
Reversible Photo-Mechanical Switching Behavior of

Azobenzene-Containing Semi-Interpenetrating

Network under UV and Visible Light Irradiation

Hyun-Kyoung Kim,1 Xiao-Shui Wang,1 Yukihiro Fujita,1 Atsushi Sudo,1 Haruo Nishida,1 Masayuki Fujii,1 Takeshi Endo*1,2

1 Molecular Engineering Institute, Kinki University, 11-6 Kayanomori, Iizuka, Fukuoka 820-8555, Japan
Fax: (þ81) 948 22 5706; E-mail: tendo@mol-eng.fuk.kindai.ac.jp

2 Department of Polymer Science and Engineering, Faculty of Engineering, Yamagata University, Jonan, Yonezawa,
Yamagata 992-8510, Japan

Received: June 8, 2005; Revised: August 24, 2005; Accepted: August 24, 2005; DOI: 10.1002/macp.200500241

Keywords: azo polymers; isomer/isomerization; interpenetrating networks (IPN); photo-mechanical properties; poly(vinyl
ether)

Introduction

Photo-chromic behavior of azobenzene derivatives has

been applied to the design and creation of materials that can

respond to photo-irradiation.[1–5] When azobenzene is

irradiated with ultraviolet (UV) light, it is isomerized from

the trans form into the cis form. This leads to a change in the

angle between the two aromatic rings with the distance

between the 4- and 40-carbons reducing from 9.0 to 5.5 Å.

The cis-azobenzene thus formed can be easily returned to

the original trans form using heat or by irradiation with

visible light. This kind of reversible isomerization is a

feature of systems containing azobenzene molecules.

Recently, studies into materials that show a large a defor-

mation under photo-irradiation have attracted great interest

owing to their high-potential application to smart mechan-

ical devices or actuators.[6–10] In these studies, by careful

design, the microscopic deformation of the azobenzene

group is efficiently transformed into the macroscopic

deformation of the materials themselves.

We have been studying the effect of UV light-induced

isomerization of the azobenzene group on the physical

properties of polymer materials containing an azobenzene

pendant as a key component.[11,12] One of the materials on

which we have focused is a semi-interpenetrating network

(semi-IPN) film composed of poly(vinyl ether) having

azobenzene moieties in the side chain and a PC matrix

(Scheme 1).[11] We chose this material because it is easy to

prepare and process owing to the soluble and thermoplastic

nature of the linear polymer matrix. The film showed an

Summary: Light-induced reversible changes in elasticity of
semi-interpenetrating network (semi-IPN) films bearing
azobenzene moieties were achieved under both ultraviolet
(UV) and visible light irradiation. The semi-IPN film was
prepared by a cationic copolymerization of azobenzene-
containing vinyl ethers in a linear polycarbonate (PC) film as
a matrix. When the irradiation was switched on and off, the
semi-IPN film showed rapid reversible deformation with the
same behavior occurring over a range of wavelengths,
including both the UV and visible regions. The observed
reversible deformation of the film was attributed to the
decrease in the film’s elasticity, which was assumed to be
caused by the frequent trans-cis cycling isomerization of
azobenzene moieties taking place during the UV and visible
light irradiation. This cycling makes it difficult for the
azobenzene groups to aggregate, thus hindering their ability
to function as pseudo-crosslinking points.
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interesting photo-response. The modulus of the film im-

mediately decreased under UV light irradiation, leading to

elongation of the film under constant tensile stress. In addi-

tion, the original modulus could be recovered immediately

simply by turning off the UV light irradiation. As a result,

the film quickly shrunk to its original size without visible

light irradiation or heating. The mechanism that we pro-

posed to explain this phenomenon involves the disaggre-

gation of the azobenzene moiety by UV light-induced

isomerization from the trans form into the cis form. Such a

disaggregation would result in a decrease in the degree of

physical crosslinking in the semi-IPN system. Never-

theless, this mechanism alone is not sufficient to explain

the rapidity of the response not only during the elongation

process but also in the subsequent recovery, which shows an

immediate return to the original modulus upon turning off

the UV light irradiation. This is because the rates of both

processes, especially the rate of the recovery in dark, are

much more rapid than those predicted from the formation

and deformation of the physical crosslinking. This issue

prompted us to investigate the photo-responsive behavior of

the semi-IPN film under various conditions. Herein we wish

to report on the photo-mechanical properties of the film

when controlled by visible light. In consequence, a

new mechanistic viewpoint based on the results is also

discussed.

