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ABSTRACT: Polyethylene imines having nitro substitu-
ent azobenzene side chain group with different methylene
spacer groups (PEImN) were successfully synthesized and
characterized by differential scanning calorimetry, polar-
ized optical microscopic, and X-ray diffraction analysis.
All synthesized polyethylene imines showed liquid crystal-
line properties and the glass transition temperature (Tg) of
PEImN decreased as the number of methylene spacers
increased. Melting temperatures (Tm) of synthesized
PEImN showed an odd-even effect. Photochemical,
thermo-optical, as well as photo alignment behavior of
PEImN were investigated and out-of-plane orientational
behavior of polymeric films was dependent on number of

methylene spacers and polyethylene imines having higher
number of methylene spacers (six or more) showed high
order parameter values that revealed the well pronounced
tendency for the development of out-of-plane order from
random state on annealing. And the molecular orientation
of PEImN between random and out-of-plane structures
has been achieved by the combination of thermal and pho-
tochemical processes. VC 2010 Wiley Periodicals, Inc. J Appl
Polym Sci 120: 950–959, 2011
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INTRODUCTION

The photogeneration of anisotropy in organic photo-
chromic materials is a promising approach for
reversible optical data storage, photoalignment of
liquid crystals (LC), or for fabrication of optical com-
ponents. It was shown that under irradiation with
an appropriate wavelength of light the azobenzene
moieties change their spatial orientation.1–4 In this
way, anisotropy—dichroism and birefringence—is
generated. This process was used for optical switch-
ing,5 digital and holographic data storage6 and opti-
cal modulators.7 Azobenzene derivatives are known
to undergo trans/cis photo-isomerization on irradia-
tion. This is not a simple switching process between
the two photochromic isomers, because a steady
state is strongly dependent on the substitution and
the wavelength of the excitation. There are two
typical LC systems in relating to the photo-control
of the molecular orientation by means of photo-
isomerization of azobenzene compounds: one is
‘‘photochemical phase transition’’ between a LC

phase and a random state8–10 the other is photoa-
lignment between in-plane and out-of-plane struc-
tures, which is called ‘‘command surface.’’11,12 It is
expected that larger change in the refractive index
can be induced in the command surface system com-
pared to the photochemical phase transition, because
D(nk�n\) is larger than D(nk�n), where nk is extra-
ordinary index and n\ is ordinary index. The com-
mand surface system consists of azobenzene mono-
layer on a glass substrate and low molecular weight
LC. Therefore, the system requires a cell, and its
memory stability is not so high due to thermal back
reaction of azobenzene, and fluidity of low molecu-
lar weight LC. In contrast, in photochemical phase
transition system, polymeric materials could be used
to improve memory stability. However, to obtain
D(nk - n\) relating to the photochemical phase tran-
sition, alignment layer is required.
In contrast, so far very few articles are published

on spontaneous out-of-plane molecular orientation
of polymeric LC.4,13–16 Several studies on the photo-
induced molecular reorientation of azobenzene-con-
taining polymeric films with different spacer lengths
have been reported,17–20 and out-of-plane reorienta-
tion and in-plane reorientation have been observed
with long alkylene spacers. Furthermore, it was
reported that some polyethylene imines (PEIs) hav-
ing azobenzene groups as side groups show LC
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phases and align perpendicular direction to the sub-
strate spontaneously by heating into an isotropic
phase and following cooling without any alignment
process.21,22 So, if we control photochemically the
molecular orientation of PEIs between random state
and out-of-plane structures, we can fabricate simply
the optical switching system showing excellent
memory stability by coating PEIs on a substrate
without any alignment process.

In this work, we synthesized a series of PEI hav-
ing nitro substituent azobenzene side chain groups
with different methylene spacer groups and investi-
gated their thermal and photo alignment behavior
on annealing, UV, and nonpolarized visible light
irradiation.

