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ABSTRACT: Spherical micron-sized (4—10 um in diameter) poly(methacrylic acid-co-acrylic acid) microgels
were synthesized by precipitation polymerization, and their chelation reactions with chloride salts of
Mg?*, Ca?*, Sr2*, and Ba?* were investigated by isothermal titration calorimetry (ITC). lon concentrations
obtained by inductively coupled-plasma mass spectrometry (ICP-MS) were used to obtain binding constants
and to verify the results obtained by ITC. Although the two methods agreed within 20%, the ITC
measurements were experimentally easier to obtain and more accurate. Interference contrast microscopy
and micropipet manipulation techniques were used to measure the volume change and corresponding
dehydration of the microgels as a function of divalent ion type and concentration. The ITC results showed
that the addition of MCI; electrolytes, where M represents a divalent metal, with the microgels was an
entropy driven reaction in that AG ~ —20 kJ/mol = TAS. These data suggest that the free energy driving
the ion exchange (M?* divalent ions for monovalent Na*) is the result of the increase in the entropy of
the system; this entropy increase is due to (1) water being “squeezed” from the microgels into the bulk
solution and (2) the collapse of the entropy elastic network that accompanies the decrease in the volume
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of the microgels.

Introduction

Micrometer in diameter ionic hydrogels (microgels)
are being explored for use in a number of biomedical
applications because of their small size.»™8 In contrast
to centimeter sized ionic hydrogels and ion-exchange
resins, their small size permits them to be transported
in the bloodstream and even be targeted to certain
diseased tissues outside the bloodstream.® As a conse-
quence of their high concentration of accessible ionic
groups, microgels have the potential to rapidly bind ions
from a suspending solution.”1° Thus, for biomedical and
other applications, in which they may come into contact
with different ions and metals, it is important to obtain
a fundamental understanding of their ion exchange
properties.

Numerous studies of ion binding have been performed
on similar, but much larger, ionic macromolecules such
as organic ion-exchange resins and ionic hydrogels (also
called “slab gels”).12=1° Similarly, a large number of
studies have also been performed on the ion binding
properties of polyelectrolytes?® and macromolecules.?1-24
However, to date, there have not been any thermody-
namic measurements of the free energy or entropy of
ion binding to any ionic slab gels or microgels. This is
likely due to the fact that slab gels have significant
equilibrium response times (hours to days) that make
controlled, ultrasensitive calorimetric measurements
difficult. lonic microgels represent a class of hydrogels
that, for the first time in a cross-linked polymer system,
can be used to characterize the thermodynamics of ion
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binding reactions because of their rapid response times
(300 ms to reach equilibrium).”

In this study our primary goals were to investigate
the interactions of microgels with four different sized
divalent alkali earth cations (Mg?", Ca?*, Sr?*, and
Ba?") and then to determine the dependence of these
interactions on the radii of the metal cations. To achieve
this goal, micron-sized (4—7 um diameter) poly(meth-
acrylic acid-co-acrylic acid) (PMAA) microgels were
synthesized by precipitation polymerization. Isothermal
titration calorimetry (ITC) was used to measure the
solution thermodynamics of the metal complexation
reactions with the microgels. An analysis of the ther-
mograms was used to determine the enthalpy, binding
constant, and hence free energy and entropy change
associated with the binding reactions. To correlate these
thermodynamic measurements with a direct measure-
ment on the amount of ions taken up into the microgels,
we measured ion concentrations by “inductively coupled
plasma mass spectrometry” (ICP-MS). A Langmuir
isotherm (single site) model was applied to the ICP-MS
results to obtain an independent measure of the equi-
librium binding constants associated with the binding
reactions. We found that these two methods, based on
different physical principles, agreed within experimen-
tal error.

To obtain a deeper understanding of the thermody-
namic parameters, we used interference microscopy to
measure the volume change and corresponding dehy-
dration of a bulk population of microgels as a function
of ion concentration.25> We were thereby able to relate,
under identical conditions, the enthalpies measured
calorimetrically to the degree of dehydration of the
microgels. Finally, a micropipet manipulation technique
was used to compare the volume condensing effects of
protons and monovalent and divalent metals on single
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Figure 1. Plot showing the calorimetric titration of the ionic
microgels (5 mg/mL) with 35 injections of Ca?" (300 mM) at
298 K in 20 mM PIPES buffer, pH 7.8. The raw data are shown
above, and the integrated heats are shown below. The optimal
fit to the data gave a binding constant of K ~ 2.5 x 103 M.

microgels.” These data further highlighted the differ-
ences in the ion binding mechanisms and provided
information on the selectivity of the microgels for
different mono- and divalent cations.