Experimental Part

Materials

The vinyl ether-type monomers 1 and 2 were synthesized
according to previously reported procedures.[11] The obtained
monomers were copolymerized under cationic conditions in
the presence of the PC (Mw ¼ 60 000, Tg¼ 146 8C, purchased
from Scientific Polymer Products, Inc.) to prepare the semi-
IPN film according to the procedure that we have already
reported.

Measurements

Ultraviolet-visible spectra were recorded on a JASCO V-570
UV/visible/near-IR spectrophotometer. The photo-mechanical
switching behavior was examined by using a 200 W mercury-
xenon lamp (MORITEX Co., MUV-202-U), which was
equipped with cut-off filters: Edmund model no. 43103-F
and Sigma-Koki model no. SCF-50S-44Y for UV (365� 5 nm)
and visible (>440 nm) light irradiation, respectively, and
Schott, KG-1 for heat cut-off. DSC measurements were carried
out under a nitrogen flow of 20 mL �min�1 at a 10 8C �min�1

heating rate using a Seiko DSC-6200. The changes in strain and
Young’s modulus for each film were measured using a Seiko
TMA/SS6100.

Results and Discussion

Preparation and Characterization of the Semi-IPN

The semi-IPN film studied herein was prepared according

to the procedure already reported:[11] The monomers 1
and 2 (50:50 w/w) were thermally copolymerized in the

presence of a PC matrix (Scheme 1). The feed com-

position ratio, monomer 1:monomer 2:PC, was set to

10:10:80 wt.-%. For the copolymerization, a dual-initiator

system consisting of Ph2I-PF6 (cationic initiator) and AIBN

(radical initiator) was employed, resulting in the copolymer

being successfully formed without being affected by mois-

ture or oxygen in the air. Using this procedure, a semi-IPN

film (size: 15� 3 mm2, thickness: 11 mm) was obtained.

The semi-IPN film thus prepared was transparent,

suggesting that it was free from phase separation. The

homogeneous nature of the film was confirmed by DSC

analysis: The glass transition at 146 8C for the PC matrix

and at 1 8C for the azobenzene-containing copoly(vinyl

ether) (AZ-CPE) were not observed; however, a new glass

transition appeared at 89.2 8C, indicating the successful

formation of the semi-IPN structure in which the PC matrix

and the crosslinked AZ-CPE are homogeneously blended

without segregation.

Photo-Mechanical Switching Behavior of the
Semi-IPN Film Driven by Visible Light

As described in the Introduction, we have already reported

the UV-induced decrease in the modulus of the semi-IPN

film.[11] This decrease in the modulus resulted in the

elongation of the film under a loading with a constant tensile

strength of 1.0� 10�2 N. Figure 1 shows a schematic
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Scheme 1. Preparation of semi-IPN film.
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Figure 1. Schematic drawing of the TMA experimental setup.
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drawing of the test performed with a thermal mechanical

analyzer (TMA), by which we can control the force loaded

on the film and precisely monitor slight changes in the

length of the film. The same system and method were

employed in the present study, which looks at the responses

of the film to both UV and visible light.

The film was set in the TMA instrument and was

subjected to a constant tensile stress of 1.0� 10�2 N

(3� 105 N �m�2). This load is in a force range sufficient to

cause elastic deformation of the film. The film was then

irradiated with visible light (wavelength l> 440 nm,

intensity P¼ 7 mW � cm�2). Results are illustrated in

Figure 2. During switching under UV and visible light

irradiation, the film temperature was maintained in a range

of 27–29 8C by placing a heat absorption filter between the

film and the lamp. No deformation was observed on the PC

film used as a reference [Figure 2(a) and (b)].

