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Introduction

Interpenetrating polymer networks (IPN) represent a uni-

que class of materials in which two crosslinked polymers

are held together by permanent topological entangle-

ments.[1–3] Such IPN structures can be prepared by several

methods involving the polymerization of monomers in a

matrix of a crosslinked polymer.[4,5] In the process of IPN

formation, the monomer diffuses into the matrix polymer

and polymerizes to form the corresponding new polymer

network, which is topologically interlocked with the matrix.

The formation of such an interlocked structure allows us to

prepare a wide range of homogenous polymer blends with-

out the segregation found in blends where the constituents

are incompatible. Such homogeneous IPNs have the poten-

tial to display novel advantageous properties. A similar

process can be attained when a linear polymer is used as a

matrix instead of a crosslinked one. In this case, the newly

formed crosslinked polymer does not topologically inter-

lock with the matrix. Nevertheless, de-threading the linear

polymer from the polymer network is statistically almost

impossible because of the high degree of entanglement. The

obtained structure is called a ‘‘semi-IPN’’ and is of great

interest because it is easy to prepare and process owing to

the soluble and thermoplastic nature of the linear polymer

matrix.[6–9]

Herein, we report on a new binary polymer system with a

semi-IPN structure that has been designed to function as a

Summary: A novel semi-interpenetrating polymer network
(semi-IPN) with photomechanical switching ability was
developed by a cationic copolymerization of azobenzene-
containing vinyl ethers in a matrix of a linear polycarbonate
(PC). The semi-IPN film showed reversible deformation
upon switching the UV irradiation on and off and responded
with unprecedented rapidity. The photomechanical effect is
attributed to a reversible change between the highly aggre-
gated and dissociated states of the azobenzene groups.

The reversible UV response of the length of the semi-IPN film
at 25 8C.
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unique photoresponsive material. It consists of a linear

polycarbonate matrix (PC), which because of its high

toughness and transparency is a widely employed engineer-

ing thermoplastics, together with a poly(vinyl ether) net-

work formed by the cationic copolymerization of vinyl

ether type monomers 1 and 2 that have a photochromatic

azobenzene moiety (see Scheme 1). The combination of

these polymers into the corresponding semi-IPN produces a

synergetic effect, giving it a rapid reversible deformation

behavior that responds sharply to repeated photoswitching,

an attribute which has become one of the hottest issues in

the field of smart materials.[10–14]

Experimental Part

Materials

The vinyl ether type monomers 1 and 2 were synthesized
according to the procedures described below. Polycarbonate
(PC;Mw ¼ 60 000, Tg¼ 146 8C) was purchased from Scientific
Polymer Products, Inc. Dehydrated tetrahydrofuran (THF) was
purchased from Kanto Chemicals Co., Ltd. The other chem-
icals were purchased from Tokyo Kasei Co., Ltd., and were
used as received.

Measurements

FTIR spectra were recorded on a Perkin–Elmer Spectrum One
spectrometer. 1H and 13C NMR spectra were recorded on a
JEOL Lambda-300 spectrometer with tetramethylsilane as an
internal standard; the d and J values were given in ppm and Hz,
respectively. UV-visible spectra were recorded on a JASCO
V-570 UV/visible/near-IR spectrophotometer. Differential
scanning calorimetry (DSC) measurements were carried out
using a Seiko DSC-6200, at a 10 8C �min�1 heating rate under a
nitrogen flow of 20 mL �min�1. High-resolution electron im-
pact mass spectrometry (HR-EIMS) was recorded on a JEOL
LMS-HX-100. The photomechanical switching behavior was

examined by using a 320 W high-pressure mercury lamp
(MORITEX Co., MUV-202-U) equipped with a cut-off filter
(Edmund, model no. 43103-F) for UV irradiation (365 nm) and
a heat cut-off filter (Schott, KG-1). The strain change and
Young’s modulus for each film were measured using a Seiko
TMA/SS6100.

