
larger rope in Figure 3 are present in other areas of the sample.

The phase transition behavior in the thin spin-coated films
could be studied in the thick linear structures as these were
observable by optical microscopy. Interestingly, this revealed a
drastic difference from the drop-cast sample. In the ropes of the
spin-coated film no phase transition was detected upon heating
from room temperature up to 129 °C, when the material became
isotropic. Therefore only one transition was visible, presum-
ably the liquid crystalline—isotropic transition, demonstrating a
dramatic stabilization of the LC order over a much larger
temperature range than in bulk samples. While we cannot rule
out that the sample is in a glassy state at low temperatures, the
important observation is that the large-scale order is retained.
The increase in the temperature range of the ordered state is an
effect of the confinement of the molecules into a very thin
structure, analogous to the observations made in liquid crystal
confined in electrospun polymeric microtubules [14]. Moreover,
the spatial confinement gives also stabilization of the alignment.
Indeed, after heating the spin-coated sample to the isotropic
phase and then cooling it to the LC state, the original alignment
was preserved and the texture appeared unchanged from the
initial state, in contrast to the observations made on the thicker
drop-cast samples. Thus, these two different preparation
methods lead to a great difference in the stability of molecular
alignment and in the temperature behavior of the material, even
starting from the same solution. This behavior is important for
applications since it may allow large-scale uniform alignment
over a substantially wider temperature range compared to the
bulk LC.
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Because of the close resemblance between the fibers in the
ropes, visible by optical microscopy due to their birefringence,
and the non-aggregated and optically invisible fibers observ-
able only by AFM, we can infer that the alignment in the latter
is also planar. Moreover, if the stabilization of the planar align-
ment occurs in the larger structures, the effect ought to be even
more enhanced in smaller arrangements. Besides these fibers
that can be extremely long, areas with densely packed “elonga-
ted droplets” can also be found, as shown in Figure 5. These
have a width in the order of hundreds of nanometers while the
length is in the micron range. Moreover, they are locally
ordered along the same direction, but over the sample area this
direction changes smoothly, producing a pattern strongly remi-
niscent of nematic organization.

Figure 5: Small, elongated aggregates form a nematic-like texture,
possibly due to the formation of a lyonematic phase during solvent
evaporation.

One explanation for the formation of planar alignment in thin
films (generally thicker than those studied here, however) has
been proposed by Grelet and Bock [15] in terms of the differ-
ence in surface tension at the different interfaces. In that case
the stable LC order in the films appears only upon thermal
annealing. While the same process might be occurring in our
system, the evidence of nematic order — absent in the phase
sequence of HATS — is difficult to explain following this scen-
ario, suggesting that another or additional mechanism plays a
role. One possible explanation could be that, as the solvent
evaporates a concentration is reached at which aggregates of
columnar stacks exhibit an organized phase of lyomesomorphic
type, like the soft columnar nematic phases of diluted discotics
described in other works [16-18]. Discotic molecules aggregate
in small columnar stacks in dodecane and at a certain concentra-
tion these stacks behave as molecules in a calamitic nematic
phase, aligning accordingly. In reference [19] it is reported that
aggregation of the discotic molecules already starts when they

Beilstein J. Org. Chem. 2010, 6, No. 51.

are in solution. This assembly can remain or influence the final
structure together with processing conditions. When all the
solvent has evaporated, the organization into molecular stacks
and their super-organization in nematic order may be frozen in,
explaining the peculiar texture shown by AFM (Figure 5) as
well as the non-standard initial textures of the drop-cast sample
observed by optical microscopy. The tendency to form organ-
ized structures even on the small scale is striking, and it is
clearly important to understand how to control and tune a
desired assembly.

