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The thermal and optical properties of two series of unsymmetrical liquid crystalline compounds based on an
isoxazole ring are described. Of these materials, 3-7 and 8-12 displayed strong absorption at 285 nm and a weak
blue fluorescence in solution at around 377 nm, even with the presence of a high conjugated core. The fluorescence
quantum yields observed varied from low to moderate (7 = 1-62%), with large Stokes shifts (60178 nm). All
compounds exhibited liquid crystalline behaviour with a wide mesomorphism temperature range and characteristic
phases of calamitic compounds, among them smectic A (SmA), smectic C (SmC) and nematic (N) phases. Their
phases were characterised using polarising optical microscopy and differential scanning calorimetry. In addition,
with X-ray diffraction experiments, layer spacing of 33.3-40.0 A were observed for the smectic phases.
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1. Introduction

Liquid crystals are fascinating materials with inter-
mediate properties between those of solids and liquids.
It is well known that molecular shape has a dominant
influence on the existence of the liquid crystalline state
(1-10). The design of novel thermotropic liquid crystals
as advanced functional materials involves the suitable
selection of a core fragment, linking group and term-
inal functionality. Over many years, a large number of
liquid crystalline compounds containing heterocyclic
units have been synthesised (//-17). Modern synthesis
techniques allow researchers to access tailor-made
materials with predictable properties, particularly in
the field of liquid crystalline materials (/8-21). The
incorporation of heterocyclic moieties as core units in
thermotropic liquid crystals can result in large changes
in their mesophases and physical properties, because
they possess more polarisable heteroatoms, such as
nitrogen, oxygen and sulfur atoms. Interest in highly
m-conjugated liquid crystal molecules containing het-
erocycles (22—31) has increased enormously in the past
decade due to the possibility of their use in organic
light-emitting diodes (OLEDs) (32-34), where elec-
tron-deficient heteroaromatic rings can potentially
offer good charge-transport properties, together with
their inherent self-organisation ability and strong fluor-
escence. In this regard, the isoxazole ring is a good
candidate for materials science. In the early 1990s
there was a flurry of interest in the isoxazole-based
mesogens as calamitic liquid crystals, but the great
difficulty in obtaining just one regioisomer of isoxa-
zoles inhibited this area of study (35-37). However,

with the improvements in synthesis methodologies, iso-
xazole chemistry may take on an important role within
the field of liquid crystalline materials science.
Isoxazoles are strong candidates for technological
applications, particularly as emitters for optical devices
or charge transporters for OLEDs.

Given the depth to which other classes of liquid
crystals have been explored, the structure—property rela-
tionships of isoxazole liquid crystals still remain rela-
tively uncharted, in particular the photophysical
properties. In this context, our interest has been focused
on luminescent liquid crystals containing the heterocycle
isoxazole. Recently, we published (38) the synthesis of
one series of unsymmetric liquid crystal compounds
based on isoxazole (3-7), through the regioselective,
simple and versatile reaction 1,3-dipolar cycloaddition,
using different substituted chloro oximes and phenyl
acetylenes catalysed by copper (I), and a second series
prepared by Sonogashira cross-coupling (8-12).

Besides increasing the m-conjugation, the carbon—
carbon triple bond in a liquid crystal molecule can also
proportionately lead to a large birefringence (39, 40).
The aromatic groups (phenyl, naphthyl or phenylcar-
boxylate) were chosen to extend the rod-shaped liquid
crystal molecules, which changes their length to width
ratio, and also the extended w-conjugated system, with
strong electron donating and withdrawing substitu-
ents. As a continuation of our work on m-extended
heterocycle-based mesogens, we report in this paper
the entire set of thermal and optical properties and X-
ray diffraction (XRD) characteristics exhibited by
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Figure 1. Chemical structures of compounds 3-12.

these new unsymmetrical 3,5-disubstituted isoxazole
liquid crystals (Figure 1).