Synthesis of the Monofunctional Monomer 1

To a solution of diethylene glycol monovinyl ether (0.68 g,
5.1 mmol), triethylamine (1.03 g, 10.2 mmol), and 4-(di-
methylamino)pyridine (50 mg, 0.40 mmol) in THF (30 mL), a
solution of azobenzene-4-carbonyl chloride (1.0 g, 4.1 mmol)
in THF (20 mL) was added dropwise at 0 8C for 1 h. After
stirring for 24 h at room temperature, the resulting mixture was
filtered to remove triethylamine hydrochloride, concentrated
under reduced pressure, and fractionated by column chroma-
tography (silica gel; eluent, hexane/ethyl acetate¼ 4:1 (v/v)) to
obtain the monomer 1 as an orange solid (1.13 g, 3.3 mmol,
81% yield). Melting point: 40 8C:

FTIR (KBr): 3 060, 3 050 (nCH, aromatic ring), 2 960, 2 870
(nCH, CH2), 1 717 (nC O, carboxylic group), 1 615 (nC C,
O–CH CH2), 1 603 (nC C, aromatic ring), 1 497 (nN N, azo
group), 1 280 (nas C–O, C( O)–O), 1 209 (nas C–O–C, C–O–
C C), 1 129, 1 116 (nC–O–C, CH2–O–CH2), 1 096, 1 085
(nsy C–O–C, C–O–C C), 777, 697 cm�1 (dCH, mono-substituted
aromatic ring).

1H NMR (CDCl3): d¼ 3.79–3.83 (2H, m, –O–CH2CH2–O–
CH ), 3.87–3.91 (4H, m, –CH2–O–C C, –O–CH2CH2–
O(C O)), 4.01–4.04 (1H, dd, 2Jgeminal¼ 2.20 and 3Jcis¼
6.79 Hz, CHH ), 4.18–4.23 (1H, dd, 2Jgeminal¼ 2.11 and
3Jtrans¼ 14.39 Hz, CHH ), 4.53 (2H, t, 3J¼ 4.77 Hz, –CH2–
O(C O)), 6.47–6.54 (1H, dd, 3Jcis¼ 6.79 and 3Jtrans¼ 14.30
Hz, –O–CH ), 7.50–7.57 (3H, m, aromatic Hmeta and para to
C–N N), 7.93–7.97 (4H, aromatic H ortho to C–N N), 8.19–
8.24 (2H, aromatic H ortho to C( O)–O).

UV: lmax/nm¼ 326 (trans), 457 (cis).
13C NMR (CDCl3): d¼ 64.28, 67.30, 69.28, 69.66, 86.81,

122.59, 123.12, 129.15, 130.73, 131.68, 131.72, 151.69,
152.54, 155.17, 165.94.

HR-EIMS: C19H20O4N2: Calcd. 340.1423; Found 340.1410.

Synthesis of the Bifunctional Monomer 2

To a solution of diethylene glycol monovinyl ether (1.08 g,
8.1 mmol), triethylamine (1.65 g, 16.3 mmol), and 4-(dimethyl-
amino)pyridine (80 mg, 0.65 mmol) in THF (30 mL), a solution
of azobenzene-4,40-dicarbonyl dichloride (1.0 g, 3.3 mmol) in
THF (20 mL) was added dropwise at 0 8C for 1 h. After stirring
for 24 h at room temperature, the resulting mixture was filtered
to remove triethylamine hydrochloride, concentrated under
reduced pressure, and fractionated by column chromatography
(silica gel; eluent, hexane/ethyl acetate¼ 4:1 (v/v)) to obtain
monomer 2 as an orange solid (1.25 g, 2.7 mmol, 82% yield).
Melting point: 70 8C.

FTIR (KBr): 3 112 (nCH, aromatic ring), 2 960, 2 853 (nCH,
CH2), 1 719 (nC O, carboxylic group), 1 615 (nC C,
O–CH CH2), 1 601 (nC C, aromatic ring), 1 497 (nN N, azo
group), 1 269 (nas C–O, C( O)–O), 1 209 (nas C–O–C, C–O–

Scheme 1. Preparation of semi-IPN film.
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C C), 1 139, 1 127 (nC–O–C, CH2–O–CH2), 1 106, 1 089 (nsy C–

O–C, C–O–C C), 778, 696 cm�1 (dCH, mono-substituted
aromatic ring).

1H NMR (CDCl3): d¼ 3.79–3.83 (4H, m, –O–CH2CH2–O–
CH ), 3.87–3.91 (8H, m, –CH2–O–C C, –O–CH2CH2–
O(C O)), 4.01–4.04 (2H, dd, 2Jgeminal¼ 2.20 and 3Jcis¼
6.79 Hz, CHH ), 4.18–4.23 (2H, dd, 2Jgeminal¼ 2.20 and
3Jtrans¼ 14.31 Hz, CHH ), 4.54 (4H, t, 3J¼ 4.77 Hz, –CH2–
O(C O)), 6.47–6.54 (2H, dd, 3Jcis¼ 6.88 and 3Jtrans¼ 14.40
Hz, –O–CH ), 7.97–8.01 (4H, m, aromatic H ortho to C–
N N), 8.22–8.25 (4H, aromatic H ortho to C( O)–O).