We therefore carried out investigations to study the impact of
the change in the concentration of HATS in toluene at the same
settings for the deposition on substrates of equal size via spin-
coating. Three concentrations were examined: 6 mg/ml,
3 mg/ml and 1.5 mg/ml. The fibrillar texture appeared in all
cases, rendering the assessment of the film thickness more diffi-
cult due to the uneven surface. We found that for the highest
concentration, 6 mg/ml, the layer thickness ranges between 30
and 50 nm. An example of the surface roughness is shown in
the lower part of Figure 6. The surface is characterized by fiber-
like structures that are locally aligned although the alignment
changes in different domains. Arrows have been drawn as a
guide to the eye to identify the local alignment. Unlike the
arrangement of Figure 4, no “particle-like” units could be ident-
ified but only rather long fibers that smoothly bend together
with neighboring fibers. It is not easy to identify the individual
fibers and quantify the dimensions because they are closely

0 10 um 20 um
0 g
10 um
20 um
Above X and Y Scolas in e
50 nm
Il
[
!
0

0 5um

Figure 6: AFM image of a spin-coated sample from a solution of 6 mg/
ml. Below the surface profile along the white arrow shows a presum-
able fiber layer thickness of about 40 nm.
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Figure 7: AFM image of the sample prepared from a concentration of
3 mg/ml.

packed together. They appear quite thick even although the
section of the surface given by the AFM identifies also some
thinner features, suggesting that the thick structures may be thin
fibers aggregating into superstructures.

20 um

20 um V7f 
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Figure 8: Surface topography of the sample prepared from a concen-
tration of 1.5 mg/ml visualized by AFM. The diagram below shows a
section of the surface.
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As expected reducing the concentration decreases the film
thickness to values in the range of 10-20 nm for the sample
produced from the 3 mg/ml solution, cf. Figure 7. Interestingly,
the fibrils now seem to align easier with each other, forming
larger areas of uniform alignment compared to the more
concentrated samples. While it is apparent that the area of
uniform alignment is larger than in the thicker sample, the most
striking feature is the thinning of the fibers that appear more
distinct and almost continuous from the top of the scan to the
bottom thus indicating a length of at least 20 pm.

For the even smaller concentration of 1.5 mg/ml, the resulting
film thickness ranges between 5 and 10 nm. The AFM investi-
gation of Figure 8 shows a structure of quite thin fibers still
largely with a common orientation. Measurement of the lateral
fibril dimension here is difficult, but they appear thinner that
those in the previous samples, and the surface profile shows
more subtle features.

In Figure 9, a higher resolution image of the fiber structure for
this lower concentration sample is shown. The width of these
fibers appears to be in the order of hundreds of nanometers and
their self-assembly renders small parts of the substrate visible.
In the region shown, the alignment of the group of fibers
changes abruptly by about 20° (the two arrows show the local
director orientations). At the change point the fibers break,
giving rise to what looks like a long trench from the top centre
to the lower left-hand corner.

[0 um

Figure 9: Higher resolution scans of the fiber structure of the low
concentration sample.

An overview of the results obtained for cast and spin-coated
samples, in comparison with bulk samples, is provided in
Table 1.

Page 6 of 8
(page number not for citation purposes)



Beilstein J. Org. Chem. 2010, 6, No. 51.

Table 1: Overview of results for the different films compared to bulk samples.

Sample Bulk

Thickness Typically a few um

Phase sequence crystal 69 °C Col, 122 °C

isotropic

Typical alignment and Homeotropic, columnar

structure on ITO glass slides

Conclusion

The discotic liquid crystal HATS showed the tendency to form
fiber-like structures in films prepared from solution using
different methods. In the thicker samples prepared by drop-
casting this texture is however not stable, heating to the
isotropic phase and subsequent cooling resulted in the typical
alignment of HATS5 known from sandwich cells. For all thinner
samples, prepared by spin-coating, a fiber-like texture was
observed, persistent after thermal treatment and stable over a
larger temperature range. The most common arrangement
observed is one of very long fibers that appear thinner at the
lower concentrations of the starting solution, resulting in gen-
erally thinner films. Further studies employing techniques such
as X-ray scattering are needed for the elucidation of the definite
molecular arrangements. However, the preference to form long
fiber structures and the columnar hexagonal phase possessed by
HATS in bulk suggest that this phase may be present in the
observed fibers.

We conclude that even a simple technique such as spin-coating
allows organization of discotic liquid crystals in micrometer-
sized regions of uniform planar alignment. The self-organizing
nature of discotics is thus a powerful and promising tool for

creating controlled nanometric or micrometric structures.