EXPERIMENTAL

Materials

p-Nitroaniline was purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan) and used as
received. All monomers were synthesized in good
yield and purity. For azobenzene monomer synthe-
sis, 1,3-dibromopropane, 1,4-dibromobutane, 1,5-
dibromopentane, 1,6-dibromohexane, 1,7-dibromo-
heptane, 1,8-dibromooctane, 1,9-dibromononane, and
1,10-dibromodecane were purchased from TCI (To-
kyo, Japan) and for polymer synthesis, PEI of low
and high molecular weight were purchased from
Polysciences, Inc. (Warrington, PA, USA). Reagents
were used without further purification, unless
stated. N,N-dimethylformamide (DMF) was pur-
chased from Wako Pure Chemical Industries and
was dried up with molecular sieves before use.

Synthesis of 4-nitro-40-hydroxyazobenzene (NAz-OH)

To a solution of 5.3 g (33 mmol) of p-nitroaniline dis-
solved in 150 mL of water and 14 cm3 (170 mmol) of
HCl was added dropwise a solution of 3.3 g (48

mmol) of NaNO2 dissolved in 140 mL water at such a
rate that the temperature did not exceed 5�C. At the
same temperature, a solution of 1.8 g (44 mmol) so-
dium hydroxide, 15.9 g (150 mmol) of sodium carbon-
ate, and 4.5 g (48 mmol) of phenol in 130 mL water
was added slowly to the resulting diazonium salt so-
lution. After stirring at room temperature for 1 h, the
resulting mixture was acidified with concentrated
HCl. The precipitated product was filtered, washed
with copious amount of water, and dried under vac-
uum. Yield: 68% as solid. 1H-NMR (CDCl3, d): 8.38
(2H, dd, aromatic), 8.30 (2H, dd, aromatic), 7.95 (2H,
d, aromatic), 6.98 (2H, d, aromatic), 5.39 (1H, s, -OH).
Anal. Calcd for C12H9N3O3 (243.06): C- 59.26; H- 3.73;
N- 17.28. Found: C- 58.56; H- 3.96; N- 17.82.

Synthesis of 4-(m-bromo-n-alkyloxy)-40-nitro
azobenzene [NAzOmBr; m 5 3210]

A series of 4-(m-bromo-n-alkyloxy)-40-nitro azoben-
zene with different methylene spacers were synthe-
sized by the following procedure: to a mixture of 1.1
g (4.4 mmol) of 4-nitro-40-hydroxyazobenzene (NAz-
OH) and 0.91 g (6.6 mmol) potassium carbonate dis-
solved in 100 mL of dried acetone, 20.8-22.3 mmol of
dibromoalkane was added. After refluxing for 48 h
at 70�C, the reaction mixture was filtered and evapo-
rated the solvent from filtrate and the product
NAzOmBr was recrystallized from methanol twice.
The general reaction scheme is shown in Scheme 1.
Table I also represents the synthesis and the charac-
terization of NAzOmBr.

Synthesis of PEI having azobenzene
side chain group (PEImN)

A series of PEI having nitro substituent azobenzene
side chain group with different methylene spacer
groups were synthesized using different reaction
conditions. The typical procedure is as follows:
Azobenzene containing monomers, NAzOmBr (4.2

Scheme 1 Synthetic route for monomers and polymers.
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mmol), PEI (4.0 mmol), potassium carbonate (6.0
mmol), and 50 mL DMF were added into a round
bottom flask equipped with a condenser. With con-
tinuous stirring the reaction mixture was refluxed at
100�C for 72 h. After the reaction, the mixture was
filtered and evaporated the half amount of DMF
from filtrate and then poured into methanol. The
resulting polymers (PEImN) were purified by pre-
cipitation from chloroform/tetrahydrofuran (THF)
into methanol two to three times. The removal of the
monomer was monitored using thin-layer chroma-
tography. Finally, the product was dried in vacuum
for 24 h (Scheme 1).