UV: lmax/nm¼ 330 (trans), 460 (cis).
13C NMR (CDCl3): d¼ 64.36, 67.31,69.26, 69.66, 86.82,

122.88, 130.78, 132.35, 151.69. 154.96, 165.93.
HR-EIMS: C26H30O8N2: Calcd. 498.2002; Found 498.2024.

Preparation of the Semi-IPN Film

The monofunctional monomer 1 (0.30 g, 0.88 mmol), the
bifunctional monomer 2 (0.30 g, 0.60 mmol), diphenyliodo-
nium hexafluorophosphate (Ph2I-PF6; 23 mg, 0.054 mmol),
2,20-azoisobutyronitrile (AIBN; 10 mg, 0.061 mmol), and the
matrix PC (1.47 g) were dissolved in 50 mL of dichloro-
methane to give a homogeneous solution. The solution was
applied to a glass surface of a Petri dish to obtain the corres-
ponding cast film. The monomers in the cast film were
polymerized under heating at 130 8C for 4 h in air to obtain a
red colored transparent film with a thickness of 11 mm.

Photomechanical Switching of the Semi-IPN Film

The photomechanical switching behavior was examined by
using a 320 W high-pressure mercury lamp (MORITEX Co.,
MUV-202-U) equipped with a cut-off filter (Edmund inter-
ference filter 43103-F) for UV irradiation (365� 5 nm) and a
heat cut-off filter (Schott, KG-1). The strain change and
Young’s modulus of the films were measured at 25 8C using a
Seiko TMA/SS6100.

Results and Discussion

Preparation and Characterization of the Semi-IPN

Thermal copolymerization of the monomers 1 and 2
(50:50 wt. ratio) resulted in the production of an azoben-

zene-carrying crosslinked poly(vinyl ether) (AZ-CPE) with

a Tg at 1 8C. Scheme 1 shows the procedure for the

preparation of the semi-IPN film. The thermal copolymer-

ization of the monomers 1 and 2 was performed in the PC

matrix by employing a dual-initiating system consisting of

cationic initiation with Ph2I-PF6 and radical initiation with

AIBN. This polymerization system was not affected by

moisture or oxygen in the air and produced a semi-IPN

transparent film composed of AZ-CPE/PC¼30:70 (w/w),

which was the maximum content of AZ-CPE to produce a

transparent semi-IPN film without phase separation. FTIR

and DSC analyses of the film revealed that the conversion of

the azobenzene monomers was quite high even when the

content of the azobenzene monomers was maximized. In

the FTIR spectrum of the film, the absorption at 1 615 cm�1

for the vinyl group of the monomers totally disappeared

after the polymerization to support that at least 95% of the

monomers were converted. In the DSC profile of the film, no

heat absorption for the evaporation of the residual mono-

mers or heat evolution for their post polymerization was

detected. The DSC analysis provided us with one more

piece of important information on the structure of the semi-

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

and that at 1 8C for the AZ-CPE were not observed, while a

new glass transition appeared at 71.6 8C, which indicated

the successful formation of a semi-IPN structure in which

the matrix and the crosslinked poly(vinyl ether) are

homogeneously blended without segregation.

Figure 1 shows the stress–strain curves for the semi-IPN

and PC films, respectively. The high Young’s modulus:

E¼ 2.08 GPa of PC was inherited by the semi-IPN film and

was further increased toE¼ 2.27 GPa by the interlocking of

the PC by the poly(vinyl ether) network.

Photomechanical Switching Behavior of the
Semi-IPN Film

The photoinduced deformation of azobenzene-containing

materials has been the subject of intense interest, because

these materials are expected to be used as potential nano-

and microscale devices for sensors and actuators.[10–14]

Recent reports on the work done in producing excellent

material designs have proven the feasibility of this concept,

however, the materials investigated thus far have still suf-

fered from a blunt and slow photoresponse rate of ten

minutes or over, despite being heated above their glass

transition temperatures so as to allow the polymer chains to

Figure 1. Stress versus strain profiles for the semi-IPN and PC
films.
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move freely. The present semi-IPN system also contains the

azobenzene moiety and thus is expected to show a

photoinduced deformation. In the semi-IPN structure, the

rod-like chains of PC are physically entangled by the soft

poly(vinyl ether) chains having the azobenzene moiety.

