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A B S T R A C T

Arylazopyrazoles (AAPs) show significant potential as a new family of molecular photoswitches owing to their
efficient reversible trans -to- cis photoisomerization behavior and the high thermal stability of their metastable cis
-isomer. In this study, AAPs have been used for the fabrication of solid-state photoswitchable poly-
dimethylsiloxane (PDMS) based composite thin films. The thin films were prepared by using PDMS as a polymer
matrix and different concentrations of AAPs as chromophores at 150 �C via spin-coating. The photoswitching
behavior of the AAPPDMS composite films and the pristine AAP samples induced by irradiation with specific
wavelength of light were investigated. We found that the as prepared AAPPDMS composite films showed rapid
and near-quantitative (>98%) reversible trans -to- cis isomerization upon alternating irradiation with UV
(λ ¼ 365 nm) and green (λ ¼ 525 nm) light which is comparable to the isomerization behavior of the pristine AAP
chromophores in solution. This indicates that the excellent photoswitching property of the AAPs is preserved in
the solid-state of the AAP-PDMS composite films. The results also show that the optical properties of the AAP-
PDMS composite films can be tuned by using different ratios of the AAP chromophores and exposure to UV-
light irradiation. Additionally, the thin films were tested for their photo-actuation behavior by UV–vis spec-
troscopy. Irradiation of the thin film with alternating 365 nm UV and 525 nm green light lead to a slight reversible
bending behavior. This is presumably caused by the light-induced conformational change of the AAP moiety
embedded within the PDMS matrix and the soft nature of the PDMS. This methodology provides a new approach
for exploring the fabrication of polymers with enhanced mechanical behavior and solidstate photoswitching
properties. Arylazopyrazoles (AAPs) show significant potential as a new family of molecular photoswitches owing
to their efficient reversible trans -tocis photoisomerization behavior and the high thermal stability of their
metastable cis - isomer. In this study, AAPs have been used for the fabrication of solid-state photoswitchable
polydimethylsiloxane (PDMS) based composite thin films. The thin films were prepared by using PDMS as a
polymer matrix and different concentrations of AAPs as chromophores at 150 �C via spin-coating. The photo-
switching behavior of the AAP-PDMS composite films and the pristine AAP samples induced by irradiation with
specific wavelength of light were investigated. We found that the as prepared AAP-PDMS composite films showed
rapid and near-quantitative (>98%) reversible trans -to- cis isomerization upon alternating irradiation with UV
(λ ¼ 365 nm) and green (λ¼ 525 nm) light which is comparable to the isomerization behavior of the pristine AAP
chromophores in solution. This indicates that the excellent photoswitching property of the AAPs is preserved in
the solid-state of the AAP-PDMS composite films. The results also show that the optical properties of the AAP-
PDMS composite films can be tuned by using different ratios of the AAP chromophores and exposure to UV-
light irradiation. Additionally, the thin films were tested for their photo-actuation behavior by UV–vis spec-
troscopy. Irradiation of the thin film with alternating 365 nm UV and 525 nm green light lead to a slight reversible
bending behavior. This is presumably caused by the light-induced conformational change of the AAP moiety
embedded within the PDMS matrix and the soft nature of the PDMS. This methodology provides a new approach
for exploring the fabrication of polymers with enhanced mechanical behavior and solid-state photoswitching
properties.
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Fig. 1. Chemical structure of the arylazopyrazole photoswitches AAP1
and AAP2.
1. Introduction

Photoswitchable molecules that undergo reversible conformational
change between two distinct isomers upon irradiationwith light continue
to attract considerable attention. Nowadays, particular attention has
been focused on their potential applications inmolecular actuators [1–3],
optical memory devices [4,5], solar energy storage materials [6,7],
photoresponsive surfaces [8–11] and drug delivery vesicles [12–15].
Among the various types of photoswitchable molecules studied, azo-
benzenes have been widely investigated due to the facile synthetic access
and the option to modify the substitution pattern to fine tune and
improve the photochemical properties [16–19]. The photoinduced
isomerization of azobenzenes results in a cis-isomer with a shorter length
scale. The resulting conformational change is accompanied by pro-
nounced modification of the chemical and physical properties of the azo
photoswitch.

