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ABSTRACT: Three kinds of photoresponsive polyure-
thanes containing slightly different azobenzene moieties
[i.e., disperse red 19 (DR19), 2-position-substituted DR19,
and 2,2�-position-substituted DR19] were prepared, and
their photoinduced birefringence behavior was examined.
These polyurethanes showed nearly the same molecular
weights, glass transition temperatures, viscosities, and ab-
sorption coefficients at the wavelength of the light used to
induce the photoresponse. Irradiation of these polymer films
with a linearly polarized Ar� laser induced birefringence
due to reorientation of the azobenzene moieties through
multiple trans–cis–trans isomerization cycles. Despite the
slight difference in the chemical structure of the azobenzene
moiety, a large difference in the growth behavior of the

photoinduced birefringence was observed among these
polymers. Because of the small differences in the character-
istics of these polymers, we concluded that the isomerization
behavior of the azobenzene moiety was the main factor for
the results obtained in this study. In addition, the saturated
value of the induced birefringence differed to a great extent
among these polymers. It was suggested that such a phe-
nomenon could be related to the reorientation behavior in-
duced by the introduction of two methyl groups. © 2002
Wiley Periodicals, Inc. J Appl Polym Sci 86: 17–22, 2002
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INTRODUCTION

In recent years, polymers containing azobenzene
groups have been attracting a great deal of attention
because of their potential use in two- or three-dimen-
sional optical data storage media and various other
photonic applications.1–29 It has been known for more
than a decade that linearly polarized light can induce
a reorientation of the azobenzene groups in such poly-
mers.1,2 The accepted mechanism for photoinduced bi-
refringence involves the photochemical trans–cis
isomerization, subsequent thermal and/or photochemi-
cal cis–trans back-isomerization, and angular redistribu-
tion connected by rotational diffusion resulting from
thermally induced Brownian motion.24,25 By repetition
of these trans–cis–trans isomerization cycles and the mo-
tion of the azobenzene moiety, the long molecular axis
becomes aligned perpendicular to the electric field vec-
tor of the polarized actinic light. This process results in
optical anisotropy induced by the orientation of the azo-
benzene groups. The resulting anisotropy can be re-
moved by irradiation with a circularly polarized light or
unpolarized light and then introduced again with lin-

early polarized light. Because of their unique properties,
the polymers with azobenzene groups are expected to be
the most attractive materials for reversible optical data
storage media, and several azobenzene-containing
polymeric systems have been proposed by various re-
searchers.1–6,8,9,11,15–29

Systematic studies of the optically induced birefrin-
gence for amorphous high glass transition tempera-
ture (Tg) polymers containing azobenzene moieties
have been performed by Natansohn and cowork-
ers.15–22 In their series of samples, a rapid and large
change in the refractive index of the polymer film was
induced on irradiation with linearly polarized light
with the samples at a temperature below Tg. The poly-
mers showed long-term stability in their optical an-
isotropy induced at room temperature. The birefrin-
gence behavior is expected to depend on several fac-
tors, such as the dipolar interaction of the
azobenzenes,19 the packing structure of the azoben-
zene groups,20 the light intensity,15 and the film thick-
ness (d).17 To our knowledge, only a few articles have
detailed the effect of the introduction of substituents
to the azobenzene moieties in amorphous polymer
systems.16,20–22 An evaluation of the photoinduced
birefringence behavior following the introduction of
substituents to chromophores is generally difficult be-
cause of changes in the ultraviolet–visible (UV–vis)
absorption spectra and the absorption coefficient at
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the wavelength of the irradiated light. Moreover, in a
polymeric system, the molecular weight and Tg of the
polymer would also be expected to have an influ-
ence.28 In our previous work, we synthesized uretha-
ne–urea copolymers and polyurethanes containing
several kinds of donor–acceptor-substituted azoben-
zenes, and we investigated their nonlinear optical,
electro-optical, and polarization-multiplexed optical
recording properties.30–33 However, the photochemi-
cally induced birefringence of photoresponsive poly-
urethanes has not been studied. Furthermore, our
polyurethanes showed nearly the same UV–vis ab-
sorption spectra, absorption coefficients, molecular
weights, and Tg’s. This article presents a comparison
of the photochemically induced birefringence behav-
iors for three kinds of amorphous polyurethanes: a
disperse red 19 (DR19)-containing polymer, a 2-posi-
tion-substituted DR19-containing polymer, and a 2,2�-
position-substituted DR19-containing polymer.

