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DISCOVER SOMETHING GREAT
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ABSTRACT: Hydrazide-based non-symmetric liquid crystal dimers were synthesized. The liquid crystalline proper-
ties were investigated by differential scanning calorimetry (DSC), polarizing optical microscopy (POM), and powder
X-ray diffraction (XRD). These non-symmetric liquid crystal dimers are evidenced to display the monolayer smectic
C phase. The effects of the lateral intermolecular hydrogen bonding as well as the length of the terminal alkyl chains
and the spacers on the mesophase are discussed. Our studies reveal that intermolecular hydrogen bonding between the
hydrazide groups and microsegregation effect is the driving force for the formation of the monolayer smectic C
structure. Copyright © 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

In recent years liquid crystal dimers'™ (also known as
dimesogens), composed of either two identical (sym-
metric) or non-identical (non-symmetric) mesogenic
units connected via a flexible central spacer, have attrac-
ted attention not only because they are regarded as model
compounds for polymeric liquid crystals®> but also due to
their inherently interesting liquid crystalline properties.*>

There are remarkable differences in the behavior of
non-symmetric and symmetric dimers. For the majority of
symmetric dimers containing terminal alkyl chains, a
simple empirical rule has emerged relating the occurrence
of smectic behavior to the molecular structure; specifi-
cally, if a symmetric dimer is to exhibit a smectic phase
then the terminal chain length must be greater than half
the spacer length.'® Symmetric dimers appear therefore
to have a strong tendency to exhibit monolayer smectic
phases which is due to the incompatibility between the
terminal alkyl chains and the spacers, leading to a
microphase separation into three regions: terminal chains,
mesogenic groups, and flexible alkyl spacers.” In contrast,
non-symmetric liquid crystal dimers often exhibit
intercalated smectic phases, in which specific molecular
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interactions between the two different mesogenic units
account for this specific phase behavior.'7*

It is well known that intermolecular hydrogen bonding
plays an important role in mesophase formation in the
hydrazide derivatives; for example, linear N,N'-bis
(4-alkoxybenzoyl)hydrazines exhibit a cubic phase,”"!
while monomeric, dimeric, and polymeric N,N'-bis
[3,4,5-tris(alkoxybenzoyl)hydrazines form a columnar
phase.”’12 Recently, we have demonstrated that lateral
intermolecular hydrogen bonding was still interacting in
the SmA phase and played an important role in stabilizing
the mesophase of non-symmetric hydrazide derivatives."?
We have also demonstrated that lateral intermolecular
hydrogen bonding was the driving force for the
intercalated smectic phase in symmetric liquid crystal
dimers composing of hydrazide groups.'* If we introduce
lateral intermolecular hydrogen bonding into non-
symmetric liquid crystal dimers, along with the inter-
action between the identical mesogenic units in non-
symmetric dimers, do they still exhibit intercalated
smectic phases dimers? To investigate this, we have
designed a series of non-symmetric liquid crystal dimers
containing alkoxy benzoyl hydrazine and azobenzene
group as the mesogenic units (see Scheme 1), in which the
lateral intermolecular hydrogen bonding was expected to
increase the intermolecular interaction and both the
spacer and terminal chain length were varied with a view
to stabilizing different mesophases and understanding
structure property relationships.
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Scheme 1. The synthetic routes for EmCn

Here, we report the synthesis, phase behavior, and meso-
phase structures of 1-[4-(4'-methoxyphenylazo) phenoxyl]-
m-[(N-(4-alkoxybenzoyl)-N'-(benzoyl-4'-oxy) hydrazine)]
alkane (EmCn) (see Scheme 1).

EXPERIMENTAL
Synthesis

The target non-symmetric dimers, abbreviated as EmCn
(where m signifies the number of methylene units in the
spacer and n indicates the length of terminal alkoxy tail),
were synthesized through the route shown in Scheme 1.
4-{m-[4-(4-Methoxyphenylazo)phenoxy]alkoxy }benzoic
acid (Em) was first prepared as described in Ref. 15, the
target products were obtained through the reaction of
4-{m-[4-(4-methoxyphenylazo)phenoxy]alkoxy }benzoic
chloride and 4-alkoxy benzoyl hydrazine (Cn) in
tetrahydrofuran at room temperature using pyridine as
catalyst. The compounds E6C12 and E6C16 were
purified by recrystallization from DMF, and E3Cn,
ESC16 were purified by recrystallization from THF for
further '"H NMR measurements, FT-IR and elemental
analysis. (Because of the poor solubility, 'H NMR
measurement of E6Cn did not perform.)

