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We report a comprehensive experimental-theoretical study of the temperature- and concentration-
dependent swelling behavior of weakly cross-linked PNiPAm ionic microgel particles in the deionized
fluid phase. The particles swell reversibly when the dispersion is cooled from the collapsed state to lower
temperatures. While the collapsed state shows no dependence on the microgel number density, the
swelling at lower T is more pronounced at lower concentrations. The static pair correlations and short-
time diffusion functions, and the concentration and temperature dependence of the microgel radius and
effective charge, are studied using static and dynamic light scattering in combination with state-of-the-art
analytical theoretical schemes based on a Yukawa-type effective pair potential and a core-shell model. We
show that only such a combined, simultaneous fit of static and dynamic scattering functions allows for an

Germany

unambiguous determination of the microgel radius and effective charge.

DOI: 10.1103/PhysRevLett.109.048302

Dispersions of cross-linked microgel particles such as
poly (N-isopropylacrylamide) (PNiPAm) [1-5] have be-
come popular model systems of soft colloids. The most
prominent feature of these systems is their stimulus sensi-
tivity. They can undergo phase transitions, as the particle
volume reversibly responds to environmental stimuli such
as pH value, temperature, hydrostatic pressure, ionic
strength, or an external electromagnetic field [6]. These
features, and the biocompatibility of the microgels, allow
for their use in biomedical applications [7]. The physical
nature of the microgel particles lies in between that of
hard-sphere colloids, and ultrasoft star polymers and
micelles [2,8]. Because of the repulsive soft pair interac-
tions, microgels can interpenetrate or compress. Hence,
phases with number densities above solid-sphere close
packing can be prepared, exhibiting peculiar structural and
dynamic properties [9,10]. The precise form of the micro-
gel pair interaction potential is currently unknown. The
studies of PNiPAm dispersions carried out so far dealt
mostly with their microstructure, and the concentration-
and temperature dependent phase behavior in the highly
concentrated state [1-5,10,11].

Microgels such as the ones in the present study, which
are copolymerized with ionic groups, attain a nonzero
effective charge in a polar solvent and are referred to as
ionic microgels [12]. They belong to the subclass of ultra-
soft colloids where the effective pair potential crosses over
from a screened Coulomb (Yukawa) type repulsion at non-
overlap distances to a smoothly increasing repulsion inter-
action energy at overlap. In earlier experiments [12], a
variety of phases including fluid, crystalline, and glassy
states of ionic microgels at different concentrations were
investigated. A fraction of the counterions released by
ionic polymer backbone groups is confined to the interior
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of the microgel particles. The electric repulsion between
polyelectrolyte chain segments, and the osmotic pressure
by the counterions can lead to a pronounced swelling of
the microgels as compared to electrically neutral ones
[10,13-15]. Temperature changes can significantly change
the solvent-polymer interactions and the microionic
osmotic pressure, hence affecting the outer (effective)
hydrodynamic radius, R, and the effective charge, Ze,
with e the proton elementary charge.

At fixed microgel number density, n,, even small
changes in R, can cause dramatic changes in the microgel
volume fraction ¢ = (47/3)R,> n,. A common approach
to determine ¢ is to extract R,y as a function of tempera-
ture, 7, in the dilute regime of noninteracting particles
from measuring the form factor, P(g), single-particle dif-
fusion coefficient or intrinsic viscosity, and to calculate ¢
at low as well as at high values of n,, from this “known”
size [5,12,16]. This approach neglects a possible depen-
dence of R, on n,, which, as we are going to show, is quite
significant. Studies on the structure and dynamics of neu-
tral PNiPAm particles have been reported in [4,5,9], where
very high ¢ were considered, even above solid-sphere
random close packing. The present study differs in that
the microgels are charged and weakly cross-linked.
Therefore, a significant n,, dependence of the thermores-
ponsive swelling can be expected at lower ¢, including
the fluid regime. To our knowledge, no experimental-
theoretical analysis comparable to the present one has
been carried out for the fluid phase of weakly cross-linked
ionic microgels.

The 1.55 mol-% poly(N-isopropylacrylamide)-co-poly
(acrylic acid) (PNiPAm-co-PAA) microgels are dispersed
in deionized water at temperatures between 15 and 52 °C.
Based on literature [5,13,17,18], the mean mesh size lies in
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between 5 and 10 nm. Microgel dispersions of various
concentrations were prepared in 5 mm NMR cells, together
with a mixed-bed ion exchange resin (Biorad, USA), and
then flame sealed. This procedure ensures a constant low
salinity. Our DLS measurements were performed using a
setup by ALV Laservertriebsgesellschaft, Germany. The
normalized intensity time autocorrelation function
2:(q, 1) = (g, 0)I(q, 1))/{I(q, 0))*> was recorded by an
ALV-5000 multitau digital correlator. The microgel parti-
cles are loosely cross-linked, with a very low polymer
volume fraction of 0.005.