EXPERIMENTAL

Figure 1 shows the chemical structures of the photo-
responsive polyurethanes 1–3 used in this study. The
synthetic route of polymer 3 is described in our pre-
vious work,30,31 and the other polymers were pre-
pared according to similar methods. The number-av-
erage molecular weights (Mn’s) and weight-average
molecular weights (Mw’s) of the polymers were deter-
mined by gel permeation chromatography (GPC;
Tosoh SC-8010; column, Shodex OhpakSB-G � SB-

806M HQ � 2; eluent, N,N�-dimethylformamide) (To-
kyo, Japan) calibrated with standard poly(ethylene
glycol). Tg was determined by differential scanning
calorimetry (DSC; PerkinElmer (Wellesley, MA)
DSC-7 and TAC 7/DX thermal controller; heating rate,
10°C/min). The general properties of these polymers
are summarized in Table I.

Sample films (�0.2 �m thick) were prepared via
spin coating from approximately 5 wt % pyridine
solutions of each polymer. These solutions were
passed through a 0.20-�m filter (Millipore, Bedford,
MA) for the removal of particulate impurities before
spin coating. Optically clear films were formed on
glass substrates at a rotation speed of 2000 rpm, and
these were placed in a vacuum oven at 120°C for over
24 h to obtain solvent-free samples.

Figure 1 Chemical structures of the photoresponsive poly-
urethanes 1–3.

TABLE I
Compositions, Molecular Weights, Tg’s, and Viscosities (�s) of Polyurethanes Used in This Study

Polymer X Y Mn
a Mw

a Mw/Mn
a Tg (°C)b � (dL/g)c

1 H H 4440 8137 1.83 128 0.11
2 H CH3 3488 5585 1.60 120 0.10
3 CH3 CH3 3388 6239 1.84 124 0.09

aDetermined by GPC with a poly(ethylene glycol)-calibrated column set.
bDetermined from DSC measurements.
cDetermined from � measurement with 1-methyl-2-pyrrolidone at 30°C.

Figure 2 Schematic illustration of the experimental setup.
M � mirror; F � filter; P � polarizer; A � analyzer; L � lens;
Sh � shutter; OPM � optical power meter; S � sample; Mo
� monochromator; OF � optical fiber; O � microscope
objective.
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Figure 2 shows the experimental setup used for the
investigation of the photochemically induced birefrin-
gence behavior of the photoresponsive polyurethanes.
The sample films were irradiated with an s-polarized
Ar� laser at 514.5 nm (American Laser Corp. (Fraser,
MI), model 60c). Light from a xenon lamp, which was
polarized at 45° with respect to the polarized direction
of the writing light, was used as a probe light. Its
wavelength was chosen to be 650 nm with a mono-
chromator (Jasco SM-5, Tokyo, Japan). The induced
alignment in the sample film was monitored by the
measurement of the power of the light after an ana-
lyzer with a photodetector (Anritsu ML9001A and
MA9411A, Tokyo, Japan), and the data were collected
with a microcomputer. The birefringence (�n) induced
by the change in the alignment of the azobenzene
moiety was estimated with the following equation:2

I/I0 � sin2 ��d�n/�� (1)

where I is the transmitted light after the analyzer, I0 is
the intensity of the light passing through the pair of
parallel polarizers, and � represents the wavelength of
the probe light.

RESULTS AND DISCUSSION

Before the investigation of the photochemically in-
duced birefringence of polymers 1–3, we carried out
UV–vis absorption spectral measurements on spin-
coated films of these polymers (Fig. 3).

Polymers 1–3 exhibited maximum absorbances
(�max’s) at 460, 460, and 465 nm, respectively. The
absorption bands around these �max values could be
assigned to the �–�* transition of the azobenzene
moieties, and it is well known that their positions are

affected by the magnitude of the dipole of the chro-
mophores.34 In our series, no significant difference in
�max was observed, so it can be suggested that the
introduction of methyl groups to 2- or 2,2�-positions of
the azobenzene moieties scarcely affects the magni-
tude of their dipole moment. However, the absorption
coefficient value at the wavelength of the irradiated
light is an important factor with respect to the photo-
chemically induced birefringence behavior because
the efficiency of the photochemical isomerization of
the photochromic molecules depends on the number
of absorbed photons. We estimated the absorption
coefficient value at 514.5 nm for polymers 1–3. The
absorption coefficient showed nearly the same values:
5.73 � 104, 5.35 � 104, and 5.51 � 104 cm	1, respec-
tively. Consequently, the contribution from the ab-
sorption coefficient to the behavior of the photoin-
duced birefringence could be neglected in this study.

The photochemically induced birefringence behav-
ior of the photoresponsive polyurethanes used in this
study was explored at room temperature. Figure 4
shows the typical behavior of the photochemically
induced birefringence with the pumping light turned
on and off for polymers 1–3.