Experimental

HATS was dissolved in toluene at different concentrations and
deposited on square glass substrates of 2.5 cm side length,
coated with indium tin oxide (ITO). The deposition of the solu-
tion was performed by drop-casting or spin-coating, the latter at
a speed of 500 rpm for 10 s. A starting concentration of 7.2 mg/
ml was initially chosen to ensure a macroscopic coverage of the
substrate surface. All the samples were then kept for 2 h at 56
°C in a vacuum oven to ensure complete evaporation of the

solvent.

The investigations of the deposited layers were performed by
polarizing optical microscopy and by atomic force microscopy.
An Olympus BH-2 optical microscope equipped with an Instec
temperature controller allowed the characterization of the phase

transitions and the assessment of the orientation of the

Cast Spin-coated

Enough for optical 5-50 nm
birefringence

crystal 75 °C Col, 125 °C
isotropic

Planar and homeotropic,
(metastable) fiber-like structure

glass (?) 129 °C isotropic

Planar, stable fibers and ropes

molecules in thicker samples. AFM investigations were carried
out with Quesant Nomad atomic force microscope in tapping
mode with super-sharp silicon probes of force constant 5 N/m.

All AFM scans were performed at room temperature.
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Orientational ordering of a homogeneous mixture of uniaxial liquid crystalline (LC) molecules and magnetic nanoparticles (NPs) is

studied using the Lebwohl-Lasher lattice model. We consider cases where NPs tend to be oriented perpendicularly to LC molecules

due to elastic forces. We study domain-type configurations of ensembles, which are quenched from the isotropic phase. We show

that for large enough concentrations of NPs the long range uniaxial nematic ordering is replaced by short range order exhibiting

strong biaxiality. This suggests that the impact of NPs on orientational ordering of LCs for appropriate concentrations of NPs is

reminiscent to the influence of quenched random fields which locally enforce a biaxial ordering.

Introduction

The past decade has witnessed an increased interest in the study
of two-component mixtures consisting of nanoparticles (NPs) in
a host material [1-5]. A characteristic feature of a nanoparticle
is that at least one of its dimensions is of the order of nano-
meters. Such systems are expected to play an important role in
the emerging field of nanotechnology and also in composites
with extraordinary material properties. These mixtures can, in
general, exhibit properties which are not encountered in either
of the isolated components, thus opening the door to new
applications.

Of particular interest are cases where the host component is a
soft material [6]. These materials can then exhibit relatively
strong responses, even to local low-energy excitations. Typical
representatives of soft materials, with great application poten-
tial, are various liquid crystals phases [6]. Their soft character is
due to continuous symmetry breaking by which LC phases are
reached, giving rise to Goldstone excitation modes. LCs are
also optically anisotropic and transparent, whose structure can
be readily controlled by the confining surfaces and by applying
an external electric or magnetic field. LCs exhibit a rich pallet
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of different structures and phases that can display almost all
physical phenomena. In addition, the chemistry of LCs is rela-
tively well developed; therefore the synthesis of LC molecules
with the desired behavior can be achieved with a certain degree
of ease. As a result of these properties, even pure LC systems
have found several applications, in particular in the electro-
optics industry.

We henceforth limit our attention to rod-like LC molecules and
to thermotropic LCs in which liquid crystal phases are induced
by lowering the temperature from the ordinary liquid (isotropic)
phase. The nematic configuration represents the simplest liquid
crystal phase [6]. In the bulk nematic phase LC molecules tend
to be oriented homogeneously along a single symmetry
breaking direction. At the mesoscopic level the average local
orientational ordering is commonly described by the nematic
director field 7. The directions +7 of this unit vector field are
physically equivalent, reflecting the so called head-to tail invari-
ance of LC phase on the mesoscopic scale.