Materials and Methods

Poly(methacrylic acid-co-acrylic acid) Microgel Syn-
thesis. Poly(methacrylic acid-co-acrylic acid) microgels were
synthesized by modifying the method developed by Kawagu-
chi?>26 and which can be found in Eichenbaum et al.? Briefly,
the starting materials for the poly(methacrylic acid-co-nitro-
phenyl acrylate) microgels consisted of 4-nitrophenyl acrylate
monomer (NPA) (2.07 g), methacrylic acid monomer (MAA)
(0.861 g), methylenebisacrylamide cross-linker (MBAM) (0.771
g), azobis(isobutyronitrile) (AIBN) (1.5 g), and ethanol (EtOH)
(40 g). The reaction product of the precipitation polymerization
was subsequently suspended and then resuspended (four
times) in 1 M NaOH (to hydrolyze the nitrophenol groups from
the microgels and thus give a random copolymer between
acrylic acid, methacrylic acid, and MBAM). To remove the
hydrolysis products, the resulting microgel suspension was
centrifuged and washed in distilled water four times. Finally,
the beads were stored in deionized water at 4 °C.

A copolymerization of methacrylic and acrylic acid is
required in order to obtain a monodisperse and homogeneous
population of the microgels.?® The monomer feed ratio for the
microgel polymerization consisted of four methacrylic/acrylic
acid monomers for every one methylenebisacrylamide cross-
linker.

Solution Preparation. To fix the pH at 7.8, all ITC, ICP-
MS, and bulk volume experiments were carried out in 10 mM
piperazine—N,N'-bis[2-ethanesulfonic acid] (PIPES) buffer un-
less otherwise indicated. This pH was selected because it was
more than 2 pH units above the apparent pK, (4.7) of the
microgels.” This ensured that the ion chelation experiments
were a competitive binding between the sodium counterions
and the metal ions and did not include protons.

Titration Calorimetry. Experiments were performed with
a MCS isothermal titration calorimeter (Microcal, Inc.). In-
strumentation and data acquisition/analysis software for an
earlier model have been described previously.?” Solutions were
mixed and degassed under vacuum for 10 min to obtain a
stable baseline. Experiments were performed at 25 °C. Binding
isotherms (Figure 1) were calculated after 35—42 injections
from a 101.8 uL injection syringe (containing 300 mM metal
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ion MCl; in pH 7.8, 20 mM PIPES buffer) into a 2.0 mL
reaction vessel (containing 10 mg of hydrogels suspended in
20 mM PIPES pH 7.8 buffer). Injection volumes of 3.118 uL
(Ca?" and Mg?") and 4.008 uL (Sr?" and Ba?") were delivered
over 7.84 and 10.08 s intervals, respectively. An interstimulus
interval of 200 s allowed for complete equilibration of the
solution. Control experiments were performed to correct for
the heats of dilution from the injection of the ion/PIPES buffer
into the PIPES buffer not containing the microgels (heats of
dilution were on the order of —0.4 kJ/mol). For each metal ion
the ITC experiments were performed three times. When using
the models contained in the data analysis software (Microcal
Origin) to curve fit, all parameters (heat of binding, binding
constant, and number of binding sites) were allowed to vary.

ICP-MS. For the four divalent alkali earth cations tested,
ion binding experiments were carried out using the following
procedures. First, a 20 mM stock solution of pH 7.8 PIPES
buffer was prepared using distilled deionized water. For each
divalent cation, high-purity chloride salts were added to the
PIPES buffer to yield 1 mL volumes with ion concentrations
that ranged between 0.06 and 9 mM MCl,. These concentra-
tions matched the range covered in the ITC experiments. The
solutions were then divided into two lots, and 1 mg of microgels
was added to one lot of the vials containing 1 mL of buffer
solution while the other contained no microgels and served as
a control. The solutions with microgels were bath sonicated
and then incubated for 30 min. Separate experiments revealed
that after 30 min no additional uptake was observed. The
samples were then centrifuged for 20 min (2500 RCF), and
0.5 mL of supernatant was removed for analysis. To ensure
that no microgels were present in the extracted supernatant,
the supernatant was filtered through a 100 nm nucleopore
filter (Millipore, Inc.). The solutions were then diluted to yield
ion-isotope concentrations between 100 ppt and 25 ppb of the
isotope(s) to be analyzed for each ion.