2. Results and discussion
2.1 Thermal behaviour

The materials studied are divided into two series, 3—7
with an isoxazole ring and different chromophores and
8-12 with a triple bond increasing the rigid core and
different aromatic moieties. These structures are shown
in Figure 1. The thermal properties transition tempera-
ture, phase assignment and enthalpy energy of the com-
pounds were investigated by thermal polarising optical
microscopy (POM), differential scanning calorimeter
(DSC) and thermogravimetric analysis (TGA). The
results are summarised in Table 1. The optical observa-
tions were performed using clean untreated glass slides.
All of the compounds exhibited liquid crystalline beha-
viour with characteristic phases of calamitic molecules.

The bar graph showing the mesophase range of
these series can be seen in Figure 2. In order to under-
stand the effects of varying the m-extended aromatic
portion on the anisometry and mesomorphic beha-
viour of the materials, different aromatic systems
linked to the isoxazole ring were investigated.

The bromide 3, an intermediary used in the synth-
esis of molecules 8-12, also showed mesomorphism
behaviour, with smectic C (SmC) and smectic A
(SmA) phases. The texture displayed by compound 3
was the typical fan shape of a SmA phase, with the
formation of bdtonnets (41) from the cooling of the
isotropic liquid at 179.4°C (Figure 3(b)).

Compounds 4, 6 and 10 only presented the nematic
(N) phase. Compound 6 exhibited the lowest melting
point and lowest temperature range (A7 = 40°C),
while 10 showed the highest melting point and a very
stable N phase (AT = 137°C). The isotropic fusion of
10 was not observed, just the beginning of the decom-
position at 310°C. Figure 3 shows the DSC heating
and cooling scans for compound 4, and only a transi-
tion phase can be observed. The N phases were char-
acterised by schlieren textures, and in Figure 4 curved
dark brushes characteristic of N phases can be
observed (Figure 4(a)).

In a more detailed study, compound 7, containing
phenylbenzoate, showed two smectic phases, SmC and
SmA, rather than only SmA as stated in reference (38),
and compound 12 displayed only the SmC phase. As
can be seen by comparing 7 and 12, the elongation by a
phenyl and triple bond showed a wider mesomorphic
range at around 36°C and the liquid crystalline phase
presented by 7 was SmA and SmC, while that of 12
was only the SmC phase. The fan-shaped texture of
compound 7 confirms that the SmA phase and the
SmC phase were characterised by a schlieren texture
(Figure 3(d)).

Compound 5 shows the SmA and N phases and
compounds 8, 9 and 11 also exhibited dimorphism
with SmC and N phases; these compounds show a
striking increase in mesophases with the length of the
molecules. For compound 9, thermal behaviour was
observed, similar to other compounds with a triple
connection with respect to the temperature range, the
difference being the presence of SmA and N phases.
With these results, one can make some observations: I)
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Table 1. Phase transitions and enthalpies (kJ mol™") of compounds 3-12.

3 Cr 99.6 (28.0) SmC
75.0 (-29.2)

4 Cr

5 Cr 117.6 4537)  gmA
103.0 (-31.7)

6 Cr 73.6 (22.3) or

—_—
—_—

7 o 12054 or 130.0(20.7)  gmC
1127 (-28.7)
8 Cr 94.1 (16.2) can 1255009 spe
107.6 (-17.3)
9 Cr 915 (7.0) or 1347(349)  gmC
112.2 (-16.0) 121.8 (-34.3)
10 Cr 101.7 (47.7) cr
88.1 (-32.2)
u Cr 1304 27.4)  gmC
109.8"
12 Cr 136.1 (27.1) cr