In polymer 1, before irradiation at 514.5 nm, no
optical anisotropy was observed because of the homo-
geneously random alignment of the azobenzene moi-
eties. The birefringence was induced immediately on
photoirradiation at 514.5 nm (40 mW/cm2). This result
was due to the change in the alignment of the azoben-
zene moieties resulting from their multiple trans–cis–
trans isomerization cycles on photoirradiation. The
photoinduced birefringence in amorphous polymers
containing the azobenzene moiety is induced in two
steps: the trans–cis isomerization of the azobenzene
moieties due to photoselection excitation and the
alignment of the azobenzene moieties through trans–
cis–trans isomerization cycles (Fig. 5).

Figure 3 UV–vis absorption spectra of spin-coated films of
polymers 1–3.

Figure 4 Typical behavior of the photochemically induced
birefringence of polymers 1–3 at room temperature.
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In this sample, the saturated value of the induced
birefringence was approximately 0.096, which is com-
parable to that achieved in the other amorphous poly-
mer systems.15–22 The birefringence decreased gradu-
ally when photoirradiation was ceased. This was
caused by a relaxation of the alignment of the azoben-
zene moieties. Moreover, the induced birefringence
could be erased completely with heating above the Tg

value of the polymers. It was confirmed that the UV–
vis absorption spectra of the polymer films showed no
angular dependence on the absorbance, and the absor-
bance recovered to the initial state before photoirra-
diation. Therefore, no degradation of the chro-
mophore occurred under these experimental condi-
tions. Similar behavior was also observed for
polymers 2 and 3. The obtained saturated values of
their birefringence (0.065 and 0.076, respectively),
however, were smaller than that of polymer 1. Fur-
thermore, it was confirmed that there are significant
differences in the growth behaviors of the birefrin-
gence for these polymers.

At first, we evaluated the growth process of the
birefringence in these polymers. We compared the
slopes of the growth curves at time zero, which indi-
cates the overall growth rate of the birefringence. As
shown in Figure 4, the slope of polymer 1 is the
highest, and polymer 3 shows the gentlest slope. This
indicates that the introduction of a methyl group ob-
structs the growth of the birefringence. As mentioned
previously, the growth process of the photoinduced
birefringence is attributable to the change in the align-
ment through the multiple trans–cis–trans isomeriza-
tion cycles of the azobenzene moiety. The polymers
used in this study include the tertiary amine group of

the azobenzene moiety in their polymer backbones, so
that cooperative motion between the azobenzene moi-
ety and the polymer backbone will be required for the
change in the alignment of the photochromic moiety.
In polymers 1–3, however, Mn, Mw, Tg, and viscosity
values, considered to be important factors in the dy-
namics of the polymer chain, are nearly the same.
Therefore, the influence of the motion of the polymer
backbones would be expected to make very little dif-
ference among these polymers. In this system, the
main dissimilarity is the bulkiness of the close position
of the azo group. The absorption coefficients of these
polymers showed nearly the same values at the wave-
length of 514.5 nm, as shown in Figure 2, which indi-
cates the same absorption efficiency. Therefore, the
difference in the efficiency of the trans–cis–trans
isomerization cycle of the azobenzene moiety among
the three polymers may be the main factor that ac-
counts for the difference in the growth process of the
birefringence. If the trans–cis–trans isomerization cy-
cle of the azobenzene is performed efficiently, the
change in alignment can be induced quickly, leading
to a large growth rate of the birefringence. On the
contrary, a lower efficiency of the isomerization cycle
for the photochromic moieties would require more
time for the induction of their reorientation, resulting
in a smaller growth rate of the birefringence. Polymer
3 includes azobenzene moieties substituted on its 2-
and 2�-positions by methyl groups. In the liquid
phase, for which the introduction of the substituents
to the azobenzene derivatives causes the no change in
the shape of the absorption spectra, the isomerization
behavior is not influenced by the introduction of the
substituents.34 However, in the condensed state, the
introduction of such bulky substituents to the closely
spaced positions to the azo group could inhibit the
photochemical trans–cis isomerization and the cis–
trans back-isomerization of the azobenzenes because
the sweep volume of the photochromic moieties be-
comes large compared to the critical volume around
them. In fact, there is a report in the literature that
documents the reduction of the growth response of
the optically induced birefringence due to the low
efficiency of the isomerization cycle caused by the
introduction of bulky substituents on the azobenzene
moiety.16 Consequently, the small growth rate of the
birefringence in polymer 3 is ascribed to a reduction of
the efficiency of the trans–cis–trans isomerization cy-
cle of the azobenzenes by the introduction of methyl
groups to their 2- and 2�-positions.