As an alternative approach, optimization of the photoswitching per-
formance of azobenzene has been inspired by the investigation of azo-
heteroarenes. In particular, arylazopyrazoles (AAPs) have been recently
introduced as improved light-responsive molecular switches compared to
their azobenzene counterpart [20–29]. These heterocyclic azo com-
pounds represent an emerging new class of photoswitches with
redshifted wavelength, long thermal half-lives, facile synthetic access
and near quantitative reversible trans-to-cis isomerization upon irradia-
tion with UV or green light, respectively. Substitution of one of the
benzene rings from the conventional azobenzene class with a five
membered hetero-aromatic ring leads to a large separation of the π-π*
and n-π* absorbance of the molecules to enable optimized photochromic
behavior. This large separation enables the selective isomerization of
both isomers with high efficiency to complete cis-to-trans
photo-conversion. Owing to these favorable features application of AAPs
is emerging in various optically addressable materials that include su-
pramolecular gels [22–24], surfactants [25–27], host-guest systems [22,
28–30], coordination chemistry [23,34], photopharmacology and DNA
nanotechnology [30–33]. The light-induced isomerization in this type of
photo-switchable molecules is often accompanied by a large conforma-
tional change which necessitates a large degree of conformational
freedom. As a consequence, majority of the functional properties of AAPs
have been investigated in solution or soft molecular assemblies such as
gels and liquid crystals [20–24,34], which greatly limits the scope of
their potential applications. Hence, exploring a general methodology
allowing for reversible isomerization of these photochromic substances
within solid-state materials would be highly desirable. However, despite
the rapidly growing interest in azo-heterocycles, studies on their photo-
switching properties in the solid-sate have been scarcely explored.

In this study, we decide to explore the light-induced solid-state
isomerization of AAPs by simply doping the photochromic compounds
into polydimethylsiloxane (PDMS) matrix without directly anchoring to
the polymer backbone. The doping method avoids the cumbersome and
multiple-step reactions involved in synthesizing complex copolymers.
The choice of PDMS as a host material is motivated by its excellent
thermal and optical properties, chemical inertness and amenable pro-
cessing [35–45]. It is a low cost flexible and optically transparent poly-
mer that is inert to many organic and inorganic compounds [35–45].
Owing to its unique properties, it has been extensively used as a template
for nano/microscale patterning and as a substrate for microfluidic
channel formation [38–43]. In recent years, PDMS polymers embedded
with photochromic materials have also been fabricated with the aim of
formulating unique transparent and flexible photoswitchable sensor
systems [42–44]. Most of the reported photoswitching PDMS systems in
the literature are based on the photochromic spiropyran [42,43] and to a
lesser extent azobenzene [44]. Although the study of PDMS composites
embedded with photochromic substances is an emerging combination for
various applications, the construction of PDMS composites having pho-
toswitchable AAPs molecular switches has not been described yet.

Furthermore, alongside with the design and preparation of hybrid
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organic-polymer composite films, organic-inorganic oxide composites
having both the advantages of inorganic oxides and the film forming
property and flexibility of organic polymers, and possess high hardness
and high temperature resistance have been widely explored [46–48]. In
addition, composite films based on purely all inorganic oxides have also
been extensively studied [49–60]. These hybrid composite materials are
prepared by using various methods that include sol-gel technology,
blending method, and molecular self-assembly among others [49–60].
Compared with organic polymeric systems, the optical properties of
oxide based materials can be greatly improved due to the high degree of
control over both composition and nanostructure that can be achieved by
mixing virtually any ratios to produce the hybrid materials. This in turn
allows for fine tuning of structure-property relationships leading to a
broad range of applications in the fields of magnetism, optics and
nanotechnology [48–60]. It should also be noted that organic-inorganic
composite thin films based on inorganic oxides doped with the photo-
responsive azobenzene moiety that display light-induced photo--
isomerization and optical switching characteristics have been recently
reported [48].