Mg?*, Ca?*, Sr2*, and Ba?' concentrations were determined
using a VG-Elemental QuadraPole-3 ICP-MS. Machine oper-
ating conditions were 1350 W forward power, 0.82 L/min
nebulizer flow rate (back-pressure of 35 psi), 0.8—1.0 auxiliary,
and 13.5 L/min cool gas flow rates. A concentric-flow nebulizer
and double-pass water-cooled spray chamber were used for
sample introduction. Analyses are the averages of three 20 s
counting periods. A 120 s precontamination (uptake) period
was used and a 300 s rinse (using 2% HNO3). Multiple isotopes
for each element were determined to give redundant analyses
as follows: Mg,?® Mg,?¢ Ca,*® Ca,* Sr,%¢ Sr,87 Ba,'%® and Ba.'%’
A procedural blank was used for blank corrections, and
instrument drift was corrected using an external drift monitor.
The data were reduced offline using the following algorithm.
The raw counts were blank corrected and then drift corrected
using linear interpolations between blank solutions and then
drift solutions. The corrected counts were then fit to a linear
regression defined by the blank and analyses of all control
solutions. Analytical uncertainties were less than 3% based
on analyses of standard solutions as unknowns.

Volume Response of Microgels to lon Uptake. a. Bulk
Measurements. Images of 50 microgels, suspended in differ-
ent ionic solutions at different concentrations, were recorded
using a camera interfaced with an interference contrast
microscope. From measurements of the diameter of the 50
microgels in these images the size distribution was obtained.
All bulk diameter measurement data are presented as the
mean diameter + SD.

b. Micropipet Manipulation Measurements. The mi-
cropipet flow technique has been described in detail else-
where.” Briefly, the micropipet flow technique, which is
centered on an inverted microscope, is a useful method for
manipulating and observing the swelling response of indi-
vidual microgels that have a diameter greater than 1 um.” This
technique was used to measure the volume response of the
microgels to changes in pH and ionic solution conditions. In a
flow pipet experiment, an individual microgel was held by a
holding pipet in a chamber, which contained a control solution.
Positive pressures (500—1500 N/m?) were applied to the “flow
pipet” (~20 um i.d.), which was filled with a test solution, by
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Table 1. Thermodynamic Parameters for the Binding of Divalent Metals to the Microgels?

ion 103K (M~1) AH (J/mol) AG (kJ/mol) AS (J K~1 mol~1) AVmax (um3)* Re (A) Rn (A)
Mg2* 2.4+0.1 870 + 10 -19.3 69 45 0.72 3.8
ca’* 38405 910 + 60 —20.4 73 50 0.99 3.6
Srz+ 39402 530 + 30 —-20.5 72 58 1.18 3.6
Ba2* 7.8+09 350 + 10 -22.8 77 56 1.35 3.4

a Errors are the standard deviations for three ITC runs. AVmax represents the maximum volume change of the microgels at 9.0 mM for
each correesponding divalent metal. R, is the crystallographic radius,?® and Ry, is the hydrated radius of the metal ion.3” Note that the
volume measurements were not statistically different (t-test, p > 0.05).
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Figure 2. Plot of the integrated heats from the titration of
the microgels with four different alkali earth cations.

using a 1 mL syringe acting onto the air gap of a second
manometer reservoir. When this flow pipet was aligned axially
with the microgel, the microgel became immersed in the flow
field of the test solution. For a given set of conditions all
micropipet manipulation based measurements were repeated
on four different microgels. By using this technique to measure
the swelling response of single microgels, the errors associated
with diameter measurements of a bulk sample of microgels,
as a result of microgel polydispersity, are significantly re-
duced.”

