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Liquid crystalline side chain methacrylic azo containing polymers

C.M. González-Henrı́queza*, E.A. Soto-Bustamantea, D.A. Waceols-Gordilloa and W. Haaseb

aUniversidad de Chile, Facultad de Ciencias Quı́micas y Farmace�uticas, Olivos 1007, Casilla 233, Santiago 1, Chile; bTechnische

Universität Darmstadt, Physikalische Chemie I, Petersenstr. 20, 64289-Darmstadt, Germany

(Received 22 December 2008; final form 15 May 2009)

This paper describes the synthesis and characterisation of methacrylic liquid crystalline side chain polymer containing
azo group, with (PM6OAn) and without (PM6An) hydroxyl group. The characterisation was done by using a
polarised light microscope (PLM), differential thermal analysis (DTA), and X-ray diffractometry. All compounds
developed bilayer smectic phase, with a certain degree of interdigitation between the layers. Poly[{3-hydroxy-4-[(E)-
(4-octyloxyphenyl)diazenyl]phenoxy}hexyl]-2-methyl-prop-2-enoate (PM6OA8) exhibits a smectic A phase, whereas
the other polymers show a SmC phase. Pyroelectric investigations show only an antiferroelectric behaviour for poly
[{3-hydroxy-4-[(E)-(4-dodecyloxyphenyl)diazenyl]phenoxy}hexyl]-2-methylprop-2-enoate (PM6OA12) and a para-
electric behaviour for PM6OA8, poly[{4-[(E)-(4-dodecyloxyphenyl)diazenyl]phenoxy}hexyl]-2-methylprop-2-enoate
(PM6A12) and poly [{4-[(E)-(4-octyloxyphenyl) diazenyl] phenoxy} hexyl]-2-methylprop-2-enoate (PM6A8).
Finally, the E-Z photoisomerisation of the chromophores in solution was probed to exist in PM6A12 and PM6A8.

Keywords: azo aromatic polymers; bilayer smectic phase; photoisomerisation

1. Introduction

Liquid crystalline polymers (LCPs) containing

azobenzene group have been widely studied overall in

the field of optical materials (1–11). Most of these

studies were based on the change in the optical
anisotropy of the molecules within the liquid crystalline

system, a property that can be driven photochemically.

They usually are influenced by external stimuli such as

photo-irradiation, change of temperature or applica-

tion of an electric field. The photochemical process of

the E-Z isomerisation (12) can be reversed by selecting

the appropriate wavelength of irradiation.

In this work, we report the synthesis and character-
isation of methacrylic liquid crystalline side chain azo

containing polymers Poly[{3-hydroxy-4-[(E)-(4-alky-

loxyphenyl)diazenyl]phenoxy}hexyl]-2-methylprop-

2-enoate (PM6OAn) or poly [{4-[(E)-(4-alkyloxyphe-

nyl)diazenyl]phenoxy}hexyl]-2-methylprop-2-enoate

(PM6An) (see Figure 1). The abbreviation used indi-

cates the presence of a polymer (P), methacrylic-like

(M), linked through a six methylene unit as spacer (6)
to the aromatic group (A). The aromatic group con-

sists of two phenyl rings linked through an azo group

in para position, where the nearest phenyl ring to the

spacer (PM6) remains with and without a hydroxyl

group in meta position (R). The aromatic group pos-

sesses, in its para position, an alkoxy flying tail with an

octyl and dodecyloxy unit (8 and 12), respectively.

Figure 1 shows the general structure of the polymers.
Our polymeric compounds are characterised by 1H-

NMR and gel permeation chromatography (GPC).

The liquid crystalline properties are studied by DTA

and mesophases corroborated by X-ray. The electric

behaviour of the composites was investigated using

the pyroelectric technique. Finally, the E-Z isomerisa-

tions in the azo compounds are achieved by applying a

specific wavelength to the materials.

