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4,40 -Di(acrylamido)-azobenzene was used as a crosslinker in poly(Nisopropylacrylamide)-based microgels. The microgels were subsequently used to fabricate microgel-based optical materials (etalons),
which exhibited optical properties that were switchable upon exposure to UV irradiation. We also show that the extent of the response
depended on the UV exposure time. These materials could ﬁnd
applications for controlled/triggered drug delivery, as well as in various
optical applications.

Stimuli-responsive polymers, or “smart materials”, have
attracted great attention in the natural sciences within the last
few decades.1–4 These macromolecules/materials undergo
physical and/or chemical changes in response to small variations in their environment. This interesting behavior has revolutionized the way we think about drug delivery, and has led to
many advances in various elds of material science, chemistry,
engineering, and physics.2,5,6 Of the various stimuli that can be
used to excite these systems, light has attracted much interest
due to its ability to locally excite materials from remote locations.7,8 Additionally, light induced excitation of materials can
easily be started/stopped by simply switching the excitation
source on/oﬀ, while the magnitude of the response can be tuned
by modulating the excitation source intensity, and/or wavelength. As a result, these materials have been used for drug
delivery, as nanoreactors, articial muscles, and motors.7–12
Most previously reported photoresponsive materials have
relied on photochromic molecules.1 These molecules undergo a
reversible isomerization upon irradiation with specic wavelengths of light. This process is capable of not only altering the
molecular structure of the materials, but is oen accompanied by
a local polarity change as well as a color change in the photochromic units. Several photochromic molecules have been used
in the design of light responsive polymers, including azobenzene,
spiropyran, dithienylethene, diazonaphthoquinone, and
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stilbene;13,14 the most widely used being azobenzene. Azobenzene-containing molecules are well known to undergo trans
to cis photoisomerizations and vice versa, which depend on the
irradiation wavelength.15 It is also notable that the isomerization
results in a strong polarity change in the photochromic unit. The
polarity change is a direct consequence of the change in the
dipole moment from 0 Debye for the trans-isomer to 3 Debye for
the cis-isomer.16 Therefore, the photoisomerization from trans to
cis increases the hydrophilicity of materials.17 Azobenzene-containing polymers have been actively investigated for applications
in optical data storage, nonlinear optical devices, sensors and
actuators, as well as materials suitable for photo-fabrication/
processing.18 Additionally, it has been shown that the photoisomerization can lead to material deformations.19–21 For
example, azobenzene photoisomerization in elastomers can yield
up to a 20% change in their critical dimension.22 Microgels,
which are colloidally stable hydrogel particles in the size range of
100 nm to 2 mm in diameter, have also been made responsive to
a number of stimuli by addition of functional monomers23 or
nanoparticles to their structure.24,25 In this submission, azobenzene-containing microgels were synthesized, and used to
fabricate optical materials (etalons); we show that the device's
optical properties depend on the wavelength of light irradiation.
The structure of an etalon can be seen in Scheme 1, and was
fabricated following our previously published painting
protocol.26,27 In short, a concentrated microgel solution was
painted on an Au-coated glass substrate, followed by rinsing
away the excess microgels that were not attached directly to the
Au. Finally, the microgel layer was dried, and a subsequent layer
of Au deposited on the microgel layer. These devices show
visible color and unique multipeak reectance spectra. The
position and order of the peaks can be predicted from eqn
(1):26,27
l ¼ 2nd cos q/m
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Fig. 1

Schematic structure and proposed response mechanism
for etalons fabricated by sandwiching a monolayer of azobenzene
crosslinked microgels between two reﬂective Au mirrors on a glass
substrate. (Far right) cis–trans isomerization of 4,40 -di(methacrylamido)-azobenzene.
Scheme 1