Experimental Results

Thermodynamics of lon Binding. ITC provides a
method for characterizing the thermodynamics of the
metal—ligand chelation reactions. A typical plot for the
titration of the microgels with Ca?* is shown in Figure
1. Figure 2 shows the integrated heats (of plots similar
to the one shown in Figure 1) for the titrations with each
of the four alkali earth cations. For all divalent cations,
the heat taken up decreased in a sigmoidal fashion and
leveled off as the concentration of ions in the bulk
solution increased to the point where the binding sites
in the microgels became saturated. The heats (AH)
measured ranged between 350 and 910 J/mol, and the
heats increased in the following order: Ba?t < Sr2*<
Mg2+t < Ca?t (Table 1). The heats for Mg?™ and Ca?*
were statistically the same but different from those of
Ba?" and Sr2*, which were also the same (t-test, p <
0.01).

By measuring the net change in heat, as a function
of the bulk Mg?*, Ca?" (Figure 1), Sr?*, and Ba?"
concentrations, we were able to determine each ion-
microgel reaction enthalpy (AH), apparent binding
constant (K,), reaction free energy (AG = —RT In Ky),
and thereby the reaction entropy (AS). To determine the
thermodynamic parameters from the heats of reaction
shown in Figure 2, we fit a binding curve that assumes
one set of noninteracting sites as a first-order ap-
proximation.?” The inputs to the model were the con-
centration of the ion injection solution, the volume of
the injection solution, and the volume of the cell. These
were all set experimentally. Good fits were obtained for
all of the titration results (average R? = 0.95). The
thermodynamic values obtained by fitting the titration
plots for Mg?*, Ca?*, Sr2*, and Ba?" are summarized in
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Figure 3. Plot of the scaled concentration of ions taken up
into the microgels as a function of the bulk ion concentrations.
Scaled concentration refers to the amount of ions taken up
divided by the concentration of microgel binding sites in the
suspension.

Table 1. The binding reactions for all of the ions in the
microgels were endothermic and entropy driven (all of
the enthalpies and entropies were positive). The entro-
pies varied by only +5 J K1 mol~?, increasing from 74
to 79 J K1 mol~? for Ca?* and Sr?*, respectively. The
binding constants (K,) and the free energies (AG) were
in the opposite order from the enthalpies. K, increased
in the following order: Mg?+< Ca?" < Sr2+ < Ba?", from
2.4 x 108 M~ for Mg?* to 7.8 x 10% M~ for Ba?".

The binding constants for Mg?"™ and all of the other
ions were statistically different (t-test, p < 0.05). Ca2"
and Sr2* were identical but statistically different from
Ba?* (t-test, p < 0.05). Finally, the values of AG for the
different ions were close in magnitude and ranged from
—19.3 to —22.8 kJ/mol for Mg?* and Ba?", respectively.
The free energies were a factor of 1000 larger than the
enthalpies and were dominated by the entropy term,
TAS.

lon Uptake as a Function of Concentration.
Since we used an identical binding site model to
calculate K, by ITC, we sought an independent measure
of the binding constants by a more direct technique.
Thus, we used ICP-MS to measure the uptake of Mg?"
and Ca?" as a function of their bulk concentrations.
Figure 3 shows the “scaled concentration” of Mg?"™ and
CaZ?* ions taken up into the microgels versus their bulk
concentration, where the scaled concentration is the
amount of ions taken up divided by the concentration
of microgel binding sites. The concentration of binding
sites were calculated by bulk titration measurements
of the microgels.” Comparison of the Mg?* and Ca?" data
(Figure 3) indicated that the uptake of the two ions was
not statistically different (F-test, oo = 0.05). Note that
there was significantly more experimental error associ-
ated with this procedure, as compared to ITC (SD =
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Figure 4. Plot of the average volume of the microgels as a
function of the bulk ion concentrations. Note that these data
were obtained by measuring the diameters of a somewhat
polydisperse population (n = 50, SD + 0.45 um) microgels at
each ion concentration. This gave rise to significant standard
deviations in the measurements.

+10% for ITC versus +£30% for ICP-MS). This error was
a result of the fact that, as the ion concentration
becomes large relative to the amount of ions taken up
by the microgels, the initial and final solution concen-
trations converge. This makes the 3% experimental
error by ICP-MS significant.