We subsequently examined the importance of the
saturated value of the birefringence on irradiation by
linearly polarized light. As previously described, there
is a large difference in the saturated values of the
obtained birefringence in polymers 1–3. Similar results
were reported by Natansohn et al.16 In their system,
this phenomenon is apparently due to differences in

Figure 5 Schematic illustration for the mechanism of pho-
tochemically induced birefringence in an amorphous poly-
mer.
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the effective refractive index that originate in the dif-
ference between the �max and the wavelength of the
probe light. However, the polymers used in this study
exhibited nearly the same absorption coefficient and
UV–vis absorption spectra; this suggests that there is
little difference between their effective refractive indi-
ces. It is well known that azobenzene derivatives show
an angular dependence of the absorbance because the
�–�* transition moment is polarized along the long
molecular axis.35 When the azobenzene moieties align
perpendicular to the electric field vector of the linearly
polarized light, they hardly absorb the irradiated light.
However, the orientational relaxation of these azoben-
zenes could, nevertheless, occur during photoirradia-
tion, and it is suggested that the induction and relax-
ation of the alignment of the azobenzene moiety can
take place simultaneously during the writing process.
In such a situation, the birefringence could reach its
saturated state when the amount of the azobenzene
aligned per unit of time is equal to the amount of the
azobenzene relaxed per unit of time, that is, an equi-
librium state. Therefore, we suggest that the observed
difference in the saturated values of the birefringence
might be closely related to differences in the relaxation
rate of the alignment of the azobenzene moieties. As
mentioned previously, polymer 1 exhibited the largest
saturated value in the birefringence among the three
polymers. Therefore, we expect that the orientational
relaxation rate of the azobenzene moiety will be the
smallest. However, in polymer 2, which showed the
smallest saturated value of the birefringence, the larg-
est rate of the orientational relaxation of the azoben-
zene moiety would be expected. To test our explana-
tion, we performed an analysis of the dynamics of the
decay process of the birefringence in polymers 1–3.
First, we compared the slope of the decay curve,
which shows the decrease in the birefringence caused
by thermal cis–trans isomerization and thermal rota-
tional diffusion. An analysis of the slopes revealed
that polymer 1 showed the slowest thermal decay and
polymer 3 showed the fastest thermal decay. From the
viewpoint of the thermal relaxation process, no expla-
nation for the difference in the saturated value could
be given. Only the behavior of isomerization under
photoirradiation is expected to affect the saturated
value. In the initial growth process of birefringence,
polymer 2 showed a faster slope than polymer 3.
However, the slopes were reversed after about 5 min
of irradiation. This indicates that the growth process is
composed of more than two mechanisms. We consid-
ered again the effect of reorientation of the polymer
backbone induced by the photoirradiation. Although
the introduction of two methyl groups restrains the
isomerization process, reducing the growth rate, the
motion of the azobenzene moiety, including the two
methyl groups, could easily induce the reorientation
of the polymer backbone. As a result, polymer 3

showed a higher saturated value of the birefringence
than polymer 2.

CONCLUSIONS

The photoinduced birefringence behavior of three
types of photoresponsive polyurethanes containing
slightly different and strong electron donor–acceptor
azobenzene moieties was measured. These polyure-
thanes showed nearly the same Mn, Mw, Tg, and vis-
cosity values. Moreover, the introduction of the
methyl groups at the 2- or 2,2�-positions of the azo-
benzene moieties had little effect on the shape of their
absorption spectra or on the absorption coefficient at
the wavelength of irradiating light. For all the poly-
mers, a birefringence could be induced on photoirra-
diation through the mechanism of multiple trans–cis–
trans isomerization cycles. However, the growth pro-
cess of the birefringence was different among the
polymer samples. The polyurethane containing both
ortho-position-substituted azobenzenes showed the
slowest response. We believe this resulted from a low-
ering of the efficiency of the isomerization behavior of
the azobenzene moiety resulting from a lack of critical
volume. Furthermore, a large difference in the satu-
rated value of the induced birefringence was observed
in these polymers, and it was related to the reorienta-
tion behavior induced by the introduction of two
methyl groups.
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R. J Opt Soc Am B 2000, 17, 729.
29. Blanche, P.-A.; Lemaire, P. C.; Dumont, M.; Fischer, M. Opt Lett

1999, 24, 1349.
30. Tsuchimori, M.; Watanabe, O.; Ogata, S.; Okada, A. Jpn J Appl

Phys Part 1 1997, 36, 5518.
31. Watanabe, O.; Tsuchimori, M.; Okada, A. Polym Adv Technol

1999, 10, 459.
32. (a) Watanabe, O.; Tsuchimori, M.; Okada, A.; Ito, H. Jpn J Appl

Phys Part 1 1998, 37, 5588; (b) Tsuchimori, M.; Watanabe, O.;
Ogata, S.; Okada, A. Jpn J Appl Phys Part 2 1996, 35, 444.

33. Alasfar, S.; Ishikawa, M.; Kawata, Y.; Egami, C.; Sugihara, O.;
Okamoto, N.; Tsuchimori, M.; Watanabe, O. Appl Opt 1999, 38,
6201.

34. Rau, H. In Photochromism: Molecules and Systems; Dürr, H.;
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