When irradiated with visible light, elongation of the film

was observed. Figure 2(d) shows the response of the film

length on irradiation. The degree of strain (DL/L0) reached a

maximum at 0.01%. The film deformed in response to the

switching of the visible light without any delay; in fact the

Figure 2. Time dependencies of relative strain; (a and b) PC and (c–e) semi-IPN film under UV (a and c), visible (b and
d), and UV plus visible light (e) switched on and off.
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deformation was completed within 2.0–2.4 s. Upon turning

off the visible light irradiation, the film recovered its

original length.

In Figure 2(c), the response of the film to UV light

switching (l¼ 365� 5 nm, P¼ 18 mW � cm�2) is shown.

The photo-mechanical behaviors induced by both visible

and UV light irradiation were quite similar. A comparison

of the light intensity values showed the visible light

irradiation to be more efficient than the UV light irradia-

tion at bringing about the same degree of deformation

in the film. A noteworthy difference between the UV

light-induced deformation and that induced by visible

light was found in the contraction process after switching

off the irradiation. In the case of the visible light-driven

system, a rapid contraction process was followed by a slow

contraction process for the complete recovery to the

original length. Such a secondary slow contraction process

did not occur in the case of the UV light-driven one.

Unfortunately, the reason for this difference is not clear at

present.

Since the direction of the deformation induced by photo-

mechanical switching was independent of the wavelength

of light, unfiltered light with a broad range of l (200–

600 nm, P¼ 24 mW � cm�2) was used to control the defor-

mation of the film. The degree of strain observed herein was

0.02%, which was higher than that observed by irradiation

under a single source (UV or visible light) because of the

higher intensity resulting from a combination of wave-

lengths.

It is surprising that both visible and UV light induced an

elongation of the film. This distinguishes the present system

from the other azobenzene-based photo-responsive sys-

tems, because when irradiated with visible light such

systems always responded in a reverse direction to that

induced by UV light.[1,8–10] From these results, one might

suspect that the azobenzene had not participated in the

photo-response of the material and that the deformation

was caused by heat evolution, consequent to the photo-

irradiation. However, this possibility was excluded by

studying the response of the PC matrix [Figure 2(a) and (b)]

and by studying the time-temperature relationship in the

deformation process (shown as a dotted line in Figure 2):

First, as shown in Figure 2(a) and (b), the PC matrix itself

did not exhibit any deformation during each of the irradia-

tions. Second, when the light was turned on, the temperature

of the film increased approximately 0.2 and 1 8C in one

cycle with respect to the UV and visible light irradiation,

respectively, but its response to the photo-switching was

quite sluggish, nothing like the earlier seen rapid deforma-

tion. In addition, the slow cooling process after turning the

light off cannot explain the rapid recovery of the film to its

original size. Compared to these behaviors, the changes in

temperature caused by the photo-switching were negligible,

and could not possibly account for the rapid deformation of

the film.

The reversible deformation of the film under a constant

tensile load can be correlated with the light-response

change in the modulus of the film: Figure 3 shows the stress-

strain profiles of the films, which were measured by TMA

under a controlled tensile stress, whereby the strain of the

film was constantly increased (100 mm �min�1). As shown

in Figure 3, the modulus values under UV, visible, and UV

plus visible light irradiation decreased to values lower than

that obtained in darkness. In other words, the light

irradiation induced a decrease in the elasticity of the film,

allowing the film to be elongated under the applied constant

external tension.