where n is the refractive index of the dielectric layer, d is the
mirror–mirror distance, q is the angle of incident light relative
to the normal, and m (an integer), is the order of the reected
peak. Therefore, the size change of the microgels translates into
a shi in the position of the reectance peaks. We point out
here that the distance between the two Au layers dominates the
optical properties of our etalons, and the refractive index
change has a negligible inuence on the peaks position.
In the present work, azobenzene groups were incorporated
into microgels as a crosslinker via copolymerization of the
azobenzene crosslinker 4,40 -di(acrylamido)-azobenzene (DAAB)
with N-isopropylacrylamide (NIPAm) and N,N0 -methylenebis(acrylamide) (BIS) (see ESI†). The azobenzene crosslinker
DAAB was synthesized by the reaction of acryloyl chloride and
(E)-4-((4-aminophenyl)diazenyl)benzenamine, as shown in the
ESI,† and was characterized by 1H NMR and 13C NMR (Fig. S1
and S2†). This particular azobenzene was chosen due to the
rigidity of the amide bond, which can eﬀectively transfer the
photoisomerization into conformational changes of the
microgel's polymer network. Furthermore, an azobenzene
crosslinker was used to translate the photoisomerization to the
polymer network to yield a microgel response – in the absence
of the crosslinker there is no response. Additionally, without a
covalent bond crosslinking the azobenzene groups and the
polymer network no photoisomerization induced microgel
response is expected. As noted above, the microgels were
composed of two crosslinkers; DAAB, and BIS. The total percent
of the crosslinker (mol/mol) was kept constant at 5%. The
microgels are denoted as MG-X, where X represents the percent
of azobenzene crosslinker, either 0.5% or 1.0%. The content
limit of azobenzene crosslinker in microgel is 1%. When it is
above 1%, the reaction generates bulk hydrogels.
Transmission electron microscope (TEM) images of the as
synthesized microgels are shown in Fig. 1. As can be seen, in
both cases, the microgels are spherical, with an average dry
diameter of 380  10 nm (via analysis of the microscope
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TEM micrographs of (a) microgel-1%, and (b) MG-0.5%.

images). The microgel diameter was also characterized by
dynamic light scattering (DLS) (Fig. S3 and S4†). The DLS
revealed a hydrodynamic radius (Rh) of 1310 nm for MG-1.0%,
and 1005 nm for MG-0.5% in their swollen state (at 20  C).
Furthermore, DLS revealed a Rh of 390 nm for MG-1.0%, and
380 nm for MG-0.5% in their collapsed state (at 46  C). The
microgels lower critical solution temperature (LCST) was also
determined to be 30.5  C for MG-0.5% and 29.2  C for MG1.0%. For comparison, the microgel without azobenzene
crosslinker (MG-0%) was prepared under the same polymerization conditions, and showed a hydrodynamic radius (Rh) of
660 nm and 442 nm in the swollen and collapsed state respectively, and LCST of around 32.5  C. As can be seen, the hydrodynamic diameter at low temperature (fully swollen) increased
with increasing azobenzene crosslinker content. While this is
the case, both MG-1% and MG-0.5% collapsed to a very similar
diameter when the temperature was increased to above the
LCST. This observation was attributed to the DAAB (longer
compared to BIS)28 allowing the microgels to swell more.
Conversely, the longer DAAB crosslinker has little eﬀect on the
microgel diameter when they are fully collapsed. Finally, the
decrease in LCST with increased DAAB azobenzene composition
can be attributed to enhanced hydrophobicity at high DAAB
composition, reinforcing the relatively hydrophobic deswollen
state.
Microgel-based etalons were subsequently constructed from
the synthesized microgels, and their responsivity to irradiation

Reﬂectance spectra for a MG-1% etalon in water at the indicated temperatures.

Fig. 2
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investigated. A SEM image of the resultant etalon is shown in
the ESI,† which clearly shows the microgel layer under the Au
overlayer. Initial experiments were focused on characterizing
etalon thermoresponsivity, to conrm the basic responsivity/
function of the devices. To accomplish this, MG-1% microgels
were used to make etalons, which were immersed in water; the
resulting reectance spectrum is shown in Fig. 2. As can be
seen, a characteristic multipeak reectance spectrum was
observed, with peaks at 490 nm and 638 nm at 25  C. From the
relative positions of the reectance peaks, and using eqn (1), the
order (m) of each peak can be calculated. The peak at 638 nm is
m ¼ 3 (noted as l3), and l4 is 490 nm. When conducting these
experiments, it is important to compare the same order peaks
before and aer introduction of a stimulus. When the temperature was increased to 30  C, l3 exhibited a blue shi of 33 nm,
while it exhibits an additional 70 nm shi (100 nm total shi)
when the temperature was increased to 35  C. The l4 peak blue
shis into ultraviolet region at 35  C (<400 nm), which can no
longer be detected by our spectrometer. These peak shis are a
direct result of the thermoresponsivity of the NIPAM containing
microgels, which collapse at elevated temperature, decreasing
the distance between the etalons two gold mirrors. The blue
shis can be predicted from eqn (1).29,30
Since the basic thermal response of the pNIPAm microgelbased devices was conrmed, the etalons response to UV irradiation was subsequently characterized. As can be seen in
Scheme 1, when the azobenzene is exposed to UV (UVP B-100
AP, 365 nm, 100 W, 20 cm from the etalon), it undergoes a trans–
cis isomerization, which causes the microgels to swell/deform
as detailed in Scheme 1; this swelling response has been
previously observed by Wang et al.31 To further characterize the
UV response, we performed DLS on microgels in solution before
and aer UV exposure, and found the average diameter to
increase from 832 nm  15 nm to 903 nm  23 nm aer UV
exposure (these values are the average of three measurements at