To obtain the binding constants for Mg2*t and Ca?"
from the concentration results, we fit the data to a
Langmuir adsorption isotherm.282° Excellent fits (R2 =
0.99) were obtained by this method with binding con-
stants, K, of (3.22 £ 0.55) x 103 (SE) M~ for Mg?* and
(3.17 £ 0.25) x 108 (SE) M~ for Ca?*. These binding
constants were the same, within the standard error, to
the binding constants obtained by ITC (2.44 x 108 for
Mg?" and 4.02 x 108 for Ca?"). Thus, the ICP-MS results
demonstrate that reasonable binding constants can be
deduced from ITC results using a relatively simple
noninteracting site model. In the Discussion we use the
more accurate binding constants obtained by ITC in
favor of the binding constants obtained by ICP-MS.

Bulk Volume Response. To directly measure the
degree of dehydration associated with the binding
reactions, we measured the volume of the microgels as
a function of bulk Mg?*, Ca?*, Sr?*, and Ba?" concentra-
tions (Figure 4). The ion concentrations were set at the
same levels as those that were used in the ITC experi-
ments. As the ion concentration of the solutions in-
creased from 0.0 to 9.0 mM, the microgel volumes
decreased from 148 um3 to their minimum volumes of
103, 98, 90, and 92 um? for Mg?*, Ca?", Sr?*, and Ba?",
respectively (Figure 4). The microgels reached their
minimum volume at ion concentrations greater than 3.5
mM (i.e., no statistically significant change in volume
was observed between concentrations which were greater
than 3.5 mM). This concentration of 3.5 mM was
comparable to the scaled concentration at which satura-
tion was reached in the ITC experiments. ANOVA
(analysis of variance) indicated that the 13 um? differ-
ence in the minimum volumes of the microgels in the
strontium solutions as compared to the magnesium
solutions (at concentrations = 9.0 mM) was significant
(o = 0.10, p value < 0.05). The analysis also revealed
that there were no other statistically significant (a0 =
0.05, p value < 0.01) volume differences that were
detectable between ions at any other concentrations.

Individual Microgel Volume Response. The pur-
pose of measuring volume changes of individual micro-
gels by micropipet manipulation were (1) to provide an
accurate basis of comparison for bulk measurements
(Figure 4) and (2) to compare the condensing effects of
divalent cations to the condensing effects of monovalent
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Figure 5. Plot of the microgel equilibrium volume size ratio
(V) versus pH of the external solution for 10 mM buffer
solutions containing no additional ions, 100 mM Na*, Mg?*,
and Ca?*. Error bars on each data point represent the standard
deviation of the average swelling ratio of four different
microgels. Note that the data contained in this figure were
obtained by measuring the volume changes of individual
microgels using a micropipet technique. As a result, much
smaller measurement errors (1%) than the bulk volume
measurements in Figure 4 (10%) were obtained.

sodium ions and protons.”. Figure 5 contains a plot of
V., versus pH for microgels that were exposed to 10 mM
buffered solutions containing 100 mM Na*, Ca%", and
Mg?*, with 2CI~ as the counterion and no additional
ions. V., is the ratio of the microgel volume at pHs > 5.3
and specified ion concentration to their maximally
swollen volume (in 10 mM buffer). A concentration of
100 mM was chosen for the mono- and divalent ions
because it was an order of magnitude greater than the
saturation concentration that was used in the bulk
measurements. Unlike the bulk volume condensation
measurements (Figure 4), where the goal was to com-
pare the volume condensing effects of the different
divalent ions in bulk, the goal of micropipet measure-
ments on individual microgels was to compare the
condensing effects of protons to those of mono- and
divalent ions. Thus, Ca?" and Mg?* were used.

The plot of V, versus pH for individual microgels
(Figure 5) was sigmoidal for all of the solutions. The
four major regimes contained in these data were (1) the
low-pH regime (pH =< 3.6), where the swelling of
microgels was not affected in a statistically significant
manner by either pH or ion concentration (t-test, p <
0.05); (2) the pHs of the inflection points, which do not
increase significantly (<0.1 pH units) for the different
types of ions; (3) the high-pH regime (pH 5.3—6.6) where
for a given ion concentration there was a constant value
for Vy; and (4) pHs > 5.3, where V, decreased from 1.0
for protons, to 0.8 in 100 mM Nat, to 0.6 in 100 mM
Ca?* and Mg?". The volumes of the microgels in the
presence of Ca?t and Mg?* were statistically equal (t-
test) at all pHs measured.