Mechanism for the Photo-Induced Deformation

Previously we have reported the UV-driven reversible

deformation of the semi-IPN film.[11] For this phenomenon,

we proposed a mechanism in which (1) the isomerization of

the trans-azobenzene moiety into the cis one was induced

by the UV irradiation, then (2) the isomerization was able to

release the azobenzenes from their mutual aggregation by

the p-p interaction, and consequently (3) the polymer

chains, which were physically crosslinked by aggregation

of the trans-azobenzene side chain, could become inde-

pendent from each other, increasing the degree of freedom

and consequently lowering the modulus of the whole

system. Undoubtedly, this explanation is not adequate to

account for the predominant mechanism for the present

visible light-driven system, because it is well known that

visible light irradiation can induce the trans to cis isomeri-

zation with low efficiency.

To investigate the relationship between the isomerization

of azobenzene and the deformation of the semi-IPN film

containing azobenzene moiety, the isomerization was

monitored by UV-visible spectroscopy (Figure 4). When
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Figure 3. Stress versus strain profiles for the semi-IPN films
under switching of light irradiation: (a) before irradiation,
(b) visible light irradiation, (c) UV light irradiation, and UV plus
visible light irradiation.
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UV light was turned on, the intensity of the absorption band,

centered at 330 nm, decreased, being accompanied with an

increase in absorption at 459 nm. This suggests that the

azobenzene underwent isomerization from trans to cis form

[Figure 4(a)]. The isomerization proceeded over a period of

minutes, and this slow process of isomerization cannot

explain the rapid deformation of the film. The difference in

the speed of azobenzene’s isomerization and the film

deformation under light irradiation was more apparent in

the case of the visible light-driven system: No significant

change in the UV-visible spectrum took place upon visible

light irradiation [Figure 4(b)]; nevertheless, deformation

occurred immediately. When irradiated with the broad-

wavelength light (UV plus visible), the isomerization

efficiency was lower than that induced by irradiation of

UV light. This low efficiency is consistent with the fact that

visible light irradiation induces the isomerization from cis

to trans form; however, it cannot explain that the largest

degree of deformation was induced by UV plus visible light.

From these results, it turned out to be impossible to

correlate the photo-induced modulus change of the film

with the trans:cis ratio of the azobenzene moiety in an

equilibrium state during the irradiation. Thus, we focused

our attention on azobenzene’s excited states rather than its

ground states: The azobenzene under photo-irradiation is

undergoing dynamic changes in its molecular shape

between the trans and cis forms. In other words, azobenzene

moieties resonate to the incident light and this energy from

irradiation is transformed into the vibratory motion of the

excited azobenzene. Since azobenzene can be excited with

both UV and visible light, both types of irradiation can

trigger the vibratory motion. This movement would disturb

the local packing of the polymer in the system and create

local free volume, leading to a decrease in the modulus.

When the light is switched off, the azobenzene moieties

would stop resonating, allowing the local fluctuation and

free volume in the matrix to disappear and the initial

modulus to be recovered completely without permanent

deformation under the very low tensile load. Recently,

several studies have revealed that the frequent photo-

isomerization could induce the softening of polymer films

due to the light-induced free volume formation under UV

and visible irradiation.[13,14] These studies support the

above results and discussion. A similar effect has been

observed for the light-induced surface relief grating (SRG)

of the polymer thin layer containing azobenzene deriva-

tives.[13–19] In the SRG phenomenon, softening of the

polymer layers was detected by atomic force micro-

scopy.[15,18]

Conclusion

A novel semi-IPN system with light-induced mechanical

switching ability was synthesized by the copolymerization

of azobenzene-containing vinyl ethers in a PC matrix. The

switching deformation of the semi-IPN film was achieved

by switching on and off UV, visible, and a broad-

wavelength light without any external heat supply. The

Figure 4. UV-visible absorption spectra: (a) UV light irradi-
ation, (b) visible light irradiation, and (c) UV plus visible light
irradiation.
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deformation rate was very high and was completed within a

few seconds. It was proposed that the switching deforma-

tion was caused by the light-induced dynamic motion of

azobenzene groups. This rapid photo-mechanical switching

semi-IPN system gives us an opportunity to use the present

system in a wide range of applications, such as various

photo-controllable sensors and micro-actuators.
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