Characterization

The phase transition behavior of the polymers was
studied by differential scanning calorimetry (DSC;
Seiko SSC-5020) with a heating rate of 10 K/min
and polarizing optical microscopy (Olympus BHSP
polarizing microscope; Mettler FP-80 and FP 82 hot
stage and controller).

X-ray diffraction (XRD) was used to confirm the
nature of the LC phases and to determine the spac-
ing of the smectic layers. Rigaku, RINT 2100/PC
XRD machine (X-Ray, 40 kV/200 mA) equipped
with a - wide angle goniometer and scintillation de-
tector was used for all XRD measurements. Cu K
alpha (k 1.5406 Å) was used as target. XRD samples
were made by casting solutions (40 mg polymer in 1
mL of THF) onto a 1.5 � 1.5 cm2 glass substrate.
Thick films of PEI3N, PEI4N, PEI5N, PEI6N, PEI7N,
PEI8N, PEI9N, and PEI10N were heated to 100, 120,
80, 110, 100, 110, 100, and 100�C, respectively, for 10
min, cooled to room temperature and measured the
XRD.

Thin films for thermo-optical experiments were
obtained by spin-coating technique using solutions
in THF on quartz glass substrates. For drying, the
spin-coated films were kept at room temperature
during 1 h. Typical coating was performed as fol-

lows: speed of rotation 3000 rpm and time of rota-
tion 30 sec with 4 wt% of polymer in THF.
Photoirradiation was performed by using a 500W

high-pressure Hg lamp with adequate cut filter for
UV and visible light at room temperature. The orien-
tational order was studied using polarized UV-Vis
spectroscopy (Perkin–Elmer Lambda 650 UV/Vis
Spectroscopy), because the transition moment of the
trans isomer of azobenzene moiety is directed along
the long axis of this group. For this purpose, the
angular dependence of the absorbance was meas-
ured. The values of order parameter determined by
spectroscopic method were calculated by eq. (1)4

S ¼ Ak � A?
Ak þ 2A?

(1)

where Ak is the absorbance at the preferred direc-
tion; A\ is the absorbance perpendicular to this
direction. Order parameter is used to describe the
orientational order of the LC polymer. To study the
out-of-plane thermal/photoorientation phenomena,
we measured the angular distribution of the polarized
absorption spectra at an angle of 45� to film normal
and calculated the order parameter using eq. (1).

RESULTS AND DISCUSSION

Synthesis and thermal characterization of PEImN

We successfully synthesized PEI having nitro sub-
stituent azobenzene side chain group with different
methylene spacer groups (PEImN). To optimize the
reaction conditions, we changed the different reac-
tion parameters such as temperature, reaction time,
molar ratio of azobenzene monomer and PEI, and
reaction solvent. The experimental results for the
synthesis of PEI having nitro substituent azobenzene
side chain group with six methylene spacer (PEI6N)
are shown in Table II.
From Table II, it is clear that the degree of substi-

tution of PEI6N has considerable effect on all of

TABLE I
Synthesis and Characterization of 4-(m-bromo-n-alkyloxy)-4’-Nitro Azobenzene [NAzOmBr; m 5 3210]

Monomer Spacer Yield (%)

Elemental analysis

Calculated Found

C (%) H (%) N (%) C (%) H (%) N (%)

