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Abstract:

Poly (N-isopropylacrylamide)-co-acrylic acid (pNIPAm-co-AAc) microgels were
"painted" on the Au electrode of a quartz crystal microbalance (QCM). Another Au layer
(overlayer) was subsequently deposited on the microgel layer. This structure is known as a
microgel-based etalon. These devices have been shown to exhibit optical properties (i.e., color)
that depend on solution pH and temperature, among other things. Previously, we measured QCM
frequency shifts that are a result of solution pH changes; the frequency shifts are a direct result of
the pH dependent solvation state of the microgels that make up the etalon. In fact, the shifts
observed for the etalons were much greater in magnitude than just a microgel layer immobilized
on the QCM crystal without the Au overlayer. We reasoned that the Au overlayer lead to an
enhancement of the observed frequency change due to its mass. In this submission we investigate
how the Au overlayer thickness (mass) affects the observed sensitivity to solution pH. We found
that the change in QCM resonant frequency depended dramatically on the mass of the Au

overlayer.
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1. Introduction:

Stimuli responsive materials are capable of responding to changes in their environment by
changing their conformation, chemistry, and/or molecular weight (among other things). In most
cases, the response is reversible, i.e., when the stimulus is removed, the responsive material
returns to its original state before the stimulus was applied [1-4]. These responsive materials can
be composed of small molecules to polymeric systems including gels, composites and self-
assembled aggregates [5-10]. Most commonly, stimuli responsive materials respond to changes
in solution pH, temperature, and/or ionic strength [11-13]. Other materials have been developed
that are responsive to specific analytes [14, 15], electrochemistry [16, 17], mechanical force [18,
19], electric or magnetic fields [20, 21] and light [22-23]. Responsive materials have found their
way in a number of applications like chromatography [24, 25], optoelectronics [26, 27], drug
delivery and biosensors [28, 29].

Of the responsive materials, polymer-based materials are the most common due to their ease
of synthesis and chemical versatility. There are number of polymeric systems which respond to
specific and unique stimuli, but poly(N-isopropylacrylamide) (pNIPAm) is the most widely
studied. PNIPAm is a thermoresponsive polymer, which undergoes a volume phase transition at
~32 °C, which is pNIPAm's lower critical solution temperature (LCST) [30,31]. That is,
pNIPAm is water-soluble at T < 32 °C, existing as a water solvated, random coil. At T > 32 °C,
pNIPAm expels its solvating water and becomes insoluble, existing as a globule. Colloidally
stable hydrogels, (microgels) can also be synthesized from pNIPAm. These crosslinked polymer
networks are swollen with water (large diameter) at T < 32 °C, and dehydrate (small diameter)
above that temperature. During that transition the microgels convert from a low viscosity state

(swollen) to a high viscosity (deswollen) state [32,33].
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PNIPAm-based microgels are very easily synthesized via free radical precipitation
polymerization [34, 35]. The diameter of the microgels, as well as their chemical functionality,
are very easily modified and tuned using this approach [36-38]. For example, comonomers can
be easily added to the synthesis to render the microgels responsive to other stimuli, in addition to
temperature. The most common comonomer is acrylic acid (AAc) [39, 40], which has a pK, of ~
4.25. Therefore, at pH > pK,, the microgels are deprotonated, which renders the microgel
network anionic; the microgels swell as a result of the Coulombic repulsion in the microgel

network. The microgels return to their original diameter upon lowering the solution pH to < pK,.

We have recently developed an optical device by sandwiching pNIPAm-based microgels
between two thin Au layers [41-44], as shown schematically in Figure 1. We have shown that
when these devices (etalons) are immersed in water, they exhibit visible color, and unique
reflectance spectra, due to light interference in the cavity formed by microgel particles between
the two Au layers. The specific color depends on the distance between the mirrors. Since the
diameter of the microgels depends on temperature (and pH if AAc is present), the distance
between the mirrors can be changed, and hence the etalon's color can be tuned dynamically [42-
45].

In this submission we exploit the solvation state (and viscosity) changes that take place when
an etalon changes color, as opposed to exploiting the actual color change, for sensing purposes.
This is done by fabricating an etalon on the Au electrode of an AT-cut quartz crystal
microbalance (QCM). An AT-cut QCM crystal can be excited electrically to undergo an
oscillating shearing motion, at a characteristic resonant frequency (most commonly 5 MHz). The
resonant frequency is dependent on the properties (e.g., mass, viscosity) of the material in

contact with the oscillating device and is described by Eq.(1): [45].
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where fj is the initial resonant frequency of the QCM crystal, Af'is the frequency shift measured
by the quartz crystal microbalance, p;is the liquid density, #;is the liquid viscosity, u,is the
elastic modulus of quartz, and p,, is the density of quartz.