If ensembles are suddenly quenched from the isotropic to the
lower symmetry nematic phase, then unavoidably a domain
pattern forms [7]. The reason behind this is continuous
symmetry breaking and causality (i.e., the finite speed at which
information spreads in a system). Generality of this mechanism
gives rise to a broad universality of the phenomenon. The basic
features of domain pattern dynamics in a pure bulk are
described by the Kibble—Zurek mechanism [8,9] which was
originally introduced to explain the formation of topological
defects in the early universe following the big bang [8]. For the
latter purposes, we summarize main features of this universal
mechanism for the case of the isotropic—nematic (I-N) phase
transition. In the [-N quench the continuous orientational
symmetry is broken. A randomly chosen configuration of the
symmetry breaking field 7 is established in causally discon-
nected parts [7]. This choice is based on local fluctuation medi-
ated preferences. Consequently, a domain structure appears,
which is well characterized by a single domain length &;. At the
domain walls topological defects form. Such a structure is ener-
getically costly due to the high concentration of domain walls
and defects. The costs on average domain growth with time can
be reduced by mutual annihilation of defects [10,11]. In the
pure bulk system a spatially homogeneous structure is gradu-
ally attained. However, if impurities are present, they can pin
the defects [12-14]. Consequently, the domain structure can be
stabilized.

In this contribution we study numerically a mixture of uniaxial
nematic liquid crystals and rod-like NPs using a
Lebwohl-Lasher [15,16] lattice model. We consider cases
where NPs and LC molecules tend to be oriented perpendicular
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to each other and show that in such systems NPs induce strong
biaxiality [17] in LC ordering. Furthermore, we demonstate that
NPs can stabilize the domain pattern giving rise to short range
ordering in the nematic LC phase [18,19].

Results and Discussion
Model

The three-dimensional (3D) spin model simultaneously
describes the orientational field of a LC molecule and the
dimensionless magnetization of the magnetic component. We
henceforth refer to these elements as nematic spins and
magnetic spins, respectively. Here a molecule might represent a
small group of real LC molecules. The system is represented by
a rectangular simulation cell consisting a lattice of N = Ny x N,
x N, sites. Each site is enumerated by a set of indices (7, j, k),
where 1 <i<N,, 1 <j<Njyand I <k <N, and is occupied
either by nematic or magnetic spin S(i, j,k) = S’ijk, which may
point in any direction. At the mesoscopic level, nematic spins
represent the conventional nematic director field. Neighboring
alike spins tend to align in parallel directions, whilst nematic
and magnetic spins tend to be perpendicular to each other. The
probability for a specific site to contain the magnetic
component (instead of LC) is x, yielding on average xN
magnetic spins in the cell. The parameter x is set in advance,
and then the computer random generator is used to insert
randomly magnetic spins into the cell according to the probab-
ility x. During the simulation (relaxation of spins approaching
equilibrium) this positional configuration of magnetic and

nematic spins remains unchanged.

The total energy of the system is given by:

F=2. i M)

ijk
where the energy term f;; equals:

1 _
Sie == 22 S Sun)*
n.n.

The six terms include the spin interactions between the nearest
neighbors (denotation n.n.): the spin S(i, j, k) interacts with
S@+1, j, k), SG-1,j, k), 8G, j+1, k), SG, j-1, k), 8, j, k+1)
and S(i, j, k—1), respectively. The factor 1/2 is included because
each neighboring spin pair is counted twice in the double sum.
The interaction Jj is equal to a constant, Jic_c or JLc-Np OF
Jnp_np, reflecting the cases where an interacting pair is a
LC-LC spin, LC—magnetic spin or magnetic—magnetic spin,
respectively. We scale the system into a dimensionless form by
setting Jy c_c = 1. The parameter (Jyp_np) is taken as positive
since neighbouring magnetic spins tend to align parallel. By
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contrast, we set Jpc_np < 0, tending to orient LC molecules and
NP perpendicularly. In the simulations we take Jyc_rc =
Jnp_Np = 1, and Jp c_np is either set to —1, =2 or —4. The expo-
nent a is equal to 1 for magnetic—-magnetic coupling while for
nematic—nematic or nematic—magnetic coupling it has the value
2. The different values for exponent a for the different kinds of
spins reflects their different symmetry properties. Unlike
magnetic spins, nematic spins are insensitive to an inversion

operation: § = —S§.

The equilibrium spin configuration is obtained by minimizing
the total interaction energy with respect to all the spins. There-
fore, we neglect thermal fluctuations. Consequently, our
approach is sensible, deep in the nematic LC phase region, i.e.
well below the isotropic—nematic phase transition. In order to
satisfy the normalization of the spin vectors, Sy‘kz =1, the
“operational” total interaction energy must be rewritten as:

=2 i @

ik

where:

2

Jije™ = Aijie Sigre™ =D+ Sy

with Lagrange multipliers 4;;, which must also be evaluated in
order to solve the system.