2. Experimental

2.1 Apparatus used

The polymers synthesised were characterised by 1H-

NMR spectroscopy using a 300 MHz spectrometer

(Bruker, WM 300). The weight, number, and z-average

molecular weight Mw, Mn, Mz, the polydispersity index

(PDI) and intrinsic viscosity (�) for the polymers were

determined by GPC using a Waters 600 Controller

microflow pump, with a Waters 410 Differential

Refractometer as detector. A styragel HT4 (Waters)
column, with tetrahydrofuran HPLC graded as eluent

with a flow rate of 0.3 ml min-1 was used. The material

used for calibration was polymethylmethacrylate

(PMMA) as primary standard of known molecular

weight ranging from Mw 5050 to 280,000 (WAT

035707 and WAT 035706).

The phase transition temperatures for the investi-

gated polymers were determined using a differential
thermal analyser (Mettler, FP90 DTA) with 0.1 K of

accuracy. A polarising microscope (Leica, DLMP),

equipped with a heating stage (HS-1, Instec) was

used for temperature-dependent investigations of

liquid crystal textures. A video camera (Panasonic,
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WVCP414P), installed on the polarising microscope,

was coupled with a video capture card (Miro DC-30)

that allowed real-time capture and image saving. The

samples were supported between glass plates.

X-ray measurements were carried out using CuK�
radiation; the samples were contained in 0.8-mm glass

capillaries (Lindemann) and held in a copper block.

The precise data for aligned samples in the small angle
region were obtained by focusing a horizontal two-

circle X-ray diffractometer (STOE STADI 2) with a

linear position-sensitive detector for data collection.

The temperature was stabilised within the range of

30�C to 170�C at �0.1 K during the measurements.

For obtaining the pyroelectric signal (�) of the

polymers, the samples were confined in cells of 8 �m

thickness at the isotropic phase for capillarity. The
cells were placed inside a temperature-controlled ther-

mal oven (Linkam THMSE 600) that allows a tem-

perature control ranging from 0.1�C min-1 up to 20�C
min-1. To achieve low temperatures, an external cool-

ing system (temperature-regulated cooler Linkam

CI93 and Linkam LND) was used. The temperature

variation pulses were applied to the samples using

modulated light from a semiconductor laser (� = 685
nm, P = 27 mW, modulation capability from DC to

5 MHz) fed by a 5DC volts power supply. The modula-

tion frequency is provided by the lock-in amplifier at

70 Hz (EG&G Model T260 DSP); an oscilloscope

(Hewlett Packard 54600A, with 2 channel 100 MHz)

was used to corroborate in real time the evolution of

the pyroelectric signal. The pyroelectric response from

poled samples was measured as a sine voltage with the
lock-in amplifier. To carry out the poling process, an

external DC supply was used, constructed using stan-

dard 9-V batteries connected in series. The obtained

data were acquired with a computer connected to the

lock-in amplifier, and the data were further processed

by appropriate software. The hysteresis loop was

obtained using the same technique by following the

pyroelectric signal developed for a sample at a con-
stant temperature.

The UV-Vis spectra in THF solution were

recorded using an ATI Unicam UV/Vis Spectrometer

UV3. The light source for photo-irradiation was a 450

W meium pressure mercury lamp (Model B 100 AP)

and a commercial dichroic lamp of 50 W for E-Z

isomerisation. The wavelength was chosen at 360 nm

for E!Z and 450 nm for Z!E isomerisation. In the

first case, a bandwidth filter with two specific wave-

lengths at 366 nm and 746 nm (50.27% and 9.47%

transmittance) was used. In the second case, a Vis-

filter was used, with a cut-off at 392 nm (80–89%

transmittance).

2.2 Polymerisation process of azo-containing
monomers

The monomeric molecules were synthesised using

well known methods described (13). The correspond-

ing polymers were prepared using a typical metho-

dology already described in (14–16), which can be

summarised as follows. The monomers (0.5 g) were

dissolved in dry toluene (4 ml). The reaction mixture
was introduced into a Pyrex glass vial under nitrogen

atmosphere. Afterwards, 2,2¢-azobis-isobutyronitrile

(AIBN) was added as radical initiator (17). The vial

was degassed with nitrogen, sealed, and the reaction

mixture was heated for 48 h to 60�C. The concen-

trated reaction mixture was directly poured into an

excess of acetone to eliminate the excess of non-react-

ing monomer. The polymer formed was filtered off
and cleaned successively by refluxing the solid in

acetone and drying it overnight at 50�C under

vacuum.