P ———
—_—

113.7 (9.38) SmA 184.6 (6.46) I 350°C
109.8 (~10.4) 1794 (-6.9)
105.6 (57.87) N 186.0 (7.23) I 350°C
945 (-37.92) 183.0 (-736)
135.9 (15.6) N 237.8 (10.37) 1 373°C
1324 (-14.2) 2363 (-9.1)
93.3(35.8) N 133.9(8.3) 1 354°C
66.63 (~20.5) 127.3 (-10.6)
234.6 SmA 244.2 (10.8) 1 388°C
229.1° 238.0 (-2.1)
220.6 (2.9) N 240.1 (1.4) I 181°C
218.9° 237.4°
234.0 (2.0) N 2745 (2.6) I 356°C
228.9 (-6.7) 2704 (1.9)
173.6 (3.0) N >310° Dec. 310°C
265.8 (33.5) N 3165(38)"  Dec.  316°C
242.5" T 30560
139.2 (broad) SmC 3002 (0.8) I 390°C
127.0 (-33.6) 289.5 (1.1)

Cr, Cr’ crystalline phases; SmA, smectic A phase; SmC, Smectic C phase; N, nematic phase; I, isotropic liquid; Dec., start decomposition.
aDetermined by DSC for second heating and cooling cycle (scan rate 10°C min™").

*Determined by optical microscopy.

“Temperature of decomposition determind by TGA analysis, onset of decomposition in nitrogen, 10°C/min.

Compound

R LRl LA L L R R I R R
50 75 100 125 150 175 200 225 250 275 300 325
Temperature (°C)

Figure 2. Bar graph showing a comparative mesomorphic
profile of compounds 8-12.

the smectogenic influence of the ester groups present in
these isoxazole series, compounds 7, 11 and 12, show a
clear tendency to develop smectic phases; I1) for mole-
cule 9, the higher degree of anisometry in comparison to
4 favours the smectic mesomorphism; and III) in con-
trast to this trend the higher degree of anisometry in 5
compared to 10 confirms the disappearance of SmC.
The decomposition temperatures of these materials are
given in Table 1, starting at 310°C for compound 10
and increasing up to 390°C for 12. These temperatures
verified the high stability of the series.

2.2 X-ray diffiraction studies

XRD experiments were carried out on compounds 7,
9, 11 and 12 to investigate the smectic structure exhib-
ited by the mesophases. All the patterns recorded
contain a sharp peak in the low-angle region, arising
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Figure 3. Second heating and cooling trace of 4. This liquid
crystalline compound showed only the N phase.

from the reflection of the X-ray beam on the smectic
layers, and its corresponding higher order peak. The
inter-layer spacing was obtained by applying Bragg’s
law to the first maximum. In addition, the molecular

length of each compound was estimated using ab
initio calculations at the HF/6 — 31G(d) level and the
stationary points were located on the gas phase poten-
tial surface energy by careful variation of the atomic
coordinates. The inclusion of one diffuse wave func-
tion on heavy atoms did not significantly alter the
geometries found at the lower basis set. Figure 5
shows the pattern of compound 9 in the middle of
the SmC phase at 170°C, where the smectic order was
confirmed by the ratio of the value obtained for the
inter-layer spacing (corresponding to the first maxi-
mum and denoted by d; = 34.2 + 1 A) with respect to
the value obtained for the second order peak (denoted
by d» = 17.0 + 1 A). It is well known that this ratio
must obey the relation 1:2:3:4 in smectic phases; in
our case d;/d>, = 2.01 £ 0.02.

The inset of Figure 5 shows in detail the diffuse halo
in the high-angle region related to the short-range cor-
relations between neighbouring molecules in each layer.
It corresponds to an average distance of d3 = 4.5 A,
which is consistent with the liquid-like arrangement of
the molecules within the smectic layers. The same beha-
viour was observed for the four compounds investi-
gated, except for a small shift of the first maximum in
the low-angle reflection due to the different layer

Figure 4. Photomicrographs of (a) the N phase schlieren texture at 235.5°C for compound 8; (b) the SmA phase focal-conic
texture at 120°C for compound 3; (c) the SmC phase broken fan-shaped texture at 234°C for compound 9; (d) the SmC phase
schlieren texture at 120.7°C for compound 7. Samples were sandwiched between untreated glass slides and viewed through

crossed polarisers (33x).
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Figure 5. XRD pattern of compound 9. Inset detail of the
broad halo in the high-angle region.

spacing of the SmA and SmC phases. It is important to
note that the SmA and SmC phases are known to
present practically identical X-ray patterns, but they
can easily be distinguished by the optical texture, as
shown in Figure 4, and by the different layer spacing.

