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ABSTRACT: Poly(N-isopropylacrylamide) (pNIPAm) microgel-
based etalons were used to fabricate systems that change visual color
in response to light exposure. These systems were fabricated by adding
pH responsive microgel-based etalons to a solution composed of the
photoacid o-nitrobenzaldehyde (0-NBA). Upon exposure of this
system to ultraviolet (UV) irradiation, the photoacid released a
proton, lowering the pH of the solution. Since the pNIPAm microgel-
based etalon was responsive to pH, the etalon changed its optical
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properties and, hence, visual color. We went on to show that patterned

etalons could be fabricated, which only contained pH-responsive microgels in specific regions. These etalons only changed color
in the pH-responsive regions, to yield patterns that change color upon UV light exposure. Finally, the color of the etalon was
shown to be fully reversible and could be switched multiple times. These unique systems could potentially be used for display
technologies, and as a controlled/triggered drug delivery system.

KEYWORDS: stimuli responsive polymers, photoacids, microgel-based etalon, photonic materials, surface patterning,

display technologies

Bl INTRODUCTION

Photonic materials are composed of periodic arrays of
contrasting refractive index materials, which interact with
incident light (via reflection, refraction, and/or diffraction) to
produce unique optical properties.' > The refractive index
periodicity can be in one, two, or three dimensions; the specific
optical properties depend on the spacing between the material’s
periodic elements and their refractive index. These materials
often yield visually stimulating optical properties, but they also
have numerous practical applications, such as photonic
circuits,6 optical filters,” and in communications.®

The most basic photonic materials are composed of elements
with fixed positions and refractive indices. While these “static”
structures are of utmost importance, the tunability of the
spacing and/or the refractive indices of the photonic material’s
elements can make these devices even more useful.”'® Hence,
the fabrication and development of materials and structures
from com%)onents that are tunable has also been extensively
studied.”"" ™" These devices are very unique, because of their
ability to change their optical properties (and color) in
response to light,14 electric field,'® magnetic field,'o7 temper-
ature,"*'®? pH*° jonic strength,21 solvent compositions, and
humidity.*>>* Among these, light is extremely useful, because of
its ability to address systems from remote locations; the extent
of the response can be tuned by changing the excitation
wavelength, intensity, and duration of excitation. Furthermore,
the device can return to its initial state by simply removing the
radiation source. Perhaps more interesting is the fact that
certain wavelengths of light can also penetrate skin, allowing
material transitions to be stimulated for controlled/triggered
drug delivery. Specifically, certain wavelengths of light that can
penetrate skin can also lead to localized heating; the heat
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generated can stimulate the device to release a small-molecule
drug.

Recently, we reported on polymer-based optical materials
that exhibit unique optical properties and visual color, which
can be tuned with temperature and other stimuli.”*”>” These
devices were constructed by sandwiching a responsive polymer
layer between two Au layers all supported on a glass substrate.
This structure is akin to the mirror/dielectric/mirror structure
of a classic Fabry—Perot etalon (etalon), see Figure 1. In this
novel structure (shown in Figure 1a), the responsive polymer
layer is composed of thermoresponsive poly(N-isopropylacry-
lamide) (pNIPAm)-based hydrogel particles (microgels).
PNIPAm is well-known to be water-soluble at temperatures
below 32 °C, becoming “insoluble” at higher temper-
atures.”®° As part of this transition, pNIPAm undergoes a
random coil (extended) to a globule (collapsed) transition.
Similarly, pNIPAm-based microgels undergo a swollen to
collapsed transition as the temperature of the water they are in
is increased to >32 °C. The addition of co-monomers into the
microgels adds chemical functionality and can alter the
microgel responsivity. Acid co-monomers, such as acrylic acid
(AAc),”** adds pH responsivity to the already thermores-
ponsive microgels. Specifically, the AAc monomer has a pK,
value of ~4.25, so when pNIPAm-co-AAc microgels are
exposed to a solution with a pH above the pK, value for
AAc, the collapse transition is hindered. Furthermore, the
microgels swell, which are both a result of Coulombic repulsion
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Figure 1. (a) The structure of a standard microgel-based etalon composed of two Au layers (I and III) sandwiching a microgel layer (II), all on a
glass support (IV). (b) Typical reflectance spectrum obtained from a microgel-based etalon immersed in deionized (DI) water.

between the deprotonated AAc in the microgel. These effects
are fully reversible by lowering the solution pH to below 4.25.

As indicated above, pNIPAm microgel-based etalons were
constructed, which exhibit interesting optical properties, i.e.,
color and multipeak reflectance spectra (shown in Figure 1b).