The micropipet measurements accomplished the first
aim of providing a basis of comparison for the bulk
volume response measurements. By both methods Ca?*
and Mg?" had equivalent condensing effects, and the
magnitude of those effects was comparable; V, was 0.64
by bulk measurements and 0.60 by micropipet manipu-
lation. The second aim of the micropipet measurements,
which was to compare the condensation effects and
corresponding dehydration of the microgels by monova-
lent and divalent cations, is discussed in detail below.

Discussion

Thermodynamic Measurements. The results of
the ITC measurements (Table 1) showed that for all of
the ions the binding and associated volume change of
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the microgels was an entropy driven reaction in which
AG = TAS > AH. The free energy change in the binding
reactions appeared to arise from the entropy gains® of
both removing water from the microgels®! and the
collapse of the polymer matrix.32 These increases in
entropy due to the binding of divalent counterions are
consistent with the thermodynamic observations of
divalent ion binding by Williams3® and are supported
experimentally by the volumetric experiments of Strauss
et al. using solutions of linear polymers.2°

For all of the reactions, AG was essentially indepen-
dent of the metal ionic radii (R¢) and instead followed
the metal hydrated radii (Rn). Like the free energy, Rn
did not change significantly between metal ions (Table
1). With regard to metal selectivity, the microgels were
more selective for Ba?* than Mg?*. All other differences
in metal selectivity were not statistically significant (t-
test, p > 0.05).

Comparison of the Condensing Effects of Mono-
and Divalent lons. The results of the bulk volume
response measurements (Figure 4) showed that there
was no statistically significant (t-test, oo = 0.05) differ-
ence in the volume change of the microgels between the
four different divalent metal ions. In contrast, the
results in Figure 5 showed there was a statistically
significant difference in the condensing effects of diva-
lent cations as compared to those of monovalent sodium
ions and protons. For pHs > 5.3, V, in the presence 100
mM sodium ions was 0.80 as compared to 0.60 in the
presence of 100 mM magnesium and calcium ions.
Furthermore, in the presence of 10 mM calcium and
magnesium the induced condensation was the same as
at 100 mM sodium (Figure 5).7

These differences in condensation behavior between
sodium and magnesium/calcium were expected on the
basis of the differences in their valences (+1 versus +2)
and binding affinities for carboxyl groups (10 M~ for
sodium’ as compared to approximately 100 M~ for
calcium and magnesium to EDTAZ). In addition, in
contrast to monovalent ions such as sodium, which can
only associate or bind to one fixed charge, divalent
cations such as calcium have the capability to associate
with two fixed charges and can thereby cross-link the
polymer network.!! By cross-linking the polymer chains,
divalent ions can bring the chains closer together and
dehydrate the microgels to a larger extent than the more
weakly bound monovalent ions. However, as discussed
below, the cross-linking must occur with partially
hydrated divalent cations.

Unlike sodium ions, protons bind more strongly to the
microgels than divalent cations. As a result, when the
pH becomes more acidic, any counterions in the microgel
dissociate and exchange with the protons. For the four
curves shown in Figure 5, the exchange of mono- and
divalent ions for protons was centered on the microgel
apparent pK, of 4.77 and was driven by the fact that
protons bind more strongly and completely (i.e., do not
remain partially hydrated) to the negative charges on
the polymer matrix than any of these cations.!! In all
cases, in the presence of protons (at pHs < 3.6) the
microgels collapsed to their minimum volume (V, =
0.25) independent of the type or concentration of ad-
ditional counterions present. As was mentioned previ-
ously, the difference in the microgel V, at pHs < 3.6 (V,
= 0.25) versus at pHs > 5.3 in the presence of the
divalent ions (V, = 0.60) suggested that the divalent
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Table 2. Thermodynamics of Solvation for Metal lons in
Aqueous Solution?3

ion —AG (kd/mol)  —AH (kJ/mol) —AS (J K1 mol™1)
H* 260.5 269.8 31.3
Na* 98.3 106.1 35.3
Mg?+ 455.5 477.6 74.3
Ca?" 380.8 398.8 60.8
Sr2* 345.9 363.5 59.2
Ba?" 315.1 329.5 48.5

metal condensed microgels remained more hydrated
than the proton condensed microgels.