AFM images of microgel-1% etalon (a and b) before and (c and
d) after UV stimulation. (a and c) 2-D and (b and d) 3-D images.

Fig. 3
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30  C, data in ESI†). We also characterized the surface
morphology of the etalon before and aer exposure to UV. This
was done via atomic force microscopy (AFM, tapping mode,
Asylum Research, Santa Barbara, CA) in liquid at 25  C, and the
results are shown in Fig. 3. As can be seen, the microgels are
diﬃcult to observe before UV exposure, but become more
obvious aer UV exposure due to their swelling. Therefore an
increase in the etalons mirror–mirror distance was predicted,
along with a spectral red shi. The optical response of the
etalons, constructed from both MG-0.5% and MG-1%, to UV
exposure is shown in Fig. 4. For these experiments, the etalons
were secured in a Petri dish, which was subsequently lled with
H2O at the indicated temperatures. As can be seen, in all cases
at the l3 peak clearly red-shis aer being exposed to UV for the
indicated elapsed times. Specically, l3 for MG-1% at 30  C
shied 32 nm aer 30 min exposure, and an additional 35 nm
aer 90 min further exposure. We point out that while the
photoisomerization of the azobenzene moieties should be
complete within several minutes, the microgel/etalon response
is signicantly slower.

Fig. 4 (a) l3 peak shift for the indicated microgel-based etalons and
temperatures as a function of UV exposure time; (b) total peak shifts
(l3-ﬁnal  l3-initial) for the indicated microgels exposed to UV irradiation
at various solution temperatures.
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The extent of the spectral shi has been shown to be related
to both the amount of azobenzene crosslinker in the microgel,
and the temperature of the solution. For example, etalons
composed of MG-0% showed no response to UV irradiation
(Fig. S6†), while etalons composed of MG-0.5% and MG-1%
showed total spectral shis of 250 nm and 380 nm, respectively,
at 35  C. Furthermore, as can be seen from both Fig. 4a and b, as
the temperature of the solution the etalon is immersed in is
increased, the extent of spectral shi increases. For example, as
the solution temperature was increased from 20  C to 40  C, the
peak shi extent changed from 25 nm to 405 nm for etalons
composed of MG-1%, while the shis increased from 11 nm to
265 nm for etalons composed of MG-0.5% at the same
temperatures. We attribute this phenomenon to the fact that
the microgels deswell at increasing temperature. When this
occurs, the polymer chains have more free volume available to
expand. Hence, when the azobenzene groups are photoisomerized, the polymer is more free to expand, causing the
microgels, and hence the etalons, to be more responsive to
light. The reectance spectra of the etalon at low temperature,
high temperature, and high temperature aer UV exposure can
be seen in ESI.† These spectra show a signicant blue shi in
the reectance peak as the temperature is increased followed by
a red shi aer UV exposure at high temperature. We point out
that the total response we observe here (maximum: 408 nm) is
much larger than others have observed previously.32–35 Importantly, the response to UV is reversible, i.e., once the UV is
removed, the spectrum of etalon returns to its initial state aer
the etalon has been stored.
Finally, we wanted to show that the optical properties of the
etalons could be systematically tuned as a function of UV
exposure time. For these studies, the etalons were immersed in
H2O at 40  C and exposed to 2 min intervals of UV irradiation.
The results are shown in Fig. 5, which show that aer exposure
of the etalons to UV irradiation for 2 min (symbols on plot), the
reectance peaks red shi, and stabilize, until it is again
exposed to another 2 min UV irradiation. This can be continued
for a number of cycles for both etalons composed of MG-0.5%,