The position of the reflectance peaks can be predicted from eq
12425

(1)

where 2 is the wavelength maximum of the peak (s), m the peak
order, n the refractive index of the dielectric, d the spacing
between the mirrors, and @ the angle of incidence. Therefore,
since the microgel solvation state can be modulated with pH
variations, and the microgels define the distance between the
etalon’s Au layers, the position of the reflectance peaks (and the
etalon color) should depend on solution pH. That is, when the
solution pH is above the pK, of AAc, the AAc groups become
negatively charged, which results in microgel swelling and a
concomitant increase in the distance between two Au layers.
However, when the solution pH is again lowered to below the
pK, value of AAc, the microgels decrease in diameter, because
of the AAc protonation; this results in a decrease in the distance
between the Au layers of the etalon. As can be predicted from
eq 1, the increase and decrease in the distance between the Au
layers results in a red shift and blue shift of the reflectance
peaks of the etalon, respectively.

Am = 2nd cos @

B EXPERIMENTAL SECTION

Materials. N-isopropylacrylamide was purchased from TCI
(Portland, OR) and purified by recrystallization from hexanes (ACS
reagent grade, EMD, Gibbstown, NJ) prior to use. N,N’-methylenebis-
(acrylamide) (99%), acrylic acid (99%), o-nitrobenzaldehyde (o-NBA),
and ammonium persufate (98+%) were obtained from Aldrich (St.
Louis, MO) and were used as received. Polydimethylsiloxane (PDMS)
(Sylgard 184) was purchased from Dow Corning Corporation and
used as received. Anhydrous ethanol was obtained from Commercial
Alcohols (Brampton, ON, Canada). All DI water was 18.2 MQ2 cm and
obtained from a Milli-Q Plus system from Millipore (Billerica, MA).
Au annealing was performed in an Isotemp muflle furnace from Fisher
Scientific (Ottawa, ON, Canada). Glass cover slides with dimensions
of 25 mm X 25 mm were obtained from Fisher Scientific. Cr
(99.999%) was obtained from ESPI (Ashland, OR), while Au
(99.99%) was obtained from MRCS Canada (Edmonton, AB,
Canada). Photographs of the films were taken with a Canon
PowerShot SD20 Digital ELPH SD.

Microgel Synthesis. PNIPAm-co-AAc microgels were synthesized
via free radical precipitation polymerization, as described previously.
The monomer mixture was composed of 85% N-isopropylacrylamide
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(NIPAm) and 10% acrylic acid (AAc) with 5% N,N’-methylenebis-
(acrylamide) (BIS) cross-linker. The monomer (NIPAm, 11.9 mmol)
and the cross-linker (BIS, 0.703 mmol) were dissolved in 18.2 MQ cm
DI water (99 mL) with stirring in a small beaker. The mixture was
filtered through a 0.2 um filter affixed to a 20 mL syringe into a 250-
mL, three-neck round-bottom flask. The flask was then fitted with a
temperature probe, a condenser/N, outlet, stir bar, and a N, inlet. The
monomer solution was purged with N, gas for ~1 h with stirring,
while the temperature was allowed to reach 70 °C. AAc (1.406 mmol)
was added to the heated mixture with a micropipet. An aqueous
solution of ammonium persulfate (APS; 0.046 g in 1.0 mL) was
delivered to the monomer solution with a transfer pipet to initiate the
reaction, and reaction will continue for 4 h. Following completion of
the reaction, the reaction mixture was filtered through glass wool to
remove any large aggregates. The coagulum was rinsed with DI water
and the reaction solution was diluted to ~120 mL. An aliquot of these
particles (13 mL) in centrifuge tubes were centrifuged at a speed of
~8500 relative centrifugal force (rcf) at 20 °C to produce a pellet. The
supernatant was removed from the pellet of particles, which were then
resuspended to their original volume (13 mL) using deionized water.
This process was completed a total of six times to remove the
unreacted monomer and linear polymer from the microgels. For
poly(N-isopropylacrylamide) microgels, the monomer mixture was
composed of 95% N-isopropylacrylamide (NIPAm) and 5% N,N’-
methylenebis(acrylamide) (BIS) cross-linker. The process is the same
as above. The diameters of both synthetic microgels are ~600 nm.

Etalon Fabrication. Etalon was prepared as previously described.
To fabricate the Au-coated coverslips (etalon underlayer), 2 nm of Cr
and 15 nm of Au was added to a 25 mm X 25 mm ethanol-rinsed and
N,-gas-dried glass coverslip (Fisher’s Finest, Ottawa, ON, Canada) at a
rate of 1 A s7, and 0.1 A s7}, 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
mutffle furnace, Ottawa, ON, Canada) and cooled to room temperature
prior to microgel film deposition. Approximately S—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-
uL aliquot of concentrated microgels were spread onto an annealed 25
mm X 25 mm Au-coated glass coverslip at 30 °C. The film was
allowed to dry on a 35 °C hot plate for 120 min 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 N,, and another Au overlayer
(2 nm of Cr for adhesion, followed by 15 nm of Au) was added. The
completed device was soaked overnight in DI water at 30 °C before
spectral analysis.

