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Abstract: Diffraction from a photonic crystal material composed of a hydrolyzed polymerized crystalline
colloidal array (PCCA) can be used to sense pH and ionic strength. The PCCA is a polyacrylamide hydrogel
which embeds a polystyrene crystalline colloidal array (CCA). The diffracted wavelength of the PCCA changes
as the PCCA volume changes due to the alterations in the CCA lattice constant. We examine the pH and ionic
strength dependence of the hydrolyzed PCCA volume by monitoring the Bragg diffracted wavelength. We
also develop a zero free parameter quantitative model to describe the pH and ionic strength dependence of the
hydrogel volume.

A major challenge to the fields of chemistry, physics, and for chemical sensing applicatiohdVe attached, for example,
materials science over the next decade is to utilize the increasectrown ethers to the PCCA hydrogel to selectively bind'Pb
potential richness of nano- and mesoscale materials, comparedons. The binding of P4 cations to the crown ethehydrogel
to small molecules, to create smart materials that can be usedormed a new class of soft materials known as ionic gels.
to fabricate complex and sophisticated devices. One especially This immobilization of cations localizes their counterions,
useful class of materials results from the self-assembly of which results in a Donnan potential, which creates an osmotic
colloidal particles (Figure 1) to form crystalline colloidal arrays pressure, which swells the hydrogel in proportion to thé&Pb
(CCA),}2which can then be polymerized to form polymerized bound. This results in Bragg diffraction shifts that sense the
CCA (PCCA)? The CCA self-assembly results from electro- concentration of P in solution, for example. These photonic
static repulsion between monodisperse, highly charged colloidal crystal sensing materials have the potential utility to sense any
particles, which forms a soft fluid material where the particles analyte, provided recognition elements can be synthesized and
occur in a face-centered cubic or body-centered cubic &ftay. attached to the hydrogel to couple analyte binding to hydrogel
These CCA can form large single crystals which intensely Bragg volume-phase transitions.
diffract visible light12 Polymerizing an acrylamide hydroggl Even though hydrogels play a central role in chemistry,
network around the CCA forms a highly unusual, soft matérial piology, and medicine, a fundamental understanding of their
that possesses all the rich volume-phase transition phenomenoly,olyme-phase transitions is incomplete, despite years of exten-
ogy of polymer gel$. It also contains a periodic lattice whose  gjye theoretical and experimental investigatiBfsié This is
Bragg diffraction sensitively reports on the hydrogel volume.  ggpecially unfortunate since workers such as Tanaka and others

These CCA and PCCA are examples of photonic crystal haye demonstrated an increasingly rich volume-phase transition
materials, which hold the promise to serve numerous applica- phenomenology of hydrogels which potentially can be used for
tions in optics and physicsOur group demonstrated the first  gificial muscles, actuators, €t8:2
CCA photon?c crystal application in 1984.’ whc_are we fabricated One major hurdle faced by previous investigations was the
Iarge_ C.CA single crystals for use as opiical filters for spectro- difficulty of measuring volume changes and the requirement
scopic instrumentatioh.More recently, we demonstrated the for macroscopic hydrogels to have sufficient measurement

IL.’S?t.Of 7PC3A(‘1 for na{mfeg(irr:dt (t)lft'cal SV\t"tC.h'lng anlg tc))ptlcal dprecision. Thus, perturbations of the hydrogel environment
imiting™ and demonstrated that these materials could be use required long incubation times for diffusion to reach equilibrium.
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Figure 1. Inset, upper right: a PCCA where the colloidal particles occur in a cubic array embedded within an acrylamide hydrogel. The pH
dependence of the hydrolyzed PCCA diffraction wavelength (see the inset on the upper left) is shown by the triangles. The solid line was calculated
from the affine model and the broken line from the phantom model.