Herein, the fabrication of a photoswitchable AAP doped PDMS
composite films, which combine the unique properties of AAPs and
PDMS is reported. While there are numerous methods such as electro-
deposition, chemical vapor deposition, physical vapor deposition and
sol-gel dip-coating method that can be applied to prepared oxide and
organic-inorganic composite films, the hybrid thin films described in
this study are prepared via spin-coating method [48,51–56, 61–63].
Fig. 1 shows the chemical structure of the AAPs used in this study. The
solid-state optical properties of the AAP-PDMS composite films were
investigated by UV–vis spectroscopy. The results show that the
light-induced reversible trans-to-cis photoswitching behavior of the AAPs
was preserved in the solid-state within the AAP- PDMS matrix. Addi-
tionally, the films show a slight light-induced bending actuation caused
by the conformational change due to the isomerization of the AAPmoiety
embedded with the PDMS matrix.

2. Experimental

2.1. Materials and methods

All reactions were carried out under nitrogen atmosphere. All
chemicals and solvents used of the synthesis of the AAP photoswitches
and preparation of the AAP-PDMS composite films were purchased from
commercial sources and used as received. N-methylhydrazine, poly-
dimethylsiloxane (PDMS), 1-bromo-6-hexanol, ethyl acetate, Na2SO4,
K2CO3, acetone, potassium iodide, 4-aminophenol, 2,4-pentanedione and
dichloromethane were purchased from Sigma Aldrich and were used
without further purification.
2.2. Synthesis of 3-(1,3,5-trimethyl-4-(phenoldiazenyl)-pyrazol-1-yl)-
hexanol (AAP1)

The precursor compounds 3-((2-4-hydroxyphenylhydazono))-
pentane-2,4-dione (2), 4-((1,3,5-Trimethyl-1H-pyrazol-4-yl)diazenyl))-
phenol (3) and 3-(3,5-dimethyl-4-(phenyldiazenyl)-pyrazol-1-yl)-propi-
onic acid (AAP2) were prepared according to literature and methods
described in our recent work [20–22,64,65].
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To a solution of the intermediated compound 4-((1,3,5-Trimethyl-1H-
pyrazol-4-yl)diazenyl))-phenol (3) (0.53 g, 2.23 mmol) in acetonitrile
(50 mL), K2CO3 (1.43 g, 10.4 mmol), KI (21.5 mg, 0.13 mmol) was added
dropwise to 1-bromo-6-hexanol (1.27 g, 7.0 mmol), then it was stirred
and allowed to reflux at 80 �C for 6 h. After completion of the reaction,
the solvent was evaporated under reduced pressure yielding an orange
solid. The residue was washed with water. Then, it was dissolved in ethyl
acetate and dried over Na2SO4. The solvent was removed under reduced
pressure affording yellow-orange solid product of AAP1 (Scheme 1).

Yellow solid; yield: 90% (AAP1): 1H-NMR (400 MHz, CDCl3): δ: 8.01
(d, J¼ 8.8 Hz, 2H), 7.35 (d, J¼ 8.9 Hz, 2H), 4.04 (t, J¼ 6.4 Hz, 2H), 3.96
(s, 3H), 3.65 (q, J¼ 6.4 Hz, 2H), 2.25 (quint, J¼ 6.5 Hz, 2H), 1.90 (quint,
J¼ 7.2 Hz, 2H), 1.65-1.58 (m, 4H). 13C-NMR (100MHz), CDCl3) δ: 162.1
(1C), 154.4 (1C), 146.8 (1C), 135.5 (2C), 127.2 (1C), 124.1 (1C), 114.5
(2C), 67.9 (1C), 62.8 (1C), 39.6 (1C), 33.8 (1C), 29.2 (1C), 25.8 (1C),
24.8 (1c), 14.1 (1C), 9.7 (1C). Anal. Calculated for [C18H26N4O2]: C,
65.47; H, 7.87; N, 16.96. Found: C, 65.29; H, 7.80; N, 19.56.