Reflectance Spectroscopy. Reflectance measurements were
conducted using a Red Tide USB650 spectrometer, a LS-1 tungsten
light source, and a reflectance probe from Ocean Optics (Dunedin,
FL). The spectra were record using Ocean Optics Spectra Suite
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Spectroscopy Software at room temperature over a wavelength range
of 400—1000 nm. Measurements were conducted by placing the film
in a Petri dish with water at room temperature. The probe tip was
immersed in the water, and its distance from the etalon surface was
adjusted for optimal signal. The probe remained undisturbed between
measurements to ensure that all of the spectra were taken in the same
manner. The UV irradiation was done by using a Blak-Ray Model B-
100AP High Intensity UV lamp with a wavelength of 365 nm.

B RESULTS AND DISCUSSION

In this study, we developed a pNIPAm-co-AAc microgel-based
etalon system that is capable of changing its optical properties
and visual color in response to solution pH changes induced by
UV light irradiation. To accomplish this, we utilized the
photoacid o-nitrobenzaldehyde (0-NBA); its structure and UV
light-induced reaction is shown in Figure 2. The photoacid o-
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Figure 2. (a) Reaction of 0-NBA induced by exposure to UV
irradiation and (b) observed change in solution pH after exposure of
aqueous solution of the indicated o-NBA concentrations to UV
irradiation for the indicated elapsed times.

NBA was used because its behavior is well characterized and
has been used in a variety of applications over several
years.” >* As illustrated in Figure 2a, the molecule releases a
proton under UV irradiation (UV source: 365 nm longwave

UV), which causes the solution pH to decrease.***® To

investigate the rate and efficiency of this process, we prepared
aqueous solutions of various 0-NBA concentrations (1, S, and
10 mM) and adjusted their pH to ~7.00 by adding aliquots of 1
M NaOH solution. Each solution was continuously irradiated
with UV light for the indicated time, while recording the
solution pH every 10 s. As can be seen in Figure 2b, when the
solution concentration increases from 1 mM to 5 mM, the rate
of pH change increases, while there is no change upon further
increase of the solution concentration. Therefore, for
subsequent experiments, we chose to work with 5 mM o-
NBA solutions. The pH of this solution was capable of a total
pH change of ~3.6 pH units (pH 7.0 to 3.4). We also
performed the same experiment in the absence of 0-NBA, and
found a negligible change in solution pH upon UV exposure.

With the ability to tune the pH of the o-NBA solution with
UV irradiation, we determined whether the optical properties of
a pNIPAm-co-AAc microgel-based etalon could be tuned with
UV irradiation. This is illustrated schematically in Figure 3.
Initially, the pNIPAm-co-AAc microgel-based etalon was added
to a Petri dish and 5 mM 0-NBA solution (pH 7.00) was added.
The etalon was allowed to incubate for ~60 min until the
reflectance spectrum was stable, ie., there was no observable
change in the position of the reflectance peaks for at least 30
min. Since the initial solution pH was greater than the pK,
value of the microgel, the microgels were swollen and the
mirrors were relatively far apart. Exposure of the system to the
UV light caused the solution pH to decrease, as shown in
Supporting Information (ESI), resulting in a spectral shift from
the etalon, as can be seen in Figure 4. As can be seen, exposing
the system to UV light for 10 s, followed by stabilization in the
absence of UV light, caused the solution pH to decrease by ~2
pH units, resulting in a blue shift in the position of the
reflectance peak. This is expected since the microgel’s AAc
groups were protonated. Furthermore, the system was again
exposed to UV light for 10 s, followed by stabilization in the
absence of UV light exposure. The solution pH subsequently
dropped again, resulting in a spectral blue shift. As can be seen,
the total wavelength shift was 160 nm. From this large spectral
shift, we hypothesized that this system could be used to visually
change the color of the etalons.

To investigate this, we constructed an etalon with a specific
region masked off with poly(dimethylsiloxane) (PDMS, Sylgard
184). The PDMS mask was cut in such a way as to cover part of
the etalon, while exposing the rest. In this case, we cut the
PDMS mask to expose the etalon such that the letters “UA” are

uv
irradiation

Figure 3. Schematic illustration of the reaction of the pPNIPAm microgel-based etalon system upon exposure to UV irradiation. Upon UV exposure,
the 0-NBA produces a proton, which lowers the pH of the solution. The decrease in solution pH results in protonation of the pNIPAm-co-AAc
microgels, which alters their solvation state and the optical properties of the etalon.
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Figure 4. (a) Reflectance spectrum for a device in 0-NBA solution after exposure to UV irradiation for the indicated times. For these experiments,
the device was initially stabilized in a 0-NBA solution (S mM) of pH 6.60, then exposed to UV irradiation for the indicated times (total irradiation
times). After exposure to UV irradiation for the indicated times, the UV light was removed and the etalon allowed to stabilize. (b) Final peak
positions as a function of total irradiation time. Each point is the average obtained by analyzing three separate etalons and the error bars indicate the

standard deviation.