Figure 1 shows g:(¢maw?) at n, =0.0053 uM
and n, = 0.022 uM, for two different T. Here, gpn,y is
the wave number at which the principal maximum in
the structure factor, S(g), occurs. The time axis is
made dimensionless by the characteristic time 7 =
67 N(T)R(52 °C)/(qmax*ksT) related to the collapsed
particle radius R, at T = 52 °C, with Boltzmann constant
kg, and viscosity, 9(T), of water. It is clear from Fig. 1 that
at T = 52°C, the g,(gmax ?) at both n, values coincide
practically. At T = 34 °C, g5(qmax t) is different for differ-
ent n,,. This suggests that even in the fluid phase, the radius
R, of swollen microgels, and hence the (cage) diffusion
coefficient, D(gm,y), depend strongly on n,, at lower 7.

To gain more insight into the swelling behavior, we have
measured /(g) and the short-time diffusion function, D(qg),
for five microgel concentrations from 0.0053 to 0.069 uM
over the full accessible ¢ range, and at various 7 from
15-52°C. To extract D(q) from g,(q, ) the latter was
analyzed as described in [19].

In Fig. 2 and 3, D(q) and the normalized experimental
intensity, I(q)/I,, respectively, are shown. Here, I is the
laser source intensity corrected for scattering volume. Note
that we have disregarded microgel permeability effects on
D(q) and D, with the latter defined by Dy(T,n,) =
kgT/(67m(T)R (T, n,)). Figures 2 and 3 comprise data
for n, = 0.0053 uM and n, = 0.022 uM. In the two
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FIG. 1 (color). g3(Gmax, t) — 1, for n, = 0.0053 uM (filled
symbols) and n, = 0.022 uM (open symbols), at ¢ = g,y for
T = 34°C (squares) and 52 °C (circles).

series of Fig. 2, it is observed that the principal minimum
in D(g) at gy,x deepens with decreasing T at fixed n,,
indicative of increasing interaction strength. Similarly,
D(gmax) becomes smaller with increasing n, at fixed T,
and the principal peak in I(g), Fig. 3, at ¢, becomes more
pronounced with increasing n p or decreasing T. We
checked that ¢y, scales as n,'/3, which is the concentration
scaling for charged colloids at low salinity [20,21]. For an
analytic treatment, we model the pair potential as the HSY
repulsive part of the Derjaguin-Landau-Verwey-Overbeek
potential [20,21]. According to [7,10,11], a screened
Coulomb potential describes the electrostatic repulsion of
ionic microgels at nonoverlap distances. For the considered
concentration regime, where kR, = 1, only a small frac-
tion of mobile counterions are penetrating the region
R < R, while not being condensed on the polymer back-
bones [12,22]. The HSY potential agrees thus practically
with the nonoverlap part of the effective pair potential for
weakly cross-linked, uniform ionic microgels derived by
Denton using linear response theory [22]. Here, k is the
Debye screening parameter determined by the mobile coun-
terions released by the polymer network, and by the H* and
OH™ ions from the autoproteolysis of water. Since the
samples were flame-sealed together with ion exchange
resin, we assume the concentration of additional, parasitic
saltions to be zero. Under this proviso, « is fully determined
by n,, Z, and the concentration, coy-, of negative coions
calculated using tabulated, 7-dependent pKw values of
water. The quantity, Z, is the bare charge number corrected
for counterions which are condensed on the polyelectrolyte
chains or at least constrained to move along the chains,
minus the number of mobile counterions inside the micro-
gel sphere. It includes also a contribution from the electro-
statically strongly coupled counterions near the outer
surface. In a conductivity titration and light scattering
study in [12], the number of dissociable groups, Zp,. <
3.7 X 10*, has been determined for PNIPAM-co-PAA
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FIG. 2 (color). D(q) for n, = 0.0053 uM (left panels) and
n, = 0.022 uM (right panels), and for T as indicated. Lines are
fit results for D(g).
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FIG. 3 (color).
results for 1(q)/1,

I(l])/lo for np

particles of sizes similar to the present ones. Fits of static
light scattering (SLS) data in [12] gave Z ~ 300, consistent
with our present findings. The 2 orders of magnitude
difference between Z,,. and Z indicates that the vast
majority of the interior counterions are condensed or at
least one-dimensionally constrained on the polyelectrolyte
chains, while only a small fraction is free to move three
dimensionally in between the polymer chains.