2.3. Preparation of the arylazopyrazole PDMS (AAP-PDMS) films

Preparation of the arylazopyrazole incorporated PDMS films (AAP-
PDMS) was carried out using the commercially available Sylgard 184
silicone elastomer kit from Dow Inc. following procedures previously
reported for analogous spiropyran or azobenzene photochromes
[42–44]. While there are many methods (e.g., electrodeposition, chem-
ical vapor deposition, physical vapor deposition, sol-gel dip-coating
method) available for preparing hybrid organic-inorganic oxide or
organic-polymer composite materials, the composite films described in
this study are prepared via spin-coating [48, 51–56, 61–63]. First,
different molar solutions (0.03 M, 0.02 M, 0.015 M) of the AAP1 and
AAP2 photoswitches were prepared by dissolving 0.10 g of the AAPs
molecules in 10 mL of acetone at room temperature. Then, 20 g of the
PDMS precursor of the Sylgard 184 silicone elastomer kit was mixed with
the curing agent in a weight ratio of 10:1. Next, 1.0 mL of the acetone
solutions (0.020 M or 0.015 M) of the AAP photochromes were poured
into the PDMS elastomer mixture and stirred well for 2 min to ensure
thorough mixing. The clear homogeneous gel formed using 0.02 M or
0.015 M solutions was then spin-coated at a high speed of 1000 rpm on
75 � 25 mm glass slide pre-cleaned with acetone to give a 25 μm thick
film. Similarly, the sample containing 0.030 M solution was spin-coated
at a slow speed of 200 rpm to give a dense film of 127 μm thickness. The
resulting coated glass slides are then heated on a hot plate at 150 �C for
22 min to yield a clear uniform yellow colored AAP-doped PDMS thin
films. The resulting film was of uniform composition and without va-
garies associated with repeated fabrication. The dense film (127 μm) was
designed with the aim to study the effect of concentration of the
photochromic substance and thickness on the isomerization process.

2.4. Photoswitching studies of AAP-PDMS thin films

The successful integration of the photochromic arylazopyrazole
Scheme 1. Synthetic route for AAP1.
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moiety into the PDMS film was ascertained by UV–vis spectroscopy. A
strip of the hardened AAP-PDMS film was peeled off from the glass
substrate and adhered to a film-sample holder of the spectrophotometer
fitted to conduct photoisomerization studies in solid-state samples. For
the trans-to-cis isomerization, the UV–vis irradiation was carried out by
placing the AAP-PDMS film in the sample-holder and exposed to 365 nm
light from a hand-held lamp. Subsequent irradiation with green light of
525 nm was used for the reverse cis-to-trans photoisomerization studies.
The spectrum of undoped PDMS of the same thickness was used as
baseline to ensure that measured spectrum was entirely that of the
photoswitch.

2.5. Photoswitching stability

To probe for the reproducibility and the stability, the reversible trans-
to-cis and cis-to-trans isomerization was examined using a 25 μm film
repeated over four cycles. Initially, absorbance of the film was measured,
then the film was irradiated with 365 nm UV for 5 min to attain cis-state
and subsequently irradiated with 525 nm green light successively for
5 min followed by measurement of the corresponding absorbance.

2.6. Characterization methods

1H and 13C NMR spectra of the samples were recorded on a JEOL
Eclipse2-400 MHz spectrometer using solvent resonances as internal
references relative to TMS. Solution state UV–visible absorption spectra
were recorded on a Varian Cary 60 BIO spectrometer from Agilent
technologies. Photoisomerization was induced by irradiating solutions of
the molecular switches in a quartz cuvette at room temperature with UV
light at 365 nm, followed immediately by recording the absorption
spectrum. Dry acetone, acetonitrile or dichloromethane (DCM) solvents
were used for all UV–visible measurements. The extent of isomerization
at the photostationary state is estimated based on the following differ-
ence equation:

% Cis¼Atrans � ACis

Atrans
� 100

Where Atrans is the absorbance for the trans isomer at λmax before light
irradiation and Acis is the absorbance for the cis isomer at the same
wavelength measured at the photostationary state [66–68]. The reverse
cis-to-trans isomerization was conducted by irradiating using green light
(λ ¼ 525 nm).