Fig. 5 Peak shifts for the indicated microgel-based etalons as a
function of time after sequential 2 min UV exposures (indicated by
symbols).
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and MG-1.0%. The ability to cause the etalons to systematically
change solvation state in response to UV light can be used to
expand on our controlled drug delivery platform,36 which is
currently underway.
In summary, an azobenzene-containing crosslinker was
synthesized, and used to synthesize photoresponsive pNIPAmbased microgels and microgel-based etalons. Etalons response
to UV irradiation, as a function of temperature, was characterized, and was shown to exhibit a dramatic dependence on
temperature. Finally, we show that the extent of the response
could be controlled in a systematic fashion by controlling the
extent of UV exposure.
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Scheme S1 4,4'-di(methacrylamido)-azobenzene synthesis.
To a solution of 4,4'-diamino-diazobenzene (5 grams) in CH2C12 (200 mL) is added 14.1 mL of
diisopropylethylamine and 25 mg of 4-dimethylaminopyridine. The solution is cooled to 0°C and
methacryloyl chloride (5.75 mL) is added over 30 minutes. The reaction is warmed to RT and
stirred for 24 h. The resulting precipitate is filtered off, washed with water (3 × 50 mL) and then
with methanol (3 × 75 mL). Purification by flash chromatography using silica with hexane as the
eluent. The solid is dried overnight in a vacuum oven at RT. The yield was 70%.
Microgel synthesis.
A 3-neck round bottom flask was fitted with a reflux condenser, nitrogen inlet, and temperature
probe, and charged with a solution of N-isopropylacrylamide (11.9 mmol), 4,4'-di(acrylamido)azobenzene, and BIS (amounts of both crosslinkers varied depending on desired mole ratio) in
99 mL deionized water, previously filtered through a 0.2 mm filter. The solution was purged
with N2 and allowed to heat to 70 °C over ~1 hour. The reaction was then initiated with a
solution of ammonium persulfate (0.2 mmol) in 1 mL of deionized water. The reaction
proceeded at 70 °C for 4 hours under a blanket of nitrogen. The resulting suspension was
allowed to cool overnight, and then it was filtered through a Whatman #1 paper filter to remove
any large aggregates. The microgel solution was then distributed into centrifuge tubes and
purified via centrifugation at ~8300 rcf to form a pellet, followed by removal of the supernatant

and resuspension with deionized water, 6 times. The cleaned microgels were recombined and
stored in a brown glass jar.
Preparation of etalon devices.
To fabricate the Au coated coverslips (etalon underlayer), 2 nm Cr and 15 nm of Au was added
to a 25 x 25 mm ethanol rinsed and N2 gas dried glass coverslip (Fisher’s Finest, Ottawa, ON) at
a rate of 1 Å s-1, and 0.1 Å s-1, respectively (Torr International Inc., thermal evaporation system,
Model THEUPG, New Windsor, NY). The Cr/Au substrates were annealed at 250 °C for 3 h
(Thermolyne muffle furnace, Ottawa, ON) and cooled to room temperature prior to microgel
film deposition.
Approximately 5-10 mL of microgel solution was centrifuged at ~8300 rcf to form a pellet. The
supernatant was removed and discarded, and the pellet was vortexed to loosen and homogenize
the particles in the remaining solvent. A 40 μL aliquot of concentrated microgels were spread
onto an annealed 25 mm x 25 mm Au-coated glass coverslip. The film was allowed to dry on a
30 °C hotplate for 30 minutes before the excess microgels were rinsed with deionized water. The
samples were soaked overnight at 30 °C in a deionized water bath. The samples were then rinsed
with deionized water, dried with N2, and another Au overlayer (2 nm Cr for adhesion, followed
by 15 nm Au) was added. The completed device was soaked overnight in deionized water at 30
°C before spectral analysis.

Figure S1. 1H NMR spectra of (black) 4,4'-diamino-diazobenzene and (red) DAAB.

Figure S2. 13 C NMR spectra of (black) 4,4'-diamino-diazobenzene and (red) DAAB.

Figure S3. Microgel sizes at 25 oC, 30 oC and 35 oC tested by dynamic light scattering (DLS).
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Figure S4. DLS measured microgel diameters as a function of temperature.
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Figure S5. SEM image of microgel-based etalon (microgel-1%).

Figure S6. Reflectance spectra for MG etalon after UV exposure.

Figure S7. Reflectance spectra for MG-1% etalon at the indicated conditions.
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