From the obtained spin configurations, we calculate various
quantities which reflect the structural properties of the system.
One of these is the equilibrium total energy which is conveni-

ently normalized to one spin site:

F
<f>_ﬁ (€))

and represents the average energy term per spin.

The orientational ordering of the LC part of the system can be
characterized by the traceless symmetric order parameter tensor
with 3 x 3 components:

3 1
Opn = 5 < Sijk,mSijk,n > _51 )

where Sjji,, is the m-th component of the LC spin Eijk. The
brackets <...> denote the average of the quantity through the

simulation cell and / is the identity matrix.
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The degree of biaxiality of the LC component is measured with
the biaxiality parameter [20,21]

6(TrQ2 )3

2_
B =1 (TFQ3)2

)

where 0 < 2 < 1. The uniaxial states are characterized by
S? =0, and the states exhibiting maximal biaxiality by % = 1.

Average structural characteristics of the system can be inferred
from the orientational correlation function:

3 |
G(l") =E< (Sljk 'Smnl)z > —E 6)

Here <...> denotes averaging over spin pairs separated by a
distance 7. Due to the isotropic character of our ensembles, the
relationship G(7) = G(r) holds.

The correlation function is calculated numerically in the
following manner. First, the “vector index difference” (Ai, Aj,
Ak) is chosen, for instance (2, 1, —3), giving the vector relative
position of correlated spin pairs in units of the nearest neighbor
distance ag. Next, the pairs » and G, corresponding to (Ai, Aj,
Ak), are calculated:

r = (A2 + ()% + (ak)?

1 3 & = 5 1
G N > (E(Sijk “SivAij+A k+AK) —5)
ik

Averaging of individual pair correlations over the spin lattice is
used. To avoid technical difficulties, periodic boundary condi-
tions are performed when one of the indices exceeds the limit.
For example, if i = N, and Ai = 3, we take i + Ai = 3 instead of
N, + 3. This is in accordance with the periodic boundary condi-
tion used in the evaluation of the spins themselves (for instance,
in Equation 2 the “right” nearest neighbor of the spin on the
right border of simulation cell with index i = N, has the corres-
ponding index i = 1).

The “vector index difference” (Ai, Aj, Ak) is systematically
varied to obtain the G(r) dependence, and the data pairs (r, G)
are sorted by increasing distance r. However, the same » may
correspond to different combinations of index differences (A,
Aj, Ak), for instance in all sign combinations of (£Ai, +Aj, +Ak).
By inspecting of the results of numerical simulations, we find

that G is indeed equal in cases with the same r, except for small
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unimportant statistical variations which are subsequently

annulled by averaging G for data pairs (r, G) with the same 7.

To extract structural details from a calculated G(r) dependence,
we fit it with the ansatz [22]

G(r)=(1-5)e )" 4 @)

where & m and s are adjustable parameters. Distances are scaled
with respect to the nearest neighbour distance (. The nematic
domain length ¢ estimates the average length over which LC
molecules are relatively well correlated. The distribution width
of & values is measured by the domain dispersion parameter m.
Dominance of a single coherence length in the system is
signalled by m ~ 1. A magnitude and system size dependence of
the range parameter s reveals the degree of ordering within the
system. The case s = 0 indicates short range ordering (SRO),
whilst a finite value of s is consistent with either long range
ordering (LRO) or quasi long range ordering (QLRO). To
distinguish between these two cases a finite size analysis s(XN)
must be carried out. If s(N) saturates at a finite value, the system
exhibits LRO. If s(N) dependence exhibits algebraic depend-
ence on N then the system possesses QLRO. In our study the
correlation function was calculated only for the LC component
of the system.