Using the hard-sphere plus Yukawa (HSY) potential
dependent on ¢, Z, and R, we have calculated S(g) by
the modified penetrating background corrected rescaled
mean spherical approximation (MPB-RMSA) scheme
[20,21]. The so-obtained S(g) was used as input for calcu-
lating D(q)/D, by the modified 8y scheme in [23,24]
which accounts for many-body hydrodynamic interactions.
The modification amounts to replacing the self-diffusion
coefficient part, D; = D(g — ), of D(g) by a more
accurate expression obtained assuming pairwise additive
hydrodynamic interactions [24]. The high accuracy of the
MPB-RMSA for S(g), and the modified 8y scheme for
D(q), were validated in comparison to experimental data
and elaborate simulations [20,21,24-27]. As a conse-
quence, each of the fit parameters ¢, Z, and R, is obtained
to accuracy better than 5%. Here, we take advantage of the
predictive power of these analytic schemes to determine the
size and effective charge of the microgel particles. The fit
parameters n,,, Z, and Ry, enter into the calculations both of
D(q)/Dyand I(q)/]o P(q)S(q), with n, taken as a global
fit parameter for each considered concentratlon To mini-
mize the number of parameters, we model P(g) by a simple
core-shell model [28]. In small-angle neutron scattering
studies [29,30], it was found that the polymer density is
practically constant in the dense core region, surrounded by
a shell of reduced polymer density. We assume an isotropic
relative optical permittivity, [&,—&,]/€,, where &, and &

q/nm’

= 0.0053 uM (left panels) and n, = 0.022 wM (right panels), and for T as indicated. Red lines are fit
= P(q)S(gq) and blue lines are S(g) computed by the MPB-RMSA.

are the permittivities of particle and solvent, respectively.
The radial dependence of &), is modeled by a step function,
ie., £,(R<Ry) =e¢e and £,(R;o <R <Ry,) =
the optical frequency range of our static and dynamic light
scattering (SLS/DLS) experiments, the permittivity of
PNiPAm exceeds that of water, so that £, > &, [31]. In
the fully collapsed state where 7 > 52 °C, the core-shell
structure reduces to a homogeneous sphere, with R, and
R, being identical. Since €4, €5, R, and R, depend in
principle both on 7" and n,,, they cannot be uniquely deter-
mined simply from fitting P(g) at low n,. When n,, and T

€. In

are varied, a complication arises from the necessity to
determine Z(T, n,), which enters the calculation of S(g),
in addition to R(T, n,). To cope with this, we simulta-
neously analyze both the SLS scattered intensity I(g) =
I,P(q)S(gq), and D(gq). This analysis has become possible
with the advent of the fast MPB-RMSA and modified 6y
schemes for calculating S(g) and D(gq).

Figure 2 exemplifies our best-fit results for D(g) and
Fig. 3 for I(g)/I,. The high quality of the fits is maintained
for all investigated samples. The scatter in our SLS/DLS
data depends on the scattering-signal to background ratio
and, in particular, on the optical-permittivity contrast
between particles and solvent. The largest relative scatter
of about 10% is found for the dilute samples of maximum
swollen particles in panel (a) of Fig. 2 and Fig. 3, panel (a).
Systematic deviations between theoretical and experimen-
tal results are observable at small ¢ only, and are in line
with an intensity upturn frequently reported in many
charged-particle systems at low salinity when ¢ << g«
[32,33]. The origin of this upturn is largely unknown. For
our microgel system, van der Waals attraction, polydisper-
sity and residual multiple scattering are too weak to cause
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this effect. Since this upturn has no bearing on our main
conclusions, it will not be considered any further.

In Fig. 4(a), results for R, are plotted as functions of 7,
for all investigated n,. As one might expect, the particles
radius in the high-T collapsed state does not depend on n,,.
In the investigated T-range, the fully collapsed state is not
reached by the very dilute samples of noninteracting par-
ticles at n, = 0.1 nM, and at a pH-value of 6.3 (open
squares). However, the collapsed state is reached, when
the particles are charge-neutralized by reducing the pH to
3.0 (open circles). The R, (T) for the two dilute systems
exhibit thermo-sensitive swelling behavior at very different
transition temperatures. This is a known feature, attributed
to the pH-dependent charge content inside a PNiPAm-co-
PAA particle owing to the deprotonation of the carboxylic
groups with increasing pH value [34]. A detailed discus-
sion of pH-dependent swelling of PNiPAm-co-PAA micro-
gels is given in [12]. For more concentrated dispersions
of interacting particles at neutral pH value (filled
symbols) the R (T) swelling curves are bound from above
and below by those of the dilute systems at measured
pH = 6.3 and 3.0, respectively. The swelling transition
of the interacting particle samples is systematically
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FIG. 4 (color). (a) R, and (b) Z as a function of T, for
different n,, as indicated. Open symbols in (a): Results for dilute
noninteracting particles with n, =0.1 nM and pH = 6.3
(black), and pH = 3.0 (red). Inset in (b): R, as a function of
T. Lines are guides to the eyes.

shifting to lower T with increasing n,. Additionally, the
swollen-state radius, R, at low T reduces substantially
with increasing n,. The observed shift in the transition
temperature exceeds 5 °C, and R, of the swollen state, at
given T, varies by about 50%.