The polymer parameters were assessed by GPC and

the values are summarised in Table 1. The structures of

the polymers were determined by 1H-NMR spectro-

scopy. The following is the 1H-NMR for PM6OA12

and PM6A12: Poly[{3-hydroxy-4-[(E)-(4-dodecyloxy-
phenyl)diazenyl]phenoxy}hexyl]-2-methylprop-2-enoate

(PM6OA12) 1H-NMR (CDCl3) � ppm: 13.45 (s, 1H,

OH-Arom-);7.58 (d, 2H, N=N-ArH), 7.51 (d, 1H -O-

Ar(OH)-H-N=N-), 6.79 (d, 2H, -O-ArH-N=N-), (6.39

dd 1H and 6.26 d 1H, -O-2H-Ar(OH)-N=N), 3.80 (m,

Figure 1. Polymers with R = H, n = 12 (PM6A12); R = H, n = 8 (PM6A8); R = OH, n = 12 (PM6OA12); R = OH, n = 8
(PM6OA8).

Table 1. Molecular weight characterisation of polymer
liquid crystals used in this study.

Polymer Mn Mw Mz PDI nw

PM6OA8 16.677 56.119 108.125 3.36 110

PM6OA12 13.241 46.746 101.907 3.53 82

PM6A8 12.491 42.571 96.631 3.41 86

PM6A12 17.242 64.199 119.549 3.72 116
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6H,-CH2-O-Ar; CO2-CH2-); 1.66–1.17 (m, 28H,

-CH2-),0.79 (t, 3H, -CH3-). Yield: 50%.

Poly[{4-[(E)-(4-dodecyloxyphenyl)diazenyl]phenoxy}-

hexyl]-2-methylprop-2-enoate (PM6A12) 1H-NMR

(CDCl3) � ppm: 7.69 (d, 4H, N=N-ArH), 6.82 (dd,

4H, -O-ArH-N=N-), 3.80 (m, 6H,-CH2-O-Ar; CO2-

CH2-), 1.66–1.18 (m, 28H, -CH2-),0.79 (t,3H, -CH3-).

Yield: 40%.

2.3 Gel permeation chromatography

Table 1 summarises the molecular weight characteri-

sation of the studied samples. No traces of monomer

or oligomer fractions in the samples were detected in

the chromatograms. The molecular weight relation-

ship between different molecular weights was as

expected: Mz . Mw .Mn. All the molecular weights
of polymers fall between 40,000 and 65,000 D approxi-

mately. This fact, together with a quite reasonable

dispersion index (PDI =Mw=Mn) ranging from 3.36 to

3.72, reflects the polymeric nature of the freshly poly-

merised samples, with a polymerisation degree nw in an

interval from 85 and 120.

3. Results and discussion

3.1 Polarised light microscopy

The polarised light microscopy confirmed two types of

mesophase present in the studied polymers, by cooling

and heating. Figure 2(a) shows the texture of a smectic

C phase at 161.1�C for PM6A12, also seen in samples

of PM6A8 and PM6OA12, where it is possible to see

the presence of singularities possessing four brushes

with s = �1. This texture is called schlieren and the

brushes appear smoother and somehow washed out

for the smectic C phase. A different texture is observed

for the polymer PM6OA8, which developed a smectic

A phase. This topology consists of smectic layers

arranged basically perpendicular to the substrate of

plane producing an ellipse, showing a perfect system of

Dupin cyclides (see Figure 2(b)). Both mesophases are

observed in all the liquid crystalline ranges of each
polymer sample.

3.2 Differential thermal analysis

Table 2 summarises the phase transition temperatures

for the polymers, taken as the maximum temperature

in the DTA enthalpic peaks, as well as the correspond-

ing glass transition temperature (Tg). The thermo-

grams showed one event by cooling and also by

heating, related to the change from the liquid crystal-

line to the isotropic state and vice versa. In case of

PM6OA12, two peaks can be observed, one of them
related to the transition to the isotropic state as well,

and the second one at lower temperature, related to

the crystallisation process. All the polymers show a Tg

that is typical for this class of compounds, between

71�C and 94�C. It is important to note that the glass

transition temperature is a thermodynamic parameter,

and thus parametrically depends on the cooling rate.