Results

We consider homogeneous mixtures of nematic LCs (nematic
spins) and elongated NPs (magnetic spins). For sufficiently
large concentrations x of NPs, such a system could undergo
phase separation. In order to estimate roughly concentrations of
NPs which are well soluble in a LC solvent, we focus on the
chemical potential x of NPs in the mixture. It can be expressed
as [23]

p(x) = p(l) + kgT'In(x) + F, ®)

where x = NNp/(Npc + Nnp), Nnp (i-e., Ny ¢) represents the
number of NPs (i.e., LC molecules) in the system, u(1) is the
chemical potential in the solid phase, kg is the Boltzmann
constant, 7 is the temperature and Fy, is the average binding
energy of a NP with its surroundings. We further assume that
the chemical potential in a diluted and solid NP state are
comparable (depending on the chemical composition of both
phases) and consequently, the system does not possess a ten-
dency for phase separation. With this in mind we obtain kg7
In(x) + Fy, = 0. From this expression we get an estimate for the
upper concentration x,,x of NPs for which a homogeneous

distribution is preserved:
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Xy € 0BT ©)

Therefore, high solubility is preferred by low binding energies
and high temperatures. In order to discern the influence of
geometrical details of NPs we consider dilute mixtures, where

_ Nnpvne
Nxpvne + Necvie

A%
~ xUNP
VLC

holds, where ¢ is the volume fraction of NPs and vyp (i.e., vic)
is the volume of an average nanoparticle (i.e., LC molecule).
Therefore, the upper volume fraction ¢,,x of NPs in a homo-

geneous mixture can be expressed as

~ UNP ~Fp/(kpT)
VLC

max

(10)

We next consider a mixture of a nematic LC phase and ferro-
magnetic NPs. Such mixtures are of interest for the develop-
ment of LC materials with pronounced magnetic properties. It
was shown [24] that in such materials orientational ordering is
predominantly influenced by elastic interactions, which are
several orders of magnitude greater than magnetic interactions.
To demonstrate that we estimate at the mesoscopic level the
typical energy changes related to the reorientation of the
nematic director n from the direction along the local effective
magnetic field B towards the perpendicular direction. Here we
assume that B = ,u01l7[ originates from magnetic NPs, where y
is the magnetic permittivity constant and M = p,, / v\p repres-
ents the magnetization of NPs due to the magnetic dipole
moment p,,. The resulting quadrupolar magnetic field free

energy density change Afg is approximately given by

2 2
Ay ~ |Ax[B* ”O|AX|2pm
24 2 povp

where Ay is the magnetic anisotropy of LC molecules [6]
(which can be either positive or negative). Furthermore, intro-
ducing an elongated NP of length d into a LC, which via surface
anchoring enforces elastic distortion in LC medium, typically
gives rise to free energy penalties of the order AF, = Kd, where
K is the characteristic Frank nematic elastic constant. Typical
nematic material constants are approximately given by K =
10712 J/m, |Ay| = 10719, and for rod like NPs of radius » = 1 nm
we set d/r = 10 and p,, = emu. From this choice of parameters
we obtain AF, >> eV, vNpAfg << eV and consequently, vNpA/p/
AF, << 1. Therefore, elastic forces predominantly influence
orientational ordering of LC molecules that are surrounded by

magnetic NPs.
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Consequently, we henceforth limit the discussion to elastic
interactions between LCs and NPs. In order to obtain qualitat-
ively new features, we consider the case where NP and LC
molecules tend to orient themselves perpendicular to each other.
Such conditions are often encountered in other studies of
mixtures of nematic LCs and magnetic inclusions reported in
the literature [25-27]. On the other hand, we set it that isolated
components possess the tendency for parallel orientation. We
study structural and phase properties as a function of concentra-
tion of NPs in the diluted regime (i.e., x << 1) and of the inter-
action strength |Jp c_np| between NP and LC molecules. We
monitor quasi stable nematic configurations after quenching the
system from the isotropic phase.

In Figure 1 we plot the correlation function G(r) measuring the
degree of orientational order of LC molecules for different
concentrations x. One sees that for sufficiently low concentra-
tions the nematic long range order is preserved, which is mani-
fested in a finite value of 5. However, with increasing x the
value of s decreases monotonously. Our numerical simulations
suggest, that above a threshold value x = x, long range ordering
is replaced by short range ordering. Therefore, for a sufficiently
large concentration the degree of disorder introduced by
randomly distributed elongated nanoparticles is large enough to
destroy the LRO favoured by the pure LC component.