NAzO3Br C3H6 67.4 49.47 3.87 11.54 50.29 3.98 11.04
NAzO4Br C4H8 73.8 50.81 4.26 11.11 51.29 4.36 11.54
NAzO5Br C5H10 77.4 52.05 4.63 10.71 52.86 4.52 11.28
NAzO6Br C6H12 72.6 53.21 4.96 10.34 53.24 4.95 10.63
NAzO7Br C7H14 80.4 54.30 5.28 10.00 55.29 5.13 10.87
NAzO8Br C8H16 78.5 55.31 5.57 9.67 56.27 5.38 10.72
NAzO9Br C9H18 76.8 56.26 5.85 9.37 56.61 5.66 9.90
NAzO10Br C10H20 83.8 57.15 6.10 9.09 57.15 6.06 9.15
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these parameters. With the increase in reaction tem-
perature and reaction time, the degree of substitu-
tion increased, and best results were obtained at a
temperature of 100�C and reaction time of 72 h. At
high temperature more than 100�C and longer reac-
tion time (>72 h), the degree of substitution did
increase little but the solubility of PEI6N decreased
probably due to the formation of gel. So finally we
synthesized PEI6N-L3 by optimizing the reaction
conditions as temperature 100�C, reaction time 72 h,
molar ratio of azobenzene monomer to PEI ¼ 4.2 :
4.0, molecular weight of PEI ¼ 1800, and solvent
(DMF) ¼ 50 mL. Using earlier reaction conditions,
we also synthesized a series of PEImN with different
methylene spacer groups and almost similar degrees
of substitution were obtained for different polymers

and all synthesized polymers showed good solubil-
ity in DMF, chloroform, THF, and cyclohexanone.
Table III represents the reaction conditions and
properties of synthesized PEImN.
Thermal characteristics of synthesized PEI were stud-

ied using DSC with a heating rate of 10 K/min and
polarized optical microscopy (POM) analysis. Figure 1
shows the DSC thermograms of PEI3N, PEI4N, PEI5N,
PEI6N, PEI7N, PEI8N, PEI9N, and PEI10N for the sec-
ond heating scan. All polymers showed two endother-
mic peaks with low glass transition temperatures. On
the basis of the DSC and POM measurements, these
two peaks were assigned to smectic-nematic and ne-
matic-isotropic thermal phase transitions and all poly-
mers are stable up to 200�C. DSC studies revealed that
the glass transition temperatures (Tg) decreased as the

TABLE II
Experimental Conditions for the Synthesis of Polyethylene Imines Having Nitro Substituent

Azobenzene Side Chain Groups

Polymer

Reaction conditions
Degree of
substitution

(%)aTemp �C
Reaction
time, h

Azo
(mmol)

PEI
(mmol)

Solvent
(ml) PEI, Mn

PEI6N-H1 80 72 4.0 4.0 a (50) 10,000 46.8
PEI6N-H2 100 96 4.0 4.0 a (50) 10,000 50.7
PEI6N-H3 100 72 4.2 4.0 a (50) 10,000 57.4
PEI6N-H4 100 96 4.2 4.0 a (50) 10,000 58.6
PEI6N-H5 100 120 4.2 4.0 a (50) 10,000 59.3
PEI6N-H6 100 72 4.2 4.0 a (40) 10,000 56.8
PEI6N-H7 100 300 4.2 4.0 a (50) 1800 60.3
PEI6N-L3 100 72 4.2 4.0 a (50) 1800 68.2
PEI6N-L4 120 72 4.2 4.0 a (50) 1800 63.2
PEI6N-L5 100 120 4.2 4.0 a (40) 1800 67.8
PEI6N-L6 100 300 4.2 4.0 a (50) 1800 67.4
PEI6N-L7 70 72 4.2 4.0 b (50) 1800 51.7
PEI6N-L8 70 300 4.2 4.0 b (50) 1800 54.4
PEI4N-L9 70 72 4.2 4.0 bþc (30þ30) 1800 56.6
PEI6N-L10 70 300 4.2 4.0 bþc (30þ30) 1800 59.2

a, DMF; b, THF; c, acetonitrile.
a Determined from UV absorption spectra.