1-[4-(4’-Methoxyphenylazo)phenoxyl]-3-[(N-(4-
methyloxybenzoyl)-N’-(benzoyl-4’-oxy)hydra-
zine)lpropane (E3C1). 4-{3-[4-(4-Methoxyphenylazo)
phenoxy]propyloxy }benzoic acid (E3, 0.009 mol) and
thionyl chloride (20 ml) were refluxed for 5h. 4-{3-
[4-(4-Methoxyphenylazo)phenoxy|propyloxy } benzoic
chloride was collected after removing the unreacted
thionyl chloride. Then, 4-{3-[4-(4-methoxyphenylazo)
phenoxy]propyloxy }benzoic chloride and 4-methoxy
benzoyl hydrazine (0.009 mol) were dissolved in tetra-
hydrofuran (100 ml), pyridine (5 ml) was added, and the
resulting mixture was stirred at room temperature for 8 h.
The reaction mixture was poured into an excess of ice
water and the precipitate recrystallized from tetrahydro-
furan.

"H NMR (300 MHz, DMSO) (ppm, from TMS): 2.25—
226 (m, 2H, —C—CH,—C—), 3.83-3.86 (d, 6H,
—Ar—0—CH,), 4.26-4.27 (m, 4H, —O—CH,—C—),
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7.04-7.10 (m, 4H, Ar—H, m-to, —CON—), 7.11-7.17
(m, 4H, Ar—H, m-to, —N—N—), 7.83-7.86 (m, 4H,
Ar—H, o-to, —N—=N—), 7.90-7.92 (m, 4H, Ar—H,
o-to, —CON—), 10.30 (s, 2H, —CO—NH—NH—
CO—).

FT-IR (KBr, pellet, cmfl): 3224, 2946, 2840, 1674,
1642, 1599, 1581, 1561, 1516, 1499, 1466, 1311, 1251,
1179, 1148, 1106, 1058, 1028, 841, 749.

Anal. calcd for C3;H30N4Oq4: C, 67.14; N, 10.10; H,
5.45. Found: C, 66.80; N, 10.10; H, 5.45.

Using the same method, compounds E3C4, E3C6,
E3C12, E3C16, E5C16, E6C12, and E6C16 were
successfully synthesized and characterized. E3C4, Anal.
calcd for C54H36N4Og: C, 68.44; N, 9.39; H, 6.08. Found:
C, 68.55; N, 9.55; H, 6.19. E3C6, Anal. calcd for
C36H40N4O6: C, 69.21; N, 8.97; H, 6.45. Found: C, 68.87;
N, 8.80; H, 6.66. E3C12, Anal. calcd for C4,H5,N,O¢: C,
71.16; N, 7.90; H, 7.39. Found: C, 70.80; N, 7.88; H, 7.64.
E3C16, Anal. calcd for C4HgoN4Og: C, 72.22; N, 7.32;
H, 7.91. Found: C, 72.00; N, 7.41; H, 8.08. E5C16, Anal.
calcd for C4gHg4N4Og: C, 72.70; N, 7.06; H, 8.13. Found:
C, 72.60; N, 6.96; H, 8.21. E6C12, Anal. calcd
for C45H58N406: C, 7197, N, 746, H, 7.78. Found: C,
71.84; N, 7.40; H, 7.85. E6C16, Anal. calcd for
C4oHgsN4Og: C, 72.92; N, 6.94; H, 8.24. Found: C,
73.08; N, 6.59; H, 8.43.

Characterization

"H NMR spectra were recorded with a Mercury-300BB
300 MHz spectrometer, using DMSO-d6 as solvent and
tetramethylsilane (TMS) as an internal standard. FT-IR
spectra were recorded with a Perkin-Elmer spectrometer
(Spectrum One B), using KBr pellets. The thermal
properties of the compounds were investigated with a
Mettler-Toledo DSC821° instrument. The rate of heating
and cooling was 10°C min "', the weight of the sample
was about 2mg, and indium and zinc were used for
calibration. The peak maximum was taken as the phase
transition temperature. Optical textures were observed by
polarizing optical microscopy (POM) using a Leica
DMLP microscope equipped with a Leitz 350 heating
stage. X-ray diffraction (XRD) was carried out with a
Bruker Avance D8 X-ray diffractometer.