In the solid-state, photoisomerization properties of the AAP1 and
AAP2 doped PDMS composite films were probed using a Shimadzu 600
UV–Vis spectrophotometer by recording absorbance spectra following
each irradiation time interval. Two light sources were used for photo-
switching: hand held UV-light (λ¼ 365 nm) for trans-to-cis isomerization
and high-power LED (λ ¼ 525 nm) for cis-to-trans isomerization at
different time intervals. SEM images were recorded with a JEOL 6390,
operating with an acceleration voltage of 5 kV. The pressure inside the
chamber was kept constant below 10�5 mbar and the working distance
was set to 39 mm.

3. Results & discussion

3.1. Synthesis of molecular switches

Carboxyl and hydroxyl group functionalized AAPs were synthesized
follow literature procedures [20–22,46,47] and methods developed in
our laboratory [23,34] (Scheme 2) with the aim to fabricate AAP doped
PDMS composite films and matrix and explore the solid-state photo-
toswitching behavior (for details of the synthesis procedures and char-
acterization see experimental part). The AAP1 photoswitch has been
characterized by 1 H NMR, 13C NMR, and UV–vis spectroscopy. Similar to
previously reported AAP based photoswitches, the presence of the



Scheme 2. Synthetic Route for AAP1.

Fig. 3. UV–Vis absorbance spectral changes of the pristine AAP1 in acetone
(2 � 10�5 M); (a) trans-to-cis isomerization after irradiation for different times
from 0 to 2 min at λ ¼ 365 nm; (b) Spectra of irradiated solution of compound
AAP1 (cis-to-trans isomerization) upon irradiation with λ ¼ 530 nm and recor-
ded after different times of irradiation from 5 to 20 min.

Fig. 4. Reversible photoisomerization of the AAP1 molecule.
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characteristic peaks of the CH3 group of the pyrazole moieties in the
2.50–2.60 ppm range in the NMR spectra indicates that, in all cases, the
molecular switches exist in their more stable trans isomers under normal
conditions [20, 23, 34, 64].

3.2. Preparation of the AAP-PDMS composite films

The AAP photoswitches were incorporated into the PDMS Sylgard
184 elastomer following procedures previously reported for analogous
spiropyran or azobenzene.

photochromes [42–44]. The amount of the AAP switches in the PDMS
composite film was kept at a lower concentration to avoid oversaturation
of the UV–vis measurements. The obtained transparent uniform yellow
AAP embedded PDMS composite film (AAP-PDMS) was cut into strips for
subsequent UV–vis studies (Fig. 2a and b).

3.3. Photoisomerization studies of AAP1 and AAP2 in solution

UV–vis spectroscopy was carried out to study the photoisomerization
properties of the AAPs molecular switches in solution for comparison
purposes to the solid-state AAP-PDMS composite films. The UV–vis
spectra and photoisomerization studies of AAP2 was described in our
recent studies [23]. Absorption spectra of AAP1 in acetone
(2.0 � 10�5 M) is shown in Fig. 3. Similar to AAP2, under normal con-
ditions, the AAP1 photoswitche existed in the stable trans-isomer form.
Before UV-light irradiation at λ ¼ 365 nm, the trans-isomer of AAP1
displayed two characteristic absorption bands at (λ ¼ 345 nm) and a
weak band at 440 nm (Fig. 3a). Analogous to reported literature studies
on arylazopyrazoles [20–23], the intense absorption band for the tran-
s-isomer was assigned to the π-π* transitions, whereas the broad, weak
band at around 440 nm was assigned to the n-π* transitions. Upon irra-
diation with UV light (λ ¼365 nm) for 0–2 min, the trans-form was easily
converted to the cis-

isomer (Fig. 4). This was clearly shown by a significant decrease in the
π-π* transition at 345 nm and an increase in the n-π* 440 nm (Fig. 3a),
which were indicative of the formation of the cis-isomer. The trans-to-cis
isomerization of AAP1 reached a photostationary state (PSS) within
2 min. Further irradiation of the sample solution beyond 2 min did not
give any

significant changes in the spectral features. The cis-to-trans ratio at the
PSS was found to be.