The measured and calculated values for the inter-
layer spacing (d,, and d,, respectively) are presented in
Table 2.

For compound 7 in the SmA phase, where the
molecules are positioned orthogonally to the smectic
layers, despite the fact that the two values should be
equivalent, the calculated value is 5.6 A higher than
that obtained from the X-ray experiments. However,
the distance d,. obtained from the calculations con-
siders the most-extended molecular conformation,
i.e. with all their hydrocarbon chains in the trans
arrangement, which is not necessarily the case in
practice due to the conformational disorder of the
aliphatic chains. In the SmC phase, the molecules
adopt a tilted configuration with respect to the smec-
tic planes; thus, a reduction in the inter-layer spacing
is to be expected, as can be seen for compound 7 at
150°C.

Table 2. Results of the XRD for compounds 7, 9, 11 and
12. Parameter d, is the molecule length estimated using ab
initio calculation at HF/6 — 31 G(d), d,, represents the layer
spacing in the SmC and SmA phases and 6,, is the measured
tilt angle

Compound  Temp (°C)/Phase  d.(A) d,(A) 6, (degree)

7 233/SmA 43.7 38.1 -

150/SmC 36.0 19
9 170/SmC 46.8 34.2 34
11 180/SmC 51.2 333 43
12 200/SmC 51.0 41.0 25

Liquid Crystals 843

The tilt angle can be calculated using the simple
relation 6 = cos ' [d,(SmC)/d,(SmA)], which gives
0 = 19 degrees. Here, we considered that in the SmC
phase the molecules maintain the length measured in
the SmA phase and also do not adopt a more
extended configuration. Regarding the tilt angles in
the SmC phases of the other three compounds, which
do not present SmA phases, we assumed that as in
compound 7, the molecule length in the mesophase is
reduced by a factor of around 5.6 A compared to the
fully-extended length obtained from the calculations.
This seems reasonable, given that the other three
compounds contain the same hydrocarbon chains,
since the contribution of the different mesogenic
cores to the conformational freedom is not signifi-
cant. The tilt angles obtained are also shown in Table
2. By comparing the values of compounds 7,9 and 12,
the inter-layer spacing slightly decreases as the mole-
cular length increases, accompanied by an increase in
the tilt angle. An exception is observed for compound
11, where there is a significant decrease in the inter-
layer spacing in the SmC phase compared to com-
pound 12, which has approximately the same
extended molecular length. This phenomenon can
be explained by the inversion of the ester group in
molecules 11 and 12. When the carbonyl group is
linked directly to the rigid core, the anisometry of
the system remains linear, as can be observed in 12,
but when the carbonyl is replaced by the oxygen in 11,
the anisometry seems to be ‘broken’ and the length of
the layers is shorter. These differences were also
observed in the respective phases.

2.3 Absorption and fluorescent properties

The ultraviolet (UV)-vis absorption and fluorescence
spectroscopic data of isoxazole-based compounds 3-12
in chloroform are summarised in Table 3.

All synthesised compounds displayed similar
absorption and fluorescence spectra. These compounds
showed a maximum absorption peak at around 307 nm
and an intense absorption band peaking between 245
and 311 nm (Figure 6). These absorption bands are
assigned to the m—w* transition due to their high
molar absorption coefficients (¢ = 2.3 x 10> — 4.6 x
10% mol™' em™). Compound 3 displayed two pro-
nounced bands at 256 and 284 nm, but this effect was
not observed for the other compounds, while 5, 9 and
12 showed broad bands. Compounds 5, 6 and 7 exhib-
ited a hypsochromic shift of around 60 nm in compar-
ison to the other materials.