RESULTS AND DISCUSSION
Intermolecular hydrogen bonding in EmCn

We have demonstrated that the lateral intermolecular
hydrogen bonding was still interacting in the SmA phase
of hydrazide derivatives."? In order to explore whether the
intermolecular hydrogen bonding exists in these liquid
crystal dimers, temperature-dependent FT-IR spectra
were performed. Take the compound E6C16, for
example, the presence of —NH stretching vibrations at
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Figure 1. The temperature dependent —-NH stretching
vibrations of E6C16 on first cooling: Cr, SmC, and | indicate
crystalline state, smectic C phase, and isotropic state,
respectively

3245cm™’, intense absorption of amide I at 1675,
1653cm ™" clearly indicated that almost all the —NH
groups are associated with —C=—=O groups via —N—
H...0=—C— hydrogen bonding'? at room temperature.
The wavenumbers of —NH stretching vibration of
E6C16 are around 3245, 3265, and 3300cm ™! (very
weak) in the crystalline state, SmC phase, and isotropic
phase, respectively, and in isotropic phase a strong sharp

peak around 3387 cm~' was observed. The observed
—NH stretching vibration frequency at 3265 cm ™" in the
SmC phase and the increase of —NH stretching vibration
by ca. 122cm™!' at the isotropic transition strongly
indicated the presence of the hydrogen bonding in the
SmC phase of E6C16. Fig. 1 shows the temperature
dependence of v (—NH) of E6C16. A sharp increase of v
(—NH) wavenumbers on going from liquid crystalline
phase to isotropic liquid was noticed.

Phase behavior

The phase behavior of EmCn was studied by polarized
optical microscopy (POM), differential scanning calori-
metry (DSC), and powder XRD. The compounds E6C12
and E6C16 show enantiotropic smectic C with schlieren
textures, as shown in Fig. 2a. The compounds E3C12,
ES5C16, and E3C16 exhibit monotropic smectic C phase
in which schlieren coexistence with fan-like texture or
schlieren textures were observed (Fig. 2b), and the broken
fan-shaped texture (Fig. 2c¢), which on shearing gives a
schlieren texture. The compound E3C1 shows mono-
tropic nematic phase, its optical texture showed the high
mobility which flashes when subjected to mechanical
stress (Fig. 2d). However, no mesophase was observed for
E3C4 and E3C6.

Their transitional temperatures and associated enthal-
pies were summarized in Table 1. It can be seen that

(a) (b)
(c) (d)

Figure 2. Polarizing optical photomicrograph of E6C16, E5C16, E3C1, and E3C16. (a) Schlieren texture of E6C16 at 188 °C
(200x); (b) schlieren textures of E5C16 at 157 °C (200x); (c) broken fan-shaped texture of E3C16 at 155.6°C (400x);

(d) nematic texture of E3C1 at 168 °C (200x).

Copyright © 2007 John Wiley & Sons, Ltd.
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Table 1. Transition temperatures (°C) and enthalpies (kJmol~", in parentheses) of EmCn

Compound First cooling Second heating

E3C1 1181 (1.2) N 151 (39.7) Cr Cr 196 (52.2) 1

E3C4 1172 (47.6) Cr 93 (0.5) Cr Cr 186 (47.7) 1

E3Co 1173 (51.1) Cr Cr 187 (55.1) 1

E3C12 1175 (6.8) SmC 153 (39.5) Cr Cr 174 (2.4) Cr 183 (50.7) 1
E3C16 1168 (5.26) SmC 151 (30.7) Cr 134 (2.2) Cr 106 (4.74) Cr Cr 109 (5.3) Cr 176 (34.7) 1
E5C16 1169 (8.4) SmC 147 (36.9) Cr 116 (1.2) Cr Cr 119 (1.0) Cr 141 (20.0) Cr 170 (47.7) 1
E6C16 1199 (14.6) SmC 177 (42.7) Cr 156 (16.7) Cr Cr 188 (74.6) SmC 201(14.1) I
E6C12 1195 (13.3) SmC 172 (39.3) Cr Cr 183 (42.7) SmC 196 (12.6) 1

Cr, SmC, and I indicate crystalline state, smectic C phase, and isotropic liquid, respectively.

length of the terminal alkyl chains plays an important role
in the formation of the mesophase. Compounds E3Cn
with long alkyl chain such as E3C12 and E3C16
exhibited monolayer SmC phase, whereas nematic phase
for E3C1 and non-mesomorphic for E3C4 and E3C6.
Both the melting and clearing points of ESC16 are much
lower than those of E6C16, which indicated the
characteristic odd—even effect in EmCn, as usually
observed in liquid crystal dimers.'"