These data are obtained from the first scanning by
heating, using a heating rate of 4�C min-1, where Tg

was taken as the half-devitrification temperature.

Below Tg, the polymers take on a fragile confor-

mation, they become rigid and brittle, and can crack

and shatter under stress. If we increase the tempera-

ture over Tg, a greater flexibility appears, showing the

liquid crystalline character of the samples typical of a

soft material.

(a) (b)

Figure 2. Representative liquid-crystalline textures. (a) Smectic C phase (PM6A12, T = 161.1�C); (b) smectic A phase
(PM6OA8, T = 130�C).
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3.3 X-ray studies

X-ray measurements were carried out in polymers
PM6OA12, PM6A12 and PM6A8. Attempts to char-

acterise the polymer PM6OA8 by X-ray diffraction

were unsuccessful due to a smaller amount of sample.

The X-ray diffraction patterns for PM6A8, PM6A12

and PM6OA12 show a series of reflections corre-

sponding to d001, d002 and in the case of PM6A8, to

d003 also. The presence of these peaks, together with

the temperature dependence of the interlayer distance,
supports the existence of a smectic C phase in the

samples. The first reflections, corresponding to the

interlayer periodicity, significantly exceed the length,

L, of the side chains, where d/L is in the range 1.62 to

1.45, depending on temperature. This implies a bilayer

arrangement of side-chain mesogenic units in smectic

layers, with a certain degree of interdigitation at the

interface. The broad peaks in the wide angle region
permit us to calculate the average intermolecular dis-

tances, D, within the smectic layers (Table 3). Thus

molecular packing within the smectic layers must be

considered as liquid-like. The PM6OA12 polymer,

which has a hydroxyl group in meta position of the

aromatic core, shows a diffraction peak in the wide

angle region broader than in the case of the PM6A12

polymer. This can be understood as a more liquid-like
behaviour of the side chains accompanied by an

increase of the distance D due to lateral substitution.

The experimental interlayer spacings (d), taken

from X-ray measurements, are displayed in Figure 3.

All polymers show a smectic C phase between 180�C
and 80�C. At low temperature only a smooth change

of interlayer distance is observed, which could be

related to a decrease in the movement or arrangement

of the molecules due to a decrease in the viscosity of

the system. This change must be related to the glass

transition temperature of the system, observed by

DTA in the first scanning by heating and not detected

by PLM. Interestingly, the interlayer distance for
polymer with side chains without OH group in the

aromatic core (PM6A12) shows a larger value when

compared with the corresponding PM6OA12 sample.

This result is in good agreement with our previous

studies on Schiff Base compounds (18), where the

layer periodicity for PM6B8 without OH group was

also larger than for PM6R8, the homologous com-

pound with lateral hydroxyl group, 54 Å against 51 Å
respectively.

The explanation of this must be in the molecular

conformation of the side chains, which allows the

hydrogen bonding between the hydroxyl and the

nitrogen in the azo linkage of the aromatic core. In

the case of molecules without hydroxyl group no inter-

actions with the aromatic core through hydrogen

bonding are allowed and the side chains adopt a
more relaxed structure, with a small tilt angle and

therefore a long interlayer distance.

Table 2. Heating and cooling scans obtained by differential thermal analysis (DTA) for the
investigated polymers.

Sample Heating Cooling

PM6A8 G-79.8-SmC-164.1�C(34.2 J g-1)-I I-159.3�C(-28.0 J g-1)-SmC-n.d.-C

PM6A12 G-88.2-SmC-175.3�C(11.8 J g-1)-I I-171.2�C(-12.1 J g-1)-SmC-n.d.-C

PM6OA8 G-88.0-SmA-151.3�C(7.4 J g-1)-I I-149.3�C(-6.0 J g-1)-SmA-n.d.-C

PM6OA12 G-93.3-SmC-178.3�C(9.0 J g-1)-I I-173.7�C(-8.3 J g-1)-SmC n.d.-C

n.d., not determined.