From equation (1), it can be see that the QCM resonant frequency decreases as the
viscosity of the substance contacting the QCM crystal increases [45, 46]. Furthermore, increased

viscosity leads to an increase in the “resistance” of QCM oscillation.

Au Overlayer

ARMAERTA

—7 N\

Glass Substrate Au Underlayer
Figure 1: The basic structure of a microgel-based etalon. The Au overlayer in the figure is
actually conformal to the microgel layer. There is a 2 nm Cr layer below the Au layers as an
adhesion layer. The microgel layer is monolithic in nature. For this study, the "glass" is replaced

with quartz.

We demonstrated that pNIPAm microgel-based etalons can be fabricated on the Au

electrode of a quartz crystal microbalance (QCM) [33] and found that the resonant frequency of
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a microgel coated QCM crystal and an etalon coated QCM crystal depended dramatically on the
temperature and pH of the solution it was exposed to. We hypothesized that the behavior was a
result of the microgels changing solvation state, and hence viscosity, under the various
conditions. Specifically, at T > 32 °C and pH 3.0 the microgel are fully collapsed and have a
high viscosity. When the solution pH is switched to 7.0, the microgels swell due to Coulombic
repulsion in the microgel network, and their viscosity decreases. Therefore, the QCM resonant
frequency transitions from a low to a relatively high frequency. In those investigations we
observed that the QCM crystals coated with microgel-based etalons always exhibited greater
frequency shifts than QCM crystals coated with microgels only (i.e., no Au overlayer). We
attributed the enhanced response to the presence of the Au overlayer of the etalon interacting
with the QCM crystal. For example, at high temperature and pH < pK,, the Au overlayer of the
etalon is close to the QCM crystal, and therefore its mass is "felt" by the QCM. In this case the
microgel viscosity, in addition to the Au mass, is resulting in the observed QCM frequency. In
contrast, the QCM crystals coated with only microgels only "feel" the microgel viscosity,
therefore the initial resonant frequency isn't as low as what is observed for the etalon coated
QCM crystal. In both cases, the microgels swell when the solution pH is switched to 7.0, and the
QCM resonant frequency goes to approximately the same values. This is because the microgels
are so swollen that the Au layer can no longer be "felt" by the QCM crystal, and hence the
microgel viscosity dictates the QCM resonant frequency, which is approximately the same in
both cases. We hypothesized that because the etalon coated QCM crystal started at a lower
frequency (before the pH change), the change in frequency is much larger for the etalon coated

QCM crystal. That is, the Au overlayer makes the device much more sensitive to pH.
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Since we determined that the Au overlayer played a major role in the sensitivity of the
QCM crystal to solution pH, we wanted to determine if changing the Au overlayer thickness (and
hence mass) could enhance the response. That is, since we hypothesized that the enhanced
response is due to the QCM crystal feeling the Au mass at high temperature and low pH, the
response should be enhanced as the Au overlayer thickness is increased. In that case the QCM
frequency should start off at lower frequencies with increasing Au overlayer thickness, and the
observed shift on increasing the pH should be larger. In this submission, the QCM crystal's
response to pH was investigated as a function of Au overlayer thickness, and it was found that

the sensitivity of the device to solution pH increased with Au overlayer thickness.

2. Experimental

2.1. Materials

N-Isopropylacrylamide was purchased from TCI (Portland, Oregon) and purified by
recrystallization from hexanes (ACS reagent grade, EMD, Gibbstown, NJ) prior to use. N,N'-
methylenebisacrylamide (BIS) (99%), acrylic acid (AAc) (99%), and ammonium persulfate
(APS) (98+%) were obtained from Sigma—Aldrich (Oakville, ON) and were used as received.
Sodium chloride and sodium hydroxide were obtained from Fisher (Ottawa, ON). All deionized
(DI) water was filtered to have a resistivity of 18.2 MQ-cm and was obtained from a Milli-Q
Plus system from Millipore (Billerica, MA). Cr and Au were deposited using a model THEUPG
thermal evaporation system from Torr International Inc. (New Windsor, NY). Anhydrous ethanol
was obtained from Commercial Alcohols (Brampton, ON). Hydrochloric acid was purchased

from Caledon Chemicals (Georgetown, ON). Cr was 99.999% and obtained from ESPI as Cr
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flakes (Ashland, OR), while Au was 99.99% and obtained from MRCS Canada as Au shot

(Edmonton, AB).