In the work here, we use Bragg diffraction from carboxylated Results and Discussion

PCCA hydrogels to monltor their VOIume'phase. transitions in We used Braggs law to relate the diffracted wavelength to the lattice
responsg to pH anq ionic strength changes. This Wf)rk follows spacing and to the hydrogel volume. The use of the simple Braggs law
the previous studies by_Ta_naka and others, which cle_arly relationship should lead to insignificant erér.

demonstrated the pH and ionic strength dependence of the ionic  Figure 1 shows the pH dependence of the hydrolyzed PCCA
gel volumes:8° We also measured the Young’s modulus of diffraction. At normal incidence, the hydrolyzed PCCA in deionized
the hydrogel from the PCCA Bragg diffraction to determine water at pH 6.7 diffracts 681-nm light. As the pH increases from
the elastic restoring forcédl’ We describe here a detailed neutrality, the diffraction monotonically red shifts until pH 9.6,
hydrogel volume-phase model which accurately models swelling Whereupon it blue shifts with further pH increases; by pH 11, the
with no adjustable parameters. Finally, the results demonstratediffraction blue shifts to 604 nm. The diffraction monotonically blue

that our carboxylated PCCA photonic crystals are excellent pH shifts as the pH decreases from pH 6.7 until 506-nm light is diffracted
and ionic strength sensors at pH 2.0. The diffraction peaks remain symmetric and relatively narrow

for all pH values, which indicates preservation of ordering of the CCA
) ) as the gel volume changes.
Experimental Section The pH dependence of diffraction shown in Figure 1 results from
the ionic gel response to changes in protonation and ionic strength.
When the PCCA is hydrolyzed, some amide groups hydrolyze to
carboxyl groups, which ionize as determined by th&g and solution
pH. lonization of these covalently attached carboxyl groups immobilizes
counterions inside the gel. This results in an osmotic pressure, which
swells the gel against its restoring elastic const&mhus, an increased
pH increases the ionization; the gel swells and the diffraction red shifts.
Since ionization is complete by pH 9, further pH increases only increase
ionic strength. This decreases the osmotic pressure and shrinks the gel.
This maximum in hydrogel volume, which occurs near pH 8.5, has
also been observed for other ionic g@ls.

The ionic strength dependence of diffraction was studied by using
pH 6.7 and 8.5 solutions containing 1 mM NacCl. These solutions have

The PCCA was prepared by dissolving 5 wt % acrylamide, 0.5 wt
% N,N'-methylenebisacrylamide, and 20 of diethoxyacetophenone
in a liguid CCA solution {8 wt % colloids) prepared from 100-nm-
diameter highly charged (sulfonated) monodisperse polystyrene colloids.
This mixture was injected between two quartz plates separated by a
125um-thick Parafilm spacer and was photopolymerized with 365-
nm illumination. The PCCA was removed from between the quartz
plates and washed with water, and the amide groups in the PCCA were.
partially hydrolyzed by a 3-min treatment Wil. N sodium hydroxide
containing 10 wt %N,N,N',N'-tetramethylethylenediamine (TEMED;
Sigma). The PCCA was then extensively washed with deionized water.
Diffraction spectra were measured by using a reflectance fiber-optic

probe coupled to a SI 400 (Spectral Instruments, Inc.)-Wigible ionic strengths essentially identical to that of the pH 11 solution titrated

spectrophotometer. using a minimum amount of NaOH. Figure 2 shows that the increased
The experimental stochastic error in the diffraction measurements jgnic strength shrinks the hydrolyzed PCCA and blue shifts the

derives from~10-min fluctuations in the sample diffraction, which  giffraction to a value close to that from the pH 11 solution.

appears to mainly result from IPCCA flexing associated with the For nonionic gels, the hydrogel volume is determined by only the

solution movemt_ant. We expect & 2-nm standard deviation in the e energy of mixing of the polymer and the solveAGy, and the

wavelength maximum measurement. counterbalancing free energy associated with network elastiv@®y,

(17) Mark, J. E.; Erman, BRubberlike ElasticityA Molecular Primer (18) Flory, P. J.Principles of Polymer ChemistryCornell University
John Wiley & Sons: New York, 1988; pp 2%2. Press: Ithaca, NY, 1953; pp 43%94.
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Figure 2. Inset, upper right: ionic strength dependence of the

hydrolyzed PCCA diffraction spectra at three different pHs. The ionic
strength dependence of the hydrolyzed PCCA diffraction wavelength
is shown by the circles (at a constant pH of 8.1). The solid line was
calculated from the affine model and the broken line from the phantom
model.