Table 3. Experimental interlayer distances d, average
intermolecular distances in the layers D and tilt angles �
for the mesophases.

Polymer, T = 140�C d(001) D Angle �

PM6A12 60.12 4.59 39.1

PM6A8 54.14 4.37 36.5

PM6OA12 57.80 4.43 (90) 41.8 Figure 3. Temperature dependence of the interlayer distance
under cooling for the polymers.
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3.4 Pyroelectric measurements

Preliminary results on pyroelectric measurements

were carried out using the modulation pyroelectric

technique described above. The poling process was
carried out from the isotropic state until room tem-

perature through the liquid crystalline phase. The bias

strength was 103 V, around 10 V �m-1 at 20�C. The

external field was removed and the samples were con-

nected to the lock-in amplifier and heated to 4�C
above the isotropic state.

The values of the pyroelectric coefficient (�) for the

polymers were obtained using a pulse pyroelectric
technique (14,15) according to the simple equation

(T1 is the transition temperature to the isotropic

phase):

PsðTÞ ¼
RT

T1

�ðTÞdT : ð1Þ

The correct scale for (�) and Ps was introduced by

comparison of the pyroelectric response at a certain

temperature with the value measured for a known

ferroelectric substance, in this case FLC-397 (19).

The temperature dependence of the pyroelectric sig-

nals for PM6OA12 is shown in Figure 4(a).

In the case of PM6A8, PM6A12 and PM6OA8, the

typical repolarisation loop in coordinates’ bias voltage-
pyroresponse shows near linear field dependence that

is characteristic for linear dielectrics with field-induced

polarisation. For the first two samples the explanation

can be found in the absence of hydrogen bonding, due

to the absence of OH groups. In the case of PM6OA8,

the only explanation arises from the presence of an

orthogonal interdigitated SmA phase, which in the

case of liquid crystals is due to symmetry considera-
tions, and is a well-known para-electric.

Opposite to that, PM6OA12 developed a pyroelec-

tric signal from the glassy state inside the liquid crystal-

line phase. As can be seen in Figure 4(a) the pyroelectric

response decreases in the glassy state. Also the phase

transitions are shifted to lower temperatures. This fact

may be indicative of a decrease in the value of the

viscosity of the sample. The calculated macroscopic

polarisation using Equation (1), from the obtained pyro-
electric signal, shows moderate values of polarisation,

estimated to be 65 nC cm-2 when compared with our

previous samples. In the case of our Schiff bases values

for composites consisting of polymers and their corre-

sponding monomers (14–16) were reported as high as

400 nC cm-2. The samples show typical antiferroelectric

loops corresponding to three stable states: one with zero

polarisation in the absence of the field, and two states
with the macroscopic polarisation orientated along two

possible directions of the external field (see Figure 4(b)).

3.5 Photoresponsive properties

Once again, differences were noticed depending on the
aromatic substitution, which can be easily understood

since ortho hydroxy substituted azobenzols do not

undergo E-Z isomerisation, but tautomerisation due

to proton transfer to the corresponding hydrazone,

which also is responsible for the luminescence process

observed in these compounds (20) Attempts to obtain

E-Z isomerisation were completely unsuccessful under

our experimental conditions.
The phenomenon of E-Z photoisomerisation was

studied in tetrahydrofurane (THF) solutions of

PM6A12 and PM6A8 not possessing OH group.

Figure 5 shows the UV-Vis spectra of LC-azopo-

lymer dissolved in THF. After 20 s of UV light irradia-

tion, the high intensity absorption peak of azobenzene

in the E form centred at 359 nm (	–	* transition)

(a) (b)

Figure 4. (a) Pyroelectric response; (b) hysteresis loop for the polymer PM6OA12 at 140�C.
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almost disappears, and is replaced by a low intensity

absorption peak of azobenzene in the Z conformation

near 450 nm (n–	*). The UV irradiation caused both

the diminution in absorbance around 359 nm and an

increase in the absorbance to the 450 nm, indicating

the E!Z photo-isomerisation.