94:6 for compound AAP1, as estimated from the UV–vis spectra using
the equation described in the literature [67,68]. In this calculation, it is
assumed that before light irradiation, the absorption band at 345 nm is a
Fig. 2. Preparation process for the AAP1-PDMS composite films.
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100% from the trans-state [67,68].
The reverse cis-to-trans photo-isomerization of AAP1 was also studied

by UV–vis spectroscopy. For example, upon exposure of a solution of
AAP1 to UV light (λ¼ 365 nm) for 2 min, and then irradiating the sample
with green (λ ¼ 530 nm) for 15 min led to the near full recovery of the
original absorption spectrum of the trans-isomer (Fig. 3b). The trans-to-cis
ratio was found to be 90:10.

3.4. UV–vis behavior of the AAP-PDMS composite films

After curing the sample at 150 �C for 22 min, analysis of the UV–vis
spectra of the AAP-PDMS composite films were carried out in a manner
similar to those of the solution based samples. Initially, to assess the
photophysical properties of the samples in the solid-state, the UV–vis
spectra was examined using the thick 127 μm AAP1-PDMS composite
film as a function of time (Fig. 5). Encouragingly, as shown in Fig. 5, upon
irradiation with UV light (λ ¼365 nm) the trans-isomer of the AAP1
embedded in the PDMS matrix is converted into the metastable cis-
configuration, which is evidenced by a decrease in the intensity of the
π-π* peak at 340 nm and an increase in the n-π* band at 450 nm. The PSS
Fig. 5. UV–vis absorbance spectral changes of the 125 μm thickness of the
AAP1-PDMS composite film for the trans-to-cis-isomerization upon irradiation
for different times from 0 to 5 min at λ ¼ 365 nm.
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state at the 340 nm band is achieved after 5 min of irradiation. At the PSS
the trans-to-cis ratio was found to be 39:61 as estimated from the UV–vis
spectra using the equation described in the literature [67,68]. Similar to
the solution based samples, in this calculation, it is assumed that before
light irradiation, the absorption at 340 nm is a 100% from the trans-state
[67,68]. The photoisomerization of AAP1 induces a change in the mo-
lecular size. When incorporated into the PDMS polymer matrix, there is a
certain free volume requirement for photoisomerization of the AAP1
photoswitch to occur. Hence, the reduced isomerization efficiency of the
AAP1 photoswitch embedded in the thick (127 μm) PDMS matrix could
be attributed to the steric hindrance impeding the desired light-induced
conformational change due to the high concentration of the AAP1 in the
composite film.

To further assess the efficiency of the photoisomerization, the UV–vis
absorption spectra of the AAP1-PDMS composite was investigated using a
thin (25 μm) film (Fig. 6a). The composite film was prepared by spin-
coating of 0.020 M solution of the AAP1 into the PDMS matrix. The
absorbance spectra before UV light irradiation clearly shows that the
composite films investigated are dominated by the trans-state at room
temperature (Fig. 6a). However, upon continuous irradiation with
365 nm UV light for 5 min the trans-isomer is transformed to the cis-state
which is manifested by a decrease of the absorption peak centered at
340 nm and a slight increase in the peak around 450 nm. Afterward,
irradiation with 525 nm green light for 5 min results in an increase of the
absorption peak at 340 nm and decrease in the peak at 450 nm indicating
the reverse switching of the cis-isomer to the trans-isomer (Fig. 6b). Thus,
irradiation of the sample with green light for 5 min resulted in the
retrieval of the original spectrum with a slightly higher intensity of the
peak at the 340 nm, indicating that a small percentage of the cis-form of
the AAP1 was present in the of the original sample. Further irradiation of
the composite film beyond 5 min did not give any significant changes.

in the spectral features. Clearly, these changes in the absorbance
spectra are indicative of the conformation changes due to the trans-to-cis
photoisomerization of the AAP1 embedded in the PDMS matrix. These
results indicate that the AAP1 compound embedded in the PDMS matrix
Fig. 6. UV–vis absorbance spectral changes of the hybrid thin film of the AAP1-
PDMS composite film; (a) trans-to-cis-isomerization after continuous 5 min
irradiation at λ ¼ 365 nm; (b) spectra of a sample of the composite film (cis-to-
trans isomerization) upon irradiation with λ ¼ 525 nm at different times from 1
to 5 min. The rise in the base line of the spectra of the solid thin film is due to
scattering of incident light. (c) Optical switching characteristics of the composite
film upon alternating irradiation with UV and green light at 340 nm absorbance
wavelength for four cycles. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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exhibited a quantitative (~ 100) reversible photoswitching efficiency in
the solid-state (Fig. 6b). The high switching efficiency of the AAP1 in the
thin (25 μm) film of the PDMS matrix could be attributed to its longer
chain that gave rise to a larger volume change in response to light
irradiation.