Thus, the total free energ\Gr is'®
AG; = AGy, + AG, (2)

where

AGy = kgT[nIn(1 — ¢) + ny¢] @)
wherekg, T, n, ¥, and¢ are the Boltzmann constant, the temperature,
the number of solvent molecules in the gel, the Hearuggins polymer/
solvent interaction parameter, and the polymer volume fraction in the
swollen network, respectively.

The elastic free energy has been modeled using both affine and

phantom network model$1° In the phantom model, cross-links freely
fluctuate and are unaffected by neighboring chains, while in the affine

model, cross-links are assumed to be embedded in the network. The

elastic free energy changes'®

kg Tv[ [ v \2/3 1. [V )
= P (V—) —1—§In(v—)] affine model

m, m,

AGe

®)

_ 3gTvf v\ hant del
= . |\ ] phantom mode
where v, is the effective number of the cross-linked chains in the

network;Vy, andV are the volumes of the prepared gel (before washing)

Lee and Asher

We determined the hydrogel cross-link density/'\{m) from the
hydrogel stressstrain relationship® The vV, = 1.46 x 1072 M for
the affine model and 2.9% 10°2 M for the phantom model. This
indicates only a 2.25 (affine) or 4.5% (phantom) cross-linking ef-
ficiency.

The change in volume upon immersion of the prepared PCCA
into water induces mixing and elastic free energy changes; the
extent of swelling is determined through the equalization of the water
chemical potential to that of bulk water. The osmotic pressure is defined
as

B —(Un,0 — ﬂazo) __ —(8AGlan)

®)

VHZO VHZO
whereVy,o is the molar volume of water.

The expressions for osmotic pressure arising from mixing and
network elasticity aré

mr= il (] G A1
ﬁ_ WZO In|1 7 + 7 +X 7 (6)
e v, (/lm) 1(im)3] .
T V_m[ =) " \T affine model
= (’1”‘) h del 7
= P T phantom mode (@)

where we made use of the fact tat= (Vo/V) = (Lo/1)3. Vo is the dry
polymer volume and thé, and/ are the diffracted wavelengths for
dry and swollen gels, respectively. The was calculated to be 178
nm from the polymer volume fraction at preparati@i & (Ao/Am)3,
polymer density, 1.302 g/cin

At equilibrium, the total osmotic pressurél{), which is the sum
of osmotic pressures from mixindI{) and network elasticityI{),
must be zerd®

M, =TI, + =0

iy g
RT  RT ®)
Thus, using eqs 6 and 7, we determined that the Hétyggins
interaction paramete, = 0.503 for the affine model (0.493 for the
phantom model), which is somewhat higher than previously measured
values for pure polyacrylamide gels (0:48.49)1516 presumably due
to the presence of the hydrophobic polystyrene colloids.
After hydrolysis, we observe a pH-dependent swelling of the PCCA

and the swollen gels, respectively. A critical assumption used here is arising from an osmotic pressuriin) due to the difference in mobile
that the hydrogel polymerization occurred under conditions where the i0n concentration inside and outside the eThus, total osmotic

cross-linked chain length distribution is in its statistically most prob-
able configurations such that the gel is not under any stre&s &
0).

(19) Flory, P. JJ. Chem. Physl977, 66, 5720-5729.

(20) We used a stresstrain method similar to the previous studfe’d
to determine the cross-link density. The stresss related to the linear
straina. as

Ve _ .
T=—RTa—a ) affine model
Vm

—_— Ve

oA @)

whereR is the ideal gas constant. We determined= A/An from the
diffraction wavelength shift due to loading of an unhydrolyzed PCCA film
with weights. The ratia/(o. — a™?) is used to determined/Vp.