Model To Explain Divalent Metal Binding and
Selectivity. To evaluate the factors that determine the
microgel divalent alkali earth cation selectivity (Ba?"
> Mg?"), we apply a model that was developed by
Eisenman32 that has been successfully used to explain
the metal-ion binding selectivity in systems such as
glass,33 crown ethers, and ion selective channels.3* In
the Eisenman model, binding sites range from weak
field to strong field. A weak field site is one for which a
divalent metal ion of dehydrated radius ry interacts
with an ionic site of dehydrated radius rs, across a
distance r, where r is equal to the sum of rs, ry,, and the
distance of the water layer dy, having a dielectric
constant e. For a given r, and zs, where zs is the valency
of the site, weak binding sites will occur when r or rs is
large. This can occur if the charge density of the site is
small or if there are water molecules between the ion
and the site. For the same metal, a strong field is one
in which the small divalent metal ion is completely
bound to the site, and there are no water molecules
between them.

According to the Eisenman model, the free energies
that determine the metal-acid binding equilibrium are
AGion-site, the electrostatic free energy of attraction of
the metal to the negatively charged site, and AGijon-water,
the hydration free energy of the metal (eq 1).

AG = AGion—site - AGion—water 1)
Note that the change in free energy from the collapse
of the polymer matrix was not considered in the analysis
of the microgel metal selectivity because, as shown in
Table 1, the microgel volume change was statistically
the same for all of the metals (t-test, a = 0.05).

In the Eisenman model, the binding sites are modeled
as spherical ions in a vacuum. From Coulomb’s law, the
energy (per mole) of interaction (AGjon—site) between the
sites and naked bound metals (M) depends inversely on
the sum of the radii of the ionic site (rsj) and the radius
of the metal (ry) (eq 2). For the purposes of applying
this model to the microgels, rsit is defined as a “virtual
site” that is comprised of two carboxyl groups.

2
Zsitezme NB
AGion—site = 47'[660!’ (2)

In eq 2, zsite and zy, are the valencies of the carboxylic
acid and metal ion, respectively, € and ¢y are the relative
permittivity and permittivity in a vacuum, respectively,
Ng is the number of binding sites per metal ion, and r
is the sum of rs, ry, and the distance of the water layer
dw. The values for AGjon-water in €q 1 are ion specific
and are thus given by the hydration free energies in
Table 2.

According to eq 2, the strength of a site is dependent
on rsite and Zgite, “Weak-field-strength” sites are defined
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as those sites for which r and rs. are large, and
AGion-site is small relative to AGion—water for all metals.
For weak-field-strength sites, the ion exchange equilib-
rium (eq 1) is dominated by the dehydration free
energies (Table 2) and thus favors binding of larger ions,
i.e.,, BaZt > Mg?" since the smaller ions are more
difficult to dehydrate. Conversely, “strong-field-strength”
sites are those for which r and rs are small, and
AGion-site IS large relative to AGijon—water for all metals.
For strong field sites the ions and sites are in direct
contact. For strong-field sites the ion exchange equilib-
rium is dominated by the ion-site interaction and
therefore favors smaller ions, which can draw closest
to the attracting carboxylic acid, i.e., Mg?™ > Ba?".

We will now show that the experimental results and
the Eisenman model suggest that the microgels contain
“weak-field” sites that remain partially hydrated when
they bind to the metals. The net enthalpies measured
by ITC (~—1 kJ/mol) were small compared to the
AHgovation for the divalent metals (Table 2, —455.5 kJ/
mol for Mg?* to —315.1 kJ/mol for BaZ"), indicating that
the divalent metal ions in the microgel were not mark-
edly dehydrated. Further experimental support for this
partial hydration comes from the fact that the microgels
retained more water when they were completely bound
with the divalent metal ions as compared to protons (V.
= 0.5 in the presence of metal ions versus V, = 0.25 in
the presence of protons). Thus, these results suggest
that the microgels did not collapse beyond the hydrated
radii of the ions to a point where the crystal radii of
the ions would effect the strength and selectivity of
association. Finally, the Eisenman model predicts that
binding sites in the microgels are weak-field sites that
remain partially hydrated, and as such, larger ions such
as Ba?" are favored over ions with smaller ionic radii
such as Mg?*. These results suggest that weak-field
sites not only occur when charge is spread over a high
volume but can also occur by virtue of the fact that they
are sterically constrained in a high cross-link density
microgel.