TABLE III
Reaction Conditions and Properties of Polyethylene Imines, PEImN

Polymer

Reaction conditions

Degree of
substitution (%)a

Phase transition
temperature, �CSpacer Temp �C

Azo
(mmol)

PEI
(mmol)

PEI3N C3H6 100 4.2 4.0 61.8 G 59 S 129 N 169 I
PEI4N C4H8 100 4.2 4.0 65.3 G 54 S 141 N 172 I
PEI5N C5H10 100 4.2 4.0 68.1 G 37 S 123 N 167 I
PEI6N C6H12 100 4.2 4.0 68.2 G 33 S 112 N 144 I
PEI7N C7H14 100 4.2 4.0 70.2 G 31 S 110 N 123 I
PEI8N C8H16 100 4.2 4.0 63.4 G 30 S 115 N 137 I
PEI9N C9H18 100 4.2 4.0 69.8 G 28 S 98 N 121 I
PEI10N C10H20 100 4.2 4.0 66.5 G 27 S 106 N 127 I

Molecular weight of PEI ¼ ca 1800, reaction time ¼ 72 h, reaction solvent ¼ DMF (50 ml).
a Determined from UV absorption spectra.
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number of methylene spacers increased, due to the
increase of the flexibility of the side chain groups. Melt-
ing temperatures (Tm) showed an odd-even effect.23

Polymers with an even number of methylene spacers
showed higher Tm than neighboring polymers with an
odd number of spacers (except for PEIs having short
spacer length) as shown in Figure 2.

XRD of PEImN films

XRD was used to confirm the nature of the LC
phases of PEImN and to determine the spacing of
the smectic layers. Figure 3 shows the XRD patterns
for all synthesized PEI films on glass substrate cast
from THF and confirms that all of the polymers are
smectic layer structures.24–26 As expected, the smec-
tic layer spacings increased with the spacer length.26

All synthesized PEImN exhibited strong few

Figure 1 DSC thermograms of synthesized polyethylene
imines (PEImN) obtained at 10�C min�1 for the second
heating run.

Figure 2 Phase transition behavior of synthesized poly-
ethylene imines (PEImN). G, glass transition; S, smectic;
and N-I, nematic-isotropic.

Figure 3 XRD patterns of all synthesized polyethylene
imines (PEImN) in their LC state.

TABLE IV
X-ray Diffraction Patterns of all Synthesized

Polymers in their LC State

Polymer 2h (1) 2h (2) dist.1 (Å) dist.2 (Å)

PEI3N 2.54 5.26 34.75 16.79
PEI4N 3.26 6.85 27.14 12.88
PEI5N 3.03 29.1
PEI6N 3.12 6.23 28.26 14.16
PEI7N 2.64 5.38 33.44 16.41
PEI8N 2.70 5.47 32.59 16.14
PEI9N 2.42 4.95 36.41 17.82
PEI10N 2.23 4.39 39.44 20.09
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diffraction peaks in small angle region correspond-
ing to layer structure and the intensity of the peaks
were increased with the increase of spacer length.
On the basis of XRD patterns, the smectic layer spac-
ings were calculated from the XRD peaks using
Bragg’s law, and the results are listed in Table IV.

Thermal alignment behavior of PEImN
in solid films

In this work, all experiments were performed for
polymeric films with a thickness ranging from 200
to 300 nm. The films were prepared by spin-coating
method from THF solutions. To explore the molecu-
lar orientation behavior of PEI having nitro substitu-

ent azobenzene side chain group, we demonstrated
the changes in absorbance of spin coated polymeric
films on annealing and also measured polarized
absorption spectra and polar plot of the polymeric
films before and after annealing. On annealing the
test films of all synthesized polymers at room tem-
perature, no marked changes took place; however,
when the films were kept at elevated temperatures,
one may observe the dramatic spectral changes
(Fig. 4). In addition, the relative intensity of p-p*
absorption band to absorption band � 250 nm,
which is assigned to the u-u* transition of the aro-
matic ring,15,27 was varied as shown in Figure 5. It
has been reported that the u-u* transition is insensi-
tive to the orientation, consequently, the change in