2.2. Instrumentation

Microgel coated QCM crystals, as well as the etalon coated devices were analyzed using
a QCM-200 obtained from Stanford Research Systems (Sunnyvale, CA). The crystal was placed
into a specially designed holder, which allowed for water of a given pH and temperature to
constantly flow over the crystal at a rate of 0.062 mL s '. This flow was maintained by a FMI lab
pump model RP-G150 (Oyster Bay, NY). The temperature was controlled by placing a beaker
containing water onto a Corning model PC-420D hotplate (Lowell, MA), and the water
temperature measured via a thermocouple. To change the pH of the solution, aliquots of either
1 M NaOH or concentrated HC] were added to the water, and the water pH measured with a
Jenco model 6173 pH meter (San Diego, CA). Ionic strength was not controlled, but we
confirmed that a change in ionic strength has a negligible effect on the resonant frequency of the

QCM crystal.

2.3. Procedures

2.3.1. PNIPAm-co-AAc microgel synthesis

The microgels used in this study were synthesized using surfactant-free, free radical
precipitation as described previously with NIPAm (85%), BIS (5%) and AAc (10%) [41-44].
Briefly, 8.5 mmol of NIPAm monomer and 0.51 mmol of N,N’-methylenebisacrylamide (BIS)
as the crosslinker was added to a beaker containing 50 mL of deionized water. The solution was
stirred by a magnetic stirrer for about 0.5 h. Once dissolved, the solution was filtered via a

syringe through a 0.2 um syringe filter into a 100 mL 3-necked round bottom flask. 12.5 mL of



153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

deionized water was used to rinse the beaker, which was also filtered and added to the round
bottom flask. Next, a gas inlet (needle), a reflux condenser, and a temperature probe were fitted
onto the round bottom flask. The solution was stirred at 450 RPM, and N, gas was purged
through the solution while heating to 45 °C for ~1 h. Bubbling N, gas into the solution was
stopped but continued to be introduced to keep the reaction atmosphere oxygen free.
Immediately prior to initiation, 1 mmol of AAc was added to the solution along with 2.5 mL of
0.078 M ammonium persulfate solution. The solution temperature was then increased to 65 °C at
a rate of 30 °Ch 'immediately following initiation and was allowed to react overnight.
Following the overnight reaction, the solution was allowed to cool and was filtered through glass
wool to remove large aggregates from the solution. The filtrate was then diluted to 120 mL with
deionized water and 12 mL aliquots were added to centrifuge tubes, and centrifuged at ~8500
relative centrifugal force for 30 min at 23 °C. The microgels were packed at the bottom of the
centrifuge tube, and the supernatant solution subsequently removed, and replaced with fresh DI
water. The packed microgels were loosen and vortexed to distribute the microgels into the water.
Centrifugation and resuspension was repeated five more times to remove any unreacted reagents,
linear polymers, and oligomers present with the microgel. After that pure, concentrated and very

viscous microgel pellet was formed and kept in the centrifuge tube for further use.

2.3.2. Formation of etalons on QCM crystals

The Au electrodes of the QCM crystals were rinsed copiously with anhydrous ethanol
and dried with N; gas. 25 pL of a concentrated, viscous microgel solution was “painted” only on
the “large” Au electrode of the QCM crystal and allowed to dry for 30 min at 35 °C [33]. All
experiments mentioned in this paper involve a QCM crystal painted with 25.0 pL of large

pNIPAm-co-AAc microgels. Following drying, the microgels not directly bound to the Au
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electrode were rinsed off with DI water, and the QCM crystal was immersed in DI water
overnight at 30 °C. Following soaking, the crystal was further rinsed with DI water and dried
with N, gas. A paper template was adhered to the QCM crystal, such that only the large Au
electrode, which was coated with microgels, was exposed. The QCM crystal was then inserted
into a thermal evaporation system by Torr International Inc. (New Windsor, NY) model
THEUPG. A thin layer of 2 nm Cr and the desired thickness of Au (15, 45, 60 and 200 nm) were
deposited only onto the Au bound microgel layer at a rate of ~0.2 As'and ~0.1 As™', for Cr
and Au, respectively. Here the Cr layer acts as adhesion layer for Au. After application of this
overlayer, the crystal was removed from the vacuum chamber and immersed in DI water
overnight at 30 °C. The QCM bound etalon was subsequently used.