RTo—a )  phantom model

pressure becomes

Iy =10, + Mg + I, 9
Since the sum of cation and anion electrolyte stoichiometries inside
the gel,y = 2 andz- = 1:

iCp .
B y(Cy - C) =~ 2Cly

ion __

I1
RT

(10)

wherei is the degree of carboxyl ionization multiplied by its charge,
C, is the carboxyl concentratiorCs and Cs¢ are the mobile ion
concentrations within and outside the d€l,is the carboxyl dissociation
constant,Cy is the total concentration of carboxyl groups inside the
PCCA, andy = (Cs+ — Cy)ICS*.
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Figure 3. Plot of pH dependence &t . The circles represent the
affine model and the triangles the phantom model. See text for details.
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At equilibrium, the total osmotic pressurl{) must be zero. Thu,

KLCr
Kot [H]

IIion —

RT

— 2Ty + 1) = Z —2Ch  (12)

We can determin&, and Cr from the pH dependence of the PCCA
swelling?? The value ofK, is ~3-fold smaller than that of acetic acid
in water K, = 1.76 x 1075 M), due to the decreased acidity expected
for sterically hindered carboxylic acids.

(21) Z is defined as
(I, + T

RT
Ve )Lm)
+WK7

o IR G REE)
(7]

1 Ao\® Ao\® Ao\®
‘Wzo['”[l - (7) ] " (7) *X(r) ]
phantom model (11)

(22) We can determinié; andCr by analyzing the swelling data between
pH 6.5 and 7.5. In this pH range, the last term of eq 12 is negligiblé(7).
Taking the inverse of both sides

M7, 1_

KCr ' C
Z is calculated from the measurédof the hydrolyzed gel and,, of the
unhydrolyzed gel. A plot oz vs [H*] gives a slope of K.Cr and
intercept of 1Ct. Figure 3 shows the plot & vs [H*] between pH 6.5
and 8.5 for our hydrolyzed PCCA. From the slopes and intercepts, we
calculatedCr and K, (Table 1). The value o€y indicates only~0.1%
hydrolysis of the PCCA amides.

(23) Hammond, G. S.; Hogle, D. H. Am. Chem. S0d.955 77, 338—
340.

3]

affine modé

Zfl

(13)
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Table 1. Total Concentration of the Carboxylic Acid GroupSt}
and the Carboxylic Acid Dissociation Constat) in the
Hydrolyzed PCCA, Calculated from the Slopes and Intercepts in
Figure 3

fit params and model

calcd values affine phantom
slope (M2 2.41x 10° 1.41x 108
intercept (M%) 1311.6 1089.3
Ka (M) 5.4x 1076 7.7x 10°®
Cr (M) 7.6 x 104 9.2x 104

Using the parameters calculated above, we can detempfthehich
allows us to model the pH dependence of the PCCA volume changes
and concomitant diffraction wavelength shifts. Figure 1 compares the
measured and calculated diffraction wavelength shifts for both the affine
and phantom models. These models fit the measured diffracted
wavelength shifts reasonably well and predict the observed diffracted
wavelength maximum near pH8. Note that the affine and phantom
models give similar results. The observed discrepancy, where the
midpoint of the observed swelling peak occurs at pH 9, probably results
from a pH-dependentky, or an increased Ky, for buried carboxyl
groups. In Figure 2, we also tested our model when the electrolyte
concentration was varied at constant pH of 8.1. Figure 2 shows that
our model can successfully describe the ionic strength response of the
hydrolyzed PCCA.

Thus, we have developed a model that can predict the pH and ionic
strength dependence of hydrogel swelling as well as the concomitant
diffraction changes. This will be helpful for the design of these types
of materials for optimal sensing of pH and ionic strengths. The pH
sensors can be optimized for different spectral regions by choosing
species which ionize in particular pH regimes. We can optimize these
materials for ionic strength sensing by using species whose ionization
show no pH dependence. One of the more useful aspects of these
materials is that they can be fabricated to be very small. In principle.
it is possible to detect diffraction from1 um?® volumes. These sensors
could be placed within cells, for example, to dynamically study pH
and ionic strengths.

We have demonstrated a new pH and ionic strength sensor which
utilizes a photonic crystal material known as a hydrolyzed PCCA. We
have also extended Flory’s classical ionic polymer swelling niddel
in order to develop a zero parameter model for the PCCA hydrogel
volume response. This model allows us to predict the pH and ionic
strength dependence of hydrogel PCCA diffraction.
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