formed. To accomplish this, the prepared PDMS mask (see the
Experimental Section) was added to the top of the etalon and
sealed by applying pressure. This assembly was subsequently
exposed to a S mM o-NBA solution with a pH close to 7. The
unmasked “UA” region was in direct contact with the solution,
while the masked region remained unexposed. After soaking for
several minutes, the system was exposed to UV light for 60 s to
trigger the solution pH change, which lead to a dramatic color
change in the patterned, exposed region. As can be seen in
Figure 5, the protected region was covered with PDMS and

._>._>

Figure S. Color change of an etalon exposed to 0-NBA solution (§
mM) only in a specific region, which was defined by a PDMS mask.
Upon UV exposure, the color of the device visually changes.

remained blue, while the region exposed to the solution was
initially red, which changed to green upon ~1 min UV
exposure and needed a few minutes to stabilize. This is clearly
depicted in the UA patterned region of the photograph. What is
interesting is the initial color of the patterned region could be
regenerated by replenishing the o-NBA. Furthermore, the color
of the patterned region could be switched again by exposure to
UV light. This color change can be repeated over many cycles
with great fidelity and reproducibility, as can be seen in Figure
6. We also determined that further exposure of the system to
UV irradiation, past the 60 s exposure, has no effect on the pH,
and hence no effect on the color of the etalon. This can be seen
in the electronic Supporting Information (ESI).

Finally, we patterned a single substrate such that a defined
region contained pH-responsive microgels, while other regions
contained non-pH responsive microgels. Specifically, we
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Figure 6. Reversibility of the color of the etalon by repeated exposure
to UV irradiation, followed by the addition of fresh o-NBA solution.

synthesized pNIPAm-based microgels with and without AAc,
such that they were both approximately the same diameter
(~600 nm). Using a PDMS mask, part of the etalon was
covered and non-pH responsive pNIPAm microgels were
painted in the uncovered region—in this case, the mask was in
the shape of a maple leaf. Following this step, the mask was
removed and the microgels allowed to dry, and were rinsed
following our deﬁned protocol to yield a monolayer of microgel
in that region.”* Then, the rest of the substrate (the maple leaf
region) was painted with pNIPAm-co-AAc microgels. Again,
our previously described protocol was used to yield a single
microgel layer in that region.”* Following the coating of the
respective regions of the substrate with microgels, the entire
substrate was covered with a thin layer of Au to yield an etalon.
The complete process is shown in the ESI. As can be seen in

dx.doi.org/10.1021/am501330z | ACS Appl. Mater. Interfaces 2014, 6, 84618466



ACS Applied Materials & Interfaces

Research Article

|

] ]

0min 1 min

2 min 3 min

Figure 7. Response of a patterned etalon immersed in 0-NBA solution (S mM) after exposure to UV irradiation for the indicated times. In this case,
the maple leaf region was composed of pH responsive pNIPAm-co-AAc microgels, while the rest of the device was composed of non-pH responsive

pNIPAm microgels.

Figure 7, after soaking the device in the S mM o0-NBA solution
with pH ~7, the different regions appeared similar in color,
showing the uniformity of the patterned regions. The system
was then exposed to UV irradiation, and a photograph of the
device taken every 1 min. As can be seen in Figure 7, the device
clearly changes color in the region where the pNIPAm-co-AAc
were painted, while the region containing the pNIPAm
microgels remained unchanged. Again, the region containing
the pNIPAm-co-AAc microgels is reacting to the UV-induced
solution pH changes, changing the distance between the
etalon’s Au layers, while the pNIPAm microgels remain
unresponsive to the solution pH changes. The maple leaf
color change also can be repeated by immersing the etalon into
a fresh 0-NBA solution and re-exposure to UV light, as shown
in the ESL

In conclusion, we show that UV light could be used to
decrease the pH of an aqueous solution containing o-NBA. This
is a direct result of the UV light inducing the 0-NBA to release a
proton. Furthermore, by immersing a pNIPAm-co-AAc micro-
gel-based etalon in this solution, we were able to tune its optical
properties upon UV irradiation. This was a direct result of the
pNIPAm-co-AAc microgels changing solvation state in response
to the solution pH changes, which directly alters the optical
properties of the etalon. We were able to fabricate patterned
etalons and change the visual color in those specific regions.
Finally, the optical properties of the devices were reversible by
simply adding fresh 0-NBA solution and re-exposing the device
to UV light. These unique properties will be exploited in the
future for display technologies and controlled/triggered drug
delivery.
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