The optical switching and performances of the composite film doped
with 0.020 M of the photochromic arylazopyrazole moiety was studied
by irradiating with alternating UV light 365 nm and green light 525 nm
for four cycles at room temperature (Fig. 6c). During this process the
composite film was irradiated with UV light for 5 min followed by the
immediate measuring of the UV–vis absorbance spectrum of the film.
Subsequently, the composite film was irradiated with green light for
5 min, then the UV–vis absorption spectrum of the film was immediately
measured again. Four such cycles were measured repeatedly, at the
340 nm absorption wavelength and each UV–vis absorption spectrum
was carefully recorded resulting in the characteristic optical switching
behavior shown in Fig. 6c. The results in Fig. 6c show that there are
several periods of reversible photo-isomerization upon exposure to
alternating UV and green lights, indicating a good optical switching
performance and strong fatigue resistance.

In summary, these significant changes in the absorption spectra of the
samples are indicative of the efficient reversible photoisomerization of
the AAP moiety embedded in the alternating irradiation with 365 nm UV
light (5 min) and 525 green light (5 min). This process appears to be fully
reversible for at least four cycles without photodegradation, as we didn't
observe any change in the peak absorbance between cycles (Fig. 6c). The
profound differences in photo-isomerization efficiency observed between
the thick (127 μm) and thin (25 μm) composite films could be attributed
mainly to concentration effects.

Analysis of the UV–vis spectra of the AAP2-PDMS composite film was
carried out in a manner similar to those of AAP1 based films. A similar
trend was observed when the AAP2-PDMS composite film was irradiated
with alternating UV and green lights. However, the spectra of the AAP2
showed an overlap of the absorbance of the trans-and-cis isomers which
limits selective excitation resulting in less efficient isomerization (~83%)
Fig. 7. UV–vis absorbance spectral changes of the hybrid thin film of the AAP2-
PDMS composite film; (a) trans-to-cis-isomerization after continuous 5 min
irradiation at λ ¼ 365 nm; (b) spectra of a sample of the composite film (cis-to-
trans isomerization) upon irradiation with λ ¼ 525 nm at different times from 1
to 5 min. The rise in the base line of the spectra of the solid thin film is due to
scattering of incident light. (c) Optical switching characteristics of the composite
film upon alternating irradiation with UV and green light at 340 nm absorbance
wavelength for four cycles. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)



Fig. 8. SEM images of the AAP1-PDMS composite film containing 0.020 M of
the AAP1 photoswitch; (a) 5 kV, �40 magnification and (b) 30 kV, �50
magnification.

Fig. 9. (a) Schematics view of the experimental setup for the actuation mea-
surements; (b) Optical Microscope setup with Camera and placement of the
sample in a vertical position for UV and green light irradiation. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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of the AAP2 Embedded in the solid state PDMS composite films (Fig. 7a).
This overlap could be due to some geometric constraints that result when
the AAP2 photoswitch is doped into the PDMS matrix. A second irradi-
ation with green light for 5 min results in the retrieval of the original
spectrum with a slightly higher intensity of the peak at the 340 nm,
indicating that a small percentage of the cis-form of the AAP2 was present
in the of the original sample (Fig. 7b).

Although, our results show that the conversion efficiency of the AAP2
is generally lower compared to that of AAP1, its incomplete isomeriza-
tion is far better than the extensively studied azobenzene counterpart.
For example, the switching efficiency of azobenzene embedded in a
polymer matrix (Trans-4-methacryloyloxyazobenzene) in hexane

was 71% [66,69]. This observation clearly indicates that the AAPs
have more favorable photoswitching properties compared to those of
azobenzenes a fact that has been

corroborated by previous reports on solution based studies of other
AAP derivatives. In addition, the results in this study showed that the
hydroxyl (AAP1) and carboxyl (AAP2) containing molecules gave
different results after doping of PDMS with acetone solution of the AAPs
at 150 �C. For comparison purposes, the band maxima and conversion
efficiency are given in the Supporting Information (see Table S1). Similar
to inorganic oxide based composites, the performance and strength of the
hybrid organic-polymer films could be improved by incorporating addi-
tional fillers into the polymer matrix [54–56].