3. Results and Discussion:

It is well known that increasing the temperature of a solution of pNIPAm-co-AAc
microgels above the LCST in pH 3.0 solution causes them to collapse. If the pNIPAm-co-AAc
microgels are deposited on the Au electrode of a QCM crystal, and undergo this transition, the
resonant frequency of the crystal will decrease. This is a result of the microgels collapsing, and
increasing viscosity, which yields a frequency decrease [33, 45]. In our previous studies, we
determined that the minimum frequency is observed at the LCST for the microgels [33]. We
found that the magnitude of the frequency shift, compared to its initial frequency, was much
larger if Au was deposited on the microgel layer to make what is referred to as an etalon. As
stated above, we hypothesize that the enhanced frequency response comes from the mass of the
Au layer deposited on the microgels. We also determined that increasing the pH of the solution
to 7.0 (at T > LCST) causes the microgels to swell due to Coulombic repulsion among the

negatively charged acrylic acid groups that are formed in the microgel layer. This resulted in a
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dramatic increase in the QCM resonant frequency due to the decrease in the viscosity of the
etalon's microgel layer [33]. We have shown that the total frequency shift as a result of the pH
change was much greater for the etalon, for reasons described above. In this submission we
deposited Au layers of varying thicknesses onto the microgel layer deposited on the QCM's Au

electrode. We hypothesize that the thicker Au overlayers will yield a device with enhanced pH

sensitivity.
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Figure 2: QCM resonant frequency as a function of time, temperature (values next to arrows),
and pH for (a) an uncoated microgel layer on a QCM crystal, (b) a microgel layer coated with 15
nm of Au on a QCM crystal, and (c) a microgel layer coated with 45 nm of Au on a QCM
crystal. The dashed lines indicate the time at which the pH was altered. The pH was increased

using 1 M NaOH while the decrease in pH was achieved by adding increments of 12.1 M HCI.

Figure 2 shows the QCM crystal's response to temperature and pH for a QCM crystal that has
its Au electrode painted with microgels, microgels with 15 nm of Au deposited, and 45 nm of Au
deposited. The QCM device was placed in a pH 3.0 solution at room temperature and stabilized.
Then the temperature of the solution was raised to the LCST of pNIPAm-co-AAc microgel
(~32°C), and in each case the QCM resonant frequency decreased as a function of increasing
temperature. A minimum resonant frequency is reached at ~ LCST, where the microgels are the
most collapsed, and have the highest viscosity. We found that the extent of the frequency change
with temperature increased for microgel layers coated with thicker (and heavier) Au overlayers.
This can be seen in Figure 3. For example, we found frequency shift of ~15000 Hz for the 60 nm
overlayer and ~32000 Hz for the 200 nm overlayer. We hypothesize that this trend of increased
sensitivity with Au overlayer thickness is due to the enhanced Au mass the QCM felt at
microgel’s LCST. Once the frequency was stable at high temperature, the solution pH was
elevated to 7.0 to enable the microgels to swell (and decrease viscosity) via Coulombic repulsion
between the deprotonated acrylic acid groups in the microgel. It is interesting to note that the
final frequency observed is relatively independent of Au overlayer thickness. In fact, when the
difference between the QCM frequency at low temperature and pH 3.0 and high temperature at

pH 7.0 is compared, there is a minimal dependence on Au overlayer thickness, as can be seen in
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229  Figure 3. Therefore, in this system, it is the mass of the Au in the deswollen state that leads to
230 enhanced sensitivity to pH. This is depicted in Figure 4, which shows the QCM's frequency
231 response to pH. There is a nearly linear dependence on the frequency shift and Au overlayer
232 thickness. In our previous publication we showed that the response occurred over a 2 pH unit
233 range centered at AAc's pK, [33]. Therefore, for the 200 nm Au overlayer we can achieve a
234 sensitivity of 6.67 x 10” pH unit - Hz"'. Based on the data in Figure 4, we hypothesize that the
235  device's sensitivity could be enhanced by simply increasing the Au overlayer thickness. Upon
236  stabilization of the QCM resonant frequency, the pH of the solution was returned to 3.0, leading
237  to a concomitant return of the resonant frequency to its initial value. The change in pH from 7.0
238 to 3.0 at elevated temperature decreases the resonance frequency as the microgels deswell due to

239  AAc protonation.
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242 Figure 3: The observed QCM frequency changes for (A) the temperature increase at pH 3.0, and
243 (M) the difference between the etalons initial frequency at RT and pH 3.0 and its frequency at
244  elevated temperature at pH 7.0. As can be seen, the Au overlayer thickness influences the QCM
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245  frequency when the Au is close to the QCM surface, but has less of an influence on the

246  frequency in the swollen state.
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248  Figure 4: The influence of the Au overlayer thickness on QCM's response to the solution pH

249  change.

250

251 4. Conclusion:

252 PNIPAm microgel-based etalons coated on the Au electrode of a QCM crystal was used to

253 detect the temperature and pH of aqueous solutions. It was found that the QCM's response to pH
254  depended dramatically on the thickness of the Au overlayer. Through analysis of our data, we
255  determined that the increased Au thickness (mass) dramatically affected the QCM frequency at
256  high temperature and pH 3.0, which leads to the enhanced response to pH for etalons composed
257  of thick Au overlayers. This sensitivity of this system to solution pH can be extended to detect

258  other analytes in solution, e.g., proteins and DNA that are indicative of disease.
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