Figure 4 UV-vis. absorption spectra of PEImN films before and after annealing at (a) PEI3N, 100�C; (b) PEI4N, 120�C; (c)
PEI5N, 80�C; (d) PEI6N, 110�C; (e) PEI7N, 100�C; (f) PEI8N, 110�C; (g) PEI9N, 100�C; and (h) PEI10N, 100�C during 5 min.
Longer time of annealing does not lead to additional changes.
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the relative intensity of p-p* absorption band to u-u*

absorption band (Ap-p*/Au-u*) is related to the out-
of-plane molecular orientation.15,16 Therefore, the
change in p-p* absorption intensity and blue shift of
the solid films may be attributed to the out-of-plane
molecular orientation and consequent formation of
H-aggregate.15,28

Figure 5 represents the change in Ap-p*/Au-u* of
all polymeric films as a function of annealing time.
It is clear that the out-of-plane molecular orientation
proceeded in a few minutes for all solid films, and
final value of Ap-p*/Au-u* for PEI3N and PEI5N films
is larger than those of others, showing less out-of-
plane molecular orientation of PEI3N and PEI5N.
Namely, ordering of out-of-plane molecularFigure 5 Changes in Ap-p*/Au-u* values of PEImN single

layer films on annealing time.

Figure 6 Polarized UV-vis. absorption spectra of PEImN films before and after annealing at (a) PEI3N, 100�C; (b) PEI4N,
120�C; (c) PEI5N, 80�C; (d) PEI6N, 110�C; (e) PEI7N, 100�C; (f) PEI8N, 110�C; (g) PEI9N, 100�C; and (h) PEI10N, 100�C
during 5 min. Ak and A\ donate absorption parallel and perpendicular to the polarization direction of actinic light respec-
tively. Spectral measurements were made at 45� to film normal.
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orientation significantly depends on the number of
methylene spacer attached to the azobenzene side
chain group.

So, to quantify the thermo-optical anisotropy of
PEImN solid films we measured the polarized
absorption spectra, and explored angular depend-
ency of absorbance before and after annealing of the
films. Annealing of the PEImN films brought about
not only decrease in absorbance corresponding to
the p-p* transition without polarizer, but also change
in the polarized absorption spectra as shown in
Figure 6.

The polarized absorption spectra were recorded at
an angle of 45� to the normal of the films, and by
following rotation of the film for polar plot to evalu-

ate the quantity of out-of-plane molecular orienta-
tion. Figure 7 shows the polar plots for PEI4N and
PEI6N before and after annealing. In the case of
PEI4N solid film, no angular dependency was
observed before and after annealing [Fig. 7(a)], indi-
cating no significant change in molecular orientation
of azobenzene molecules on glass substrate by
annealing. The presence of some spacer was needed
between the rigid polymer main chain and the azo
groups, since the spacer would allow the flexibility
necessary for the required movement.29 In contrast,
PEI6N and PEI9N solid films after annealing showed
big angular dependency and the shape of their cor-
responding polar plots is purely concave [Fig. 7(b)
for PEI6N], allowing to assess the level of order pa-
rameter.4 The order parameter of the annealed solid
films is in the order of PEI6N (0.433), PEI9N (0.429),
PEI10M (0213), PEI8N (0.138), PEI5N (0.101), PEI4N
(0.089), and PEI3N (0.033) as given in Table V.
Therefore, the out-of-plane molecular ordering is
perhaps in this order.

Temperature dependency of out-of-plane
molecular orientation

To clarify the effect of annealing temperature on mo-
lecular orientation, absorption spectra of PEImN
solid films were measured after annealing for 5 min
at different temperatures ranging from 40 to 140�C.
As shown in Figure 8(a), absorbance of PEImN films
at 352 or 354 nm was decreased by heating up to
120 or 140�C. Figure 8(b) represents the changes in
order parameter with annealing temperature. As the
temperature increased the values of order parameter
increased showing big optical anisotropy at elevated
temperatures. But at high temperature (100�C or
more) again the optical anisotropy decreased and
that seems to be related to the change in the meso-
phase from smectic to nematic phases.17,30,31

Figure 7 Polar plots for (a) PEI4N (¼ 340 nm) and (b)
PEI6N (¼ 313 nm) single layer films before and after
annealing at PEI4N, 120�C and PEI6N, 110�C during
5 min. Spectral measurements were made at 45� to film
normal.