The morphology (Fig. 8) of the spin-coated AAP1-PDMS composite
film was examined by Scanning Electron Microscope (SEM). The SEM
images show that the morphology the AAP-PDMS composite films is
uniformly regular with no presence of other discrepancy phases.

3.5. Photoinduced bending actuation

To test the actuation ability of the thin film, a 4.5 mm � 4.5 mm with
25 μm thickness was cut. Then, the reversible light driven deformation of
the films was investigated by alternating illumination of UV and green
light, respectively, and imaged under a microscope (Fig. 9). A schematic
view of the experimental setup for the actuation measurement is shown
in Fig. 9a. A sample of the AAP1-PDMS composite film is placed vertically
on microscope platform. A section of the film is manually lifted off the
glass to create a gap. Image of the AAP1-PDMA film is then captured first
for the trans state and then after each UV and green light irradiation
(Fig. 9b).

The image is then analyzed with Gwydion [70] software to measure
the changes in width of the gap (See Fig. S3; and Table S2 in the Sup-
porting Information). Upon irradiation with 365 nm UV light, the
AAP-PDMS films bend away to a small extent from the glass slide.

by ~ 2.7 μm size change and return to the initial state when exposed
to 525 nm green light. We presumed that at around 360 nm, most inci-
dent photons were absorbed by the embedded AAP units and the isom-
erization induced a stress in the films, and thereby led to a bending
deformation of the whole systems. When the bent film was exposed to
green light, cis-AAP went back to the original trans-state embedded
within the PDMSmatrix (see Fig. S3; in the Supporting Information). The
repeatability of this behavior is confirmed over four cycles of actuation
without loss of photoresponsive behavior (see Fig. S3 and Table S2 in the
Supporting Information). This led us to hypothesize that the AAP-PDMS
composite film described in this study could potentially function as a
photodynamic system that change its size by photoinduced isomeriza-
tion. In particular, the observed photostability of the AAP functionalized
PDMS composite films opens a wide range of potential applications that
include pure photonics and conformable devices.

4. Conclusion

In conclusion, we have successfully fabricated arylazopyrazole
embedded polydimethylsiloxane composite films that display near
quantitative (~100) reversible trans-to-cis photoisomerization in the
6

solid-sate. These composite films are designed to illustrate the versatility
and excellent performance of the arylazopyrazole based molecular
switches. The composite films were prepared by directly embedding the
arylazopyrazole photoswitches into the polydimethylsiloxane matrix.
The transparent and flexible composite films were found to display an
efficient reversible trans-to-cis isomerization of the arylazopyrazole
photochromic units in the polydimethylsiloxane host matrix upon alter-
nating irradiation with UV (λ¼ 365 nm) and green (λ¼ 525 nm) lights. In
particular, the 6-cabon alkyl chain gave a composite film with remark-
able reversible light-induced isomerization in the solid-state polymeric
material. The UV–vis spectra of the solid-sate samples shows >98%
conversion to the cis-isomer. This conversion efficiency (~100) is com-
parable to those of solution based samples for AAP and azobenzenes
described in the literature. Furthermore, we demonstrated that upon
exposure to alternating UV and green light the composite films showed a
slight macroscopic reversible bending behavior to a smaller extent. These
results imply that the arylazopyrazole domains embedded in the poly-
dimethylsiloxane matrix can work as micro-actuators to afford macro-
scopic deformation of the whole film. The composite film also showed
good recyclability under alternating treatment with light of specific
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wavelengths up to four times, indicating a good optical switching per-
formance and strong fatigue resistance. We postulate that the excellent
reversible solid-state photoswitching of the arylazopyrazole doped
composite films reported here may enable great potential applications for
optoelectronic devices with tunable electronic and optical properties.
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