) 20 40 60 80
r

Figure 1: Nematic orientational correlation function G(r) for different
values of x (x =0.01 and 0.25), N =80 x 80 x 80, J_.c_np = -1, JLc-LC
= Jnp-np = 1.

More details of this phenomenon are presented in Figure 2
where the average behaviour of systems, extracted by fitting
Equation 7, is shown on increasing x for different interaction
strengths |Jpc_np|- We plotted the nematic domain length ¢
(Figure 2a), the domain dispersion parameter m (Figure 2b),
and the range parameter s (Figure 2c). As intuitively expected,

¢ decreases monotonously with x, see Figure 2a. Our simula-
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tions suggest & oc x ", where n = 0.33 £ 0.03. The values of m
are strongly scattered around the average value m~1.4+0.2,
where a systematic trend on varying x is not observed as it is
evident from Figure 2b. On the other hand, Figure 2¢ yields
strong evidence that the LRO (or QLRO) is destroyed above a
critical value x.. For s|Jr c_np| = 1 we obtain x, ~ 0.1. To test
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Figure 2: (a) The nematic domain length &, (b) the domain dispersion
parameter m, and (c) the range parameter s as a function of x for
different values of Jic—Np: =1, -2,and -4; Jic-1c = Jicnp =1, N=80
x 80 x 80.
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the existence of LRO we performed finite size analysis for
x =x¢/2 = 0.05. Our numerical results do not show any system-
atic decrease of s on increasing L c N 13 This suggests that the
systems exhibit LRO if x <= x.

We next focus on degree of biaxiality within the ensembles
studied. For this purpose we calculate the biaxiality parameter
[ as a function of x (Figure 3). It can be seen that the degree of
biaxiality is surprisingly strong, even for relatively low values
of x. The average degree of biaxiality A2 is larger than 0.5 above
x = 0.05, which is surprisingly large. The reason behind this is
the local tendency of NPs to reorient LC molecules perpendic-
ular to them. This tendency is similar to that of an external elec-
tric or magnetic field acting on LCs with negative field aniso-
tropy which tends to orient LC molecules perpendicularly to the
field direction [6,28]. In such LC materials an external field
imposes a finite degree of biaxiality.
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Figure 3: Degree of biaxiality 82 as a function of x; Ji c_np: =1, -2, and
=4; Jic-1c = Jic—np =1, N =80 x 80 x 80.

Conclusion

We studied numerically structural characteristics of a diluted
mixture of nematic liquid crystals and ferromagnetic nano-
particles. The concentration x of NPs is low enough in order to
avoid a phase separation process [29]. We consider cases where
both LC molecules and NPs are elongated and tend to be
oriented perpendicularly to each other [25-27]. For simulation
LC
molecules and NPs tend to orient perpendicularly to each other.

we use a Lebwohl-Lasher lattice type model [15].

In actual samples such conditions could be realized for so called
homeotropic [6] surface anchoring at the NP-LC interface of
elongated NPs providing that Wd/K > 1. Here W is the
anchoring strength, K is the characteristic nematic elastic
constant and d is the length of a nanoparticle. We typically
consider ensembles of N = 80 x 80 x 80 elements (i.e., LC
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molecules and NPs). In simulations we quench the systems
from an isotropic phase, where orientations of all particles are

randomly distributed.

Our simulations reveal that NPs act effectively as nematic
domain pinning centres [30]. After quenching, nematic domains
form due to continuous symmetry breaking. In a bulk system
the domains would gradually grow in order to get rid of ener-
getically expensive domain walls [7]. However, the presence of
NPs stabilizes the domain pattern. We find that the average
domain walls scales as & oc x™", where n = 0.33 £ 0.03. Further-
more, for sufficiently large concentrations (x. = 0.1) the LRO
(or QLRO) appears to be replaced by SRO. Our results also
show that NPs strongly support biaxial states [17,31]. Even at
relatively low concentrations the degree of biaxiality is surpris-
ingly high. We obtain 42 > 0.5 above x ~ 0.05.

One of calculated LC (blue) and NP (red) spin patterns in three
perpendicular planes (x—y, y—z, and x—z) cutting the centre of
simulation cube cell is presented in the graphical abstract. The
lengths of lines representing individual spins in the pattern vary
because one of spin components is perpendicular to the plane of

view.
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