Comparison of Metal Binding in Linear lonic
Polymers. Previous thermodynamic and volume mea-
surements using linear polyacids provide a useful basis
of comparison for these thermodynamic measurements
on the microgels. The phase separations that have been
observed to occur for linear poly(acrylic acid) and poly-
(methacrylic acid) solutions in the presence of divalent
cations are analogous to the collapse of the microgels.3®
Ewin et al. studied the complexation of alkaline-earth
metals by a number of different linear poly(aminocar-
boxylic) acids such as trimethylenediamine—N,N’'-di-
acetic acid.?»22 They found that, like the metal inter-
actions with the microgels, the metal interactions with
the linear polymers were also entropy driven (AG = TAS
> AH). However, unlike the microgels, the binding
constants for these polyacids decreased from 2.5 x 103
M~1 for Mg?" to 0.02 x 108 M~ for Ba?*, indicating that
the linear polyacids were more selective for Mg?* than
Ba?*. According to the Eisenman model (discussed
above) this suggests that the binding sites on the linear
polymers behave as if they were strong-field-strength
sites. It is interesting that despite their difference in
selectivity, both systems had very similar binding
constants for Mg?*. Although their similarity in binding
constants is probably coincidental (this is evident in the
difference in entropies and enthalpies discussed below),
this result serves to highlight that there is a distinct
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difference between the ion binding affinity and selectiv-
ity of an ionic macromolecule.

The source of the difference in the selectivity of the
linear polyacids as compared to the microgels is evident
in the different relative reaction entropies and enthal-
pies of the two systems. The binding enthalpies of the
linear polyacids were a factor of 10—100 greater than
that of the microgels and unlike the microgels varied
significantly between metals, suggesting that the ions
were more dehydrated in the linear polymers than in
the microgels. The reaction entropies of the linear
polyacids were larger than that of the microgels for
Mg?* but smaller for Ba?*. In addition, unlike the
microgels (Table 1), the reaction entropies of the linear
polymers decreased significantly with ionic radius from
99.0 J K1 mol~* for Mg?* to 33.6 J K~1 mol~1 for Ba2".

We propose that these differences in the enthalpies,
entropies, and selectivity of linear polyacids as com-
pared to the microgels are due to differences in the
accessible configurations of the polymer chains and
therefore the binding modes of the metals in both
systems.36 With regard to the polymer configuration, in
contrast to the microgels, molecules such as poly(acrylic
acid) are single polymer chains. It has been shown
previously that nonionized polymers such as poly(acrylic
acid) approach a random coil, whereas fully ionized
polyacryclic acid is in the form of a winding chain.32:36
Thus, for the linear polyacids there is significant flex-
ibility for the possible configurations and geometries of
the functional groups. In contrast, for the microgels, the
proximity of the acid groups is confined to limited
separations distances by the highly cross-linked polymer
network (5—7 polymer repeat units between cross-
links).8 Thus, in the microgels, steric confinement could
prevent the carboxylic acid groups from achieving the
same proximity as in a linear polymer. This would result
in a fixed common geometry for the functional groups
in the microgels and therefore explain their indepen-
dence of binding on the ionic radius of the metals.

Conclusion

ITC was used to thermodynamically characterize the
metal binding reactions of ionic hydrogels. The values
that we obtained for the binding constants by ITC were
consistent with those obtained by another independent
technique, ICP-MS. The results of the ITC experiments
showed that the binding of Mg?*, Ca?", Sr2*, and Ba?"
by the microgels was entropically driven and energeti-
cally favorable.

The ITC results and application of the Eisenman
model suggest that the microgels studied were weak-
field-strength sites in which the metals remain partially
hydrated upon binding. The fact that they are weak-
field-strength sites helped to explain why the microgels
were slightly more selective for Ba2t over Mg2*. Differ-
ences between the binding and selectivity of ionic
microgels as compared to linear polymers suggest that
chain mobility may play an important role in determin-
ing the selectivity and binding mechanisms in ionic
macromolecules. These results also suggest that weak
field sites not only occur when charge is spread over a
high volume, as was described in the original application
of the Eisenman model, but can also occur by virtue of
the fact that they are sterically constrained in a high
cross-link density microgel.
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