This allows the photoinduced isomerization of the azoben-

zene moiety with the subsequent change in the physical

tension of the poly(vinyl ether) chains to be efficiently

transmitted to the PC rods. In this way, the photo-induced

isomerization can be used to modulate the properties of

the whole system. This unique characteristic arising from

the semi-IPN structure prompted us to study its photo-

response behavior in more detail.

The photoresponse behavior of the semi-IPN film was

investigated using a thermal mechanical analyzer (TMA).

During the TMA measurement, the film was subjected to a

constant tensile stress of 10� 10�3
N (300� 10�3

N mm�2).

This load is in a force range sufficient to cause elastic

deformation of the film. The film was irradiated normal to

its surface with filtered UV light (365�5 nm) at an intensity

of 30 mW � cm�2 generated by a 320 W high-pressure

mercury lamp. During the experiment, the film temperature

was maintained at 25 8C by placing a heat absorption filter

between the film and the lamp. By this means, the change in

the length of the film (size: 15� 3 mm2, thickness: 11 mm)

induced by UV irradiation was accurately measured.

When the semi-IPN film was irradiated with UV light, its

elongation in the direction of the tensile load was observed,

and the degree of strain (DL/L0) reached a maximum at

0.040% when the UV absorption of the film reached satu-

ration point (Figure 2). Upon turning off the irradiation, the

film returned to its original length prior to irradiation. The

film deformed in response to the UV switching without any

delay, in fact the deformation occurred within 2.4 s and the

deformation rates exceeded 1.5 mm � s�1 at 25 8C; reversible

changes of unprecedented rapidity. Such deformation be-

havior was not observed for the PC matrix itself, suggesting

that the reversible E–Z isomerization of the azobenzene

moiety was responsible for the reversible deformation. In

addition, the reversible deformation of the semi-IPN film

could be repeated by switching the UVirradiation on and off

without any apparent fatigue, as shown in Figure 2.

The mechanism for the UV-induced deformation of the

semi-IPN film can, with the assistance of the model des-

cribed in Figure 3, be tentatively explained as follows:

Generally, the rod-likeE isomer (trans form) of azobenzene

has a relatively extended conformation that allows it to

efficiently self-aggregate by intermolecular p–p stack-

ing.[15,16] This aggregation can be destroyed by the UV-

induced isomerization of azobenzene into the Z isomer (cis

form), which has a folded and bulky molecular shape, thus

is incapable of efficient aggregation through p–p stacking.

This reversible aggregation–dissociation behavior was

inherited by the azobenezene-carrying poly(vinyl ether),

resulting in the switching of the physical crosslinking of the

poly(vinyl ether) through the non-covalent bond. In the

semi-IPN system, the azobenezene-carrying poly(vinyl

ether) chains are clinging to the PC rods, and therefore the

reversible isomerization of the azobenzene group drives

the reversible crosslinking–decrosslinking of the PC–

poly(vinyl ether) physical complex leading to the reversible

change in the elasticity of the semi-IPN film. This hypo-

thetical mechanism is consistent with the fact that turning

on the UV irradiation triggered the elongation of the film as

it yielded to the tensile stress, whereas turning off the

irradiation triggered its recovery through resistance to the

tensile stress.

Conclusion

We have developed a new photoresponsive semi-IPN

system consisting of an azobenzene-carrying poly(vinyl

ether) network and a linear polycarbonate. The present

system has several favorable features that have been diffi-

cult to achieve with conventional systems: 1) It shows
Figure 2. The reversible UV response of the length of the semi-
IPN film at 25 8C.

Figure 3. Model for the UV-induced change in the elasticity.
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photoresponsive deformation without any external heat

supply. 2) The deformation is reversible and can be repeated

by switching UV irradiation, which means the system does

not require a UV-visible dual photo-apparatus used in

conventional photoresponsive systems. 3) The deformation

responds rapidly to the photoswitching with a response rate

of the order of a few seconds. 4) The ease of preparation of

the material is another feature that gives us an opportunity

to apply the present system in a wide range of matrix

component and azobenzene-containing component combi-

nations.
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