TABLE V
Out-of-Plane Order Parameter of Different Polymers

Polymer

Abs.p-p*/u-u* Order parameter

After SC
After

annealing
Before

annealing
After

annealing

PEI3N 1.81 1.16 0.001 0.033
PEI4N 1.66 0.80 0.006 0.089
PEI5N 1.70 1.05 0.008 0.101
PEI6N 1.50 0.44 0.03 0.433
PEI7N 1.56 0.73 0.018 0.230
PEI8N 1.61 1.04 0.019 0.138
PEI9N 1.48 0.48 0.022 0.429
PEI10N 1.30 0.85 0.046 0.213

SC, spin coating.
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Photoalignment behavior of PEImN in solid films

On irradiation of non polarized UV light on spin
coated solid films of PEImN, spectral changes were
observed in polymers which are typical for trans-cis
photoisomerization.1,32,33 For all polymeric films,
photostationary state was achieved by prolonged
irradiation of UV light as shown in Figure 9(a) for
PEI6N polymeric film. This may be explained in
terms of rapid reverse reaction from cis form to trans
form of the azobenzenes having both electron-donat-
ing and electron-withdrawing substituents at both
ends of azobenzene group.1,34

As a result of the subsequent irradiation with visi-
ble light of 435nm, the reverse changes occurred
establishing a steady state with a little high concen-
tration of trans isomers [Fig. 9(b)]. As with UV irra-
diation, PEImN also showed fairly less response
upon visible light irradiation. The recovery of the
initial spectra was not complete in all cases, but the
value of absorption maxima corresponding to p-p*

transition little increased. This phenomenon was

related to little out-of-plane molecular ordering of
azobenzene moieties on glass substrate. Upon irradi-
ation longer than 60 s a decrease in the absorption
in both regions corresponding to p-p* and n-p*

Figure 8 Dependency of (a) absorbance at ¼ 352 or 354
nm and (b) order parameter of PEImN single layer films
on annealing temperature.

Figure 9 Changes of absorption spectra of PEI6N poly-
meric film during (a) UV irradiation (365 nm), (b) first 30
sec visible light irradiation, and (c) further visible light
irradiation (435 nm). The intensity of UV and visible light
was 7.0 mWcm�2 and 80 mWcm�2, respectively.
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transitions was caused as shown in Figure 9(c). The
rate of decrease in the absorption upon the irradia-
tion with visible light is lower than that upon
UV irradiation. In the first 30 s of irradiation with
visible light, little back cis-trans photoisomerization
occurred, whereas on continued irradiation, the azo-
benzene groups were slightly oriented along the nor-
mal of film due to photo-orientation. In this case, the
transition moment of these groups became oriented
in out-of-plane ordering in the films4: as a result, the
probability of light absorption and, thus, optical den-
sity little decreased.

CONCLUSIONS

A series of PEI having nitro substituent azobenzene
side chain group with different methylene spacer
groups (PEImN) were successfully synthesized and
characterized by DSC, POM, and XRD analysis. All
synthesized PEI showed LC properties and the glass
transition temperatures (Tg’s) of PEImN decreased as
the number of methylene spacers increased. Out-of-
plane orientational behavior of azobenzene groups in
the polymeric films as induced by thermal treatment
was dependent on number of methylene spacers and
PEI having higher number of methylene spacers (six
or more) showed high order parameter values that
revealed the well pronounced tendency for the devel-
opment of out-of-plane order from random state on
annealing. On the other hand, because of the presence
of both electron-donating and electron-withdrawing
substituents at both ends of azobenzene group,
PEImN showed little photo alignment ordering. And
the molecular orientation of PEImN between random
and out-of-plane structures has been achieved by
combination of thermal and photochemical processes.
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