Compounds 3-12 showed a weak blue emission in
solution under a UV-vis lamp (A" 347-423 nm) with
large Stokes shifts (60—178 nm). The quantum yields of
luminescence for these materials were determined
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Table 3. Summary of photophysical
compounds 3-12, in CHCl; solution

properties  of

Stokes
Compound AT mm () Al mm o shiftnm - ®p,°
3 255;289 (1.6. 106) 349 60 0.02
4 303 (2.4. 10°) 369 6 032
5 248 (1.6. 10%) 380 132 018
6 246; 278 (2.3. 105) 424 178 0.01
7 286 (1.0. 10%) 380 9 027
8 309 (7.6. 10°) 418 109 005
9 288; 311; 345° (1.2. 106) 380 69 0.51
10 310 (4.6. 106) 396 86 0.61
1 303 (4.4. 10°) 366 63 0.03
12 315: 334 (1.5. 10%) 377 &2 002

aUnits = mol 'em ™. *Determined using PBD as the standard (® p; =
0.546). “Shoulder peak.

using the standard 2-phenyl-5-(4-diphenylyl)-1,3,4-
oxadiazole (PBD). In general, these compounds give
low fluorescence quantum yields (®z), as noted for 3,
6, 8, 11 and 12, which produced very low quantum
yields of around 1-5%. Molecules 4, 7 and 10 gave
modest photoluminescence quantum yields (27-61%).

3. Conclusions

A study of the thermal and photophysical properties
was performed on two series of compounds derived
from the isoxazole ring. All of the compounds 3-7
and 8-12 displayed liquid crystalline behaviour. These
compounds displayed wide temperature ranges of
mesomorphism, notably compounds 10, 11 and 12,
with more than 130°C of mesomorphism. In general,
compounds 3-7 showed lower liquid crystalline profiles
than molecules 8-12 with an expansive core, resulting

Absorbance

Wavelength / nm

(@)

Normalized emission

from anisometry. The phases observed using POM
were SmA, SmC and N, with schlieren textures and
fan-shaped structures. The XRD confirmed the respec-
tive smectic phases observed, with layer spacing of
33.3-40.0 A. Materials 3-12 displayed strong absorp-
tion at around 285 nm and emission at 377 nm in a
chloroform solution. The fluorescence quantum yields
observed varied from low to moderate (®r = 1-62%)
and showed large Stoke shifts (60—178 nm).

4. Experimental
4.1 Materials

The synthesis of compounds 3-7 was carried out
through the 1,3-dipolar cycloaddition reaction, using
different substituted chloro oximes and phenyl acety-
lenes, and materials 8-12 were prepared through the
Sonogashira reaction from 5-(4-bromophenyl)-3-(4-
(decyloxy)phenyl)isoxazole and different aryl acety-
lenes (42).

4.2 Equipment

The melting points, thermal transitions and meso-
morphic textures were determined using an Olympus
BX50 microscope equipped with a Mettler Toledo FP-
82 hot stage and a PM-30 exposure control unit. An
HP UV-vis model 8453 spectrophotometer was used
to record absorption spectra. Fluorescence spectra
were recorded on a Hitachi-F-4500 fluorescence spec-
trophotometer. The X-Ray diffraction experiments
were carried out with XPERT-PRO (PANalytical)
diffractometer system using the linear monochromatic
Cu Ka; beam (A = 1.5405 A), with applied power of
1.2 kVA. The scans were performed in continuous
mode from 2° to 30° and the diffracted radiation

ittt "
r««‘“‘“‘f««c«f«(«((((««((«m

T T T 1
400 450 500 550
Wavelength / nm

(b)

Figure 6. (a) Absorption and (b) fluorescence spectra of compounds 3-12 in chloroform.
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collected with an X’Celerator detector. The samples
were prepared by prior heating (with a hot stage) of an
amount of powder on a glass plate until the mesophase
temperature was reached, followed by a cooling pro-
cess until solidification took place. As a result, we
obtain a film of around 1 mm thickness. The film
was then placed in the diffractometer chamber on the
TCU2000 — Temperature Control Unit (Anton Paar),
which allows precise control of the sample tempera-
ture during measurement. The films were first heated
until the isotropic or N phase and the diffraction
patterns were collected during cooling
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