Mesophase structure of EmCn

In order to obtain further information on molecular
arrangements in their mesophase, variable temperature
XRD was performed on EmCn. A characteristic pattern
of the nematic phase was observed in the mesophase of
E3C1. The XRD pattern of E6C16 in the smectic phase
contains two sharp peaks in the low-angle region
implying the formation of a layered structure, and a
broad diffuse peak in the wide-angle region centered at a
spacing of 4.6 A, indicating liquid-like arrangement of the
molecules within the layers, as shown in Fig. 3. The layer
spacing (d) is 50.42 A, which is a little bit smaller than the
estimated all-trans molecular lengtoh (l) of the most
extended conformation of 56.56 A, considering its
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Figure 3. X-ray diffraction (XRD) pattern of E6C16 at
190°C

Copyright © 2007 John Wiley & Sons, Ltd.

schlieren texture, indicating that the molecules of
E6C16 are arranged in a monolayer with the molecular
long axis tilted with respect to the layer normal (SmC). So
we can propose that the molecules should have the
ordering with alternating orientations of the mesogens, as
shown in Fig. 4, in which the azobenzene part can be
considered more or less as a part of one of the tails, while
the hydrazide-containing segment as the rigid core that is
quite close to the center of the molecules. Moreover, this
packing model is in favor of formation of intermolecular
hydrogen bonding between the hydrazide-containing
groups, which was confirmed through variable tempera-
ture FT-IR experiments. Similar molecular arrangements
were observed for compounds E3C16, E3C12, ESC16,
and E6C12 in their SmC phase; data for d, /, and d/I ratios
are collected in Table 2.

An intercalated smectic phase has generally been
observed in non-symmetric liquid crystal dimers, and it is
accepted that special interaction between the different

i

Figure 4. A sketch of the monolayer smectic C of E6C16
(the dashed lines indicate the lateral hydrogen bonding
between mesogens, ellipse and filled ellipse represent differ-
ent mesogenic groups)
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Table 2. Summary of XRD results for EmCn in their meso-
phases

Molecular Layer
Compounds  length® [ (A) T (°C) spacing d (A) dll
E6C16 56.56 190 50.42 0.89
E6C12 51.95 190 46.14 0.89
E3C12 48.35 160 38.05 0.79
E3C16 53.39 160 43.23 0.82
E5C16 55.83 160 44.57 0.80

#Molecular length was calculated by MM2.

mesogenic moieties is responsible for the specific
structure.'™ Tt is true that long terminal alkyl chains
will cause microphase segregation in EmCn and thus
favor the formation of layer structure, while the onset of
lateral hydrogen bonding between hydrazide groups
facilitate tilting of the mesogenic groups as well as
monolayer arrangement. Thus, the monolayer SmC phase
of EmCn with long terminal chains was due to the
combined effect of microphase segregation and the lateral
hydrogen bond. Especially, in the present non-symmetric
dimers, lateral hydrogen bond between the same kinds of
mesogenic groups plays an important role for the
formation of monolayer structure, which has been
demonstrated to be the driving force for the intercalated
smectic phase in symmetric liquid crystal dimers
composing of hydrazide groups as reported previously
by us.'* The present results showed that it was possible to
fine-tune the molecular arrangement through introducing
specific lateral intermolecular interactions and control-
ling the balance among different interactions.

CONCLUSION

In the present study, we have introduced intermolecular
hydrogen bonding into non-symmetric liquid crystal
dimers, by choosing the hydrazide group in the mesogenic
units; and monolayer smectic C phases in these non-
symmetric dimers were observed. The lateral hydrogen
bonding between the hydrazide groups and microsegre-
gation effect was the driving force for the formation of the
monolayer smectic C structure. The lengths of terminal

Copyright © 2007 John Wiley & Sons, Ltd.

alkyl chains also play key roles in the formation of the
stable smectic phase.
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