Visible light at 450 nm induced Z!E photo-

isomerisation of the azobenzene. When the polymer is
irradiated for 1 h, the quantity of side chains that relax

back through this process is smaller (see Figure 5(b),

t = 60 min, A = 0.50) than the amount of molecules that

initially transit from E!Z conformation due to UV

light exposition (see Figure 5(a), t = 0 min, A = 0.61).

Further irradiation with 450 nm does not change the

absorption peak of E azobenzene.

After reaching the limit of Z absorbance, around
1 h, we left the compound overnight in darkness, with-

out irradiation. A slight increase in the absorbance of

the E configuration, when compared with the initial

one, was observed, which may be related with the loss

of the solvent.

Both absorption spectra show two isosbestic

point, at 319 nm and 428 nm, where two absorping

molecules are present in equilibrium. The gradual
decrease in absorbance at longer wavelengths may

be an evidence for cyclo-addition or isomerisation

reactions (21).

The ratio E/Z of the azo compounds produced for

the UV and Vis irradiation was determined by means

of Equations (2) (22) and (3). To estimate the per-

centage of Z azobenzene at the photostationary

state, Equation (2) was used. Here A0 and Az corre-
spond to the absorbance at 360 nm before irradiation

and at any time during irradiation, respectively.

When the conversion reaches about 100%, we can

estimate the irradiation time for the full E!Z

isomerisation:

%Z ¼ 100ðA0 � AZÞ=A0: ð2Þ

The percentage of E azobenzene at the photosta-
tionary state, produced for the UV-Vis irradiation,

was determined by means of Equation (3), where A0

and AE are the absorbance at 359 nm before irradia-

tion and at any time during irradiation with 450 nm

wavelength, respectively:

%E ¼ 100ðAEÞ=A0: ð3Þ

Within the first seconds a very fast change of the

chromophores is observed, the Z configuration taking

place, reaching a maximum of 95% for the PM6A12

and 99% of conversion for the PM6A8. The PM6A12

reached the Z configuration faster than the PM6A8

polymer, which is reflected in the percentage after 30 s

of irradiation, which must be related with a high flex-

ibility of the side chains in the solvent due to the longer
aliphatic chain. The feedback isomerisation is rather

slow, due perhaps to less quantum efficiency of the

visible lamp, compared with the UV-Vis one.

4. Conclusion

Polymers PM6OA12, PM6A12 and PM6A8 show a

smectic C phase within the whole liquid crystalline
temperature range, whereas polymer PM6OA8

presents a smectic A phase. All these data are corro-

borated by DTA, PLM and X-ray diffractometry. The

layer arrangement in these materials is strongly

affected by the lateral OH group substitution. They

adopt a less relaxed structure exhibiting a small angle

and therefore a big interlayer distance that can be

explained by intramolecular interaction or hydrogen
bridges. In the opposite case, when no OH group is

(a) (b)

Figure 5. (Colour online). Changes in the absorption spectra for the PM6A12: (a) E!Z; (b) Z!E photo-isomerisation.
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present, the tilt angle in the mesophase is more pro-

nounced, reflected in shorter interlayer distance.

Polymer PM6OA12 presents an antiferroelectric

behaviour, expressed in the developed hysteresis

loop, where molecules adopt an opposite tilt direction

for alternate smectic layer, with an unwounded state

of polarisation at zero field.

In the case of the other materials, in polymer
PM6OA8, the presence of the orthogonal SmA phase

does not promote polar mesophase, whereas in

PM6A12 and PM6A8, the absence of lateral OH

group is responsible for the para-electric behaviour.

Both effects have been carefully described in our earlier

publications (13–15, 18). The lateral hydroxyl groups

also affect the photo-isomerisation process as could

be expected, and no E-Z photo-isomerisation was
allowed in PM6OA8 or in PM6OA12. On the other

hand, PM6A12 and PM6A8 were photo-isomerised at

the usual irradiation wavelengths of 366 and 450 nm.

The isomerisation process take place in timeframes

comparable to the literature, that is between 20 s and

1 min. The feedback isomerisation is rather slow, at

around 1 h.
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