We discuss next the behavior of Z as obtained from our
combined fits of I(¢g) and D(q). In Fig. 4(b), Z is displayed
as a function of T for various n,. At higher T, i.e., in the
collapsed state, Z attains a value of about 70, independent
of n,. As T is lowered, the particles swell and Z increases
strongly to values of about 170-200. Moreover, as n, is
increased at a fixed T in the swollen state, Z increases
slightly whereas R, decreases. The effective charge den-
sity of a swollen-state microgel therefore increases with
increasing n,,. Note from the inset of Fig. 4(b) that within
experimental scatter, R, (7) does not depend on n,, ex-
cept for T close to the transition temperature. This implies
that while a change in T affects a particle as a whole,
concentration changes influence the shell swelling only.

We argue that the n,-dependent swelling of loosely
cross-linked ionic microgels is to a large extent a micro-
ionic osmotic pressure effect: An increase in n, enlarges
the concentration of counterions outside the microgels. For
the present microgels, the total ionic strength, obtained
from our theoretical analysis, changes by a factor of up
to ten in going from the lowest to the highest concentration.
Since the counterion osmotic pressure imbalance counter-
acts the swelling of particles, both the swollen-state outer
radius and the transition temperature are lowered with
increasing concentration. A similar shift in the transition
temperature was also reported for dispersions of nonionic
PNiPAm microgels, where the concentration of added salt
was the control parameter [35]. Although the bulk pH is
kept at about 7.0, with increasing n,, it is possible that there
is some charge regulation between shell and bulk, influ-
enced also by the Coulombic gel-gel interaction. This can
affect the local pH conditions inside the particles, which in
turn can influence not only the osmotic pressure, but also
the polymer-solvent parameter. A slight increase in this
parameter could reduce the size of the particle at a fixed
effective charge. A change in particle size with increasing
n, is therefore reasonable, even for (nearly) constant Z.
However, a thorough understanding of the insensitivity of
Z in Fig. 4(b) regarding the gel size has to await a theory of
the swelling of interacting core-shell type ionic microgels.

Swollen microgels exhibit some solvent permeability,
which affects D, and to a lesser extent also D(g)/D,
[36,37]. The effect on D, can be computed analytically
on basis of a Brinkmann model of solvent flow inside the
particles resulting in an increase in D of less than 20%.
For charged permeable particles at moderately small ¢, we
have estimated the permeability influence on D(q)/D,
[24,37] and found that permeability affects D(q)/D,
considerably less in ionic than in nonionic systems.
Therefore, we refrain from including the small permeabil-
ity effects into our dynamic calculations. Moreover, the
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current knowledge of the hydrodynamic structure of mi-
crogels is not detailed enough for an ab-initio calculation
of the R,,,—dependent particle permeability.

The importance of our experimental-theoretical results
derives from the fact that microgel dispersions are a popu-
lar and widely studied system in soft matter science, for
which a precise determination of ¢ and Z is essential. We
have shown that simply measuring the behavior of R (T)
under dilute conditions can lead to the prediction of parti-
cle volume fractions in concentrated systems which differ
from the true values by a factor of up to eight. For example,
the transition concentration at a fluid-crystal or glass tran-
sition point could be easily misinterpreted, with results in
apparent conflict with the predictions by theory and simu-
lation. In addition, our results for Ry (7, n,) and Z(T, n,,)
can be useful for a comparison with predictions by theories
or simulations of the swelling and coil-to-globule transi-
tion of interacting microgels. Our results on the n,, depen-
dence of R, are relevant also to the filtration of ionic
microgel suspensions, and pressure-driven microgel trans-
location through pores [38].

The microgel systems studied here constitute in a sense
an extreme case, since both the cross-link density and
salinity are very low. However, even under less extreme
conditions, a concentration-dependent swelling can have
dramatic consequences, since a 10% change in R, corre-
sponds to a 25% change in ¢. As P(q), S(g), D(q) and D,
are all n, and T dependent in ionic microgel dispersions,
only a simultaneous fit of static and dynamic properties
ensures consistency and reliability of the fit parameters.
With the fast and accurate MPB-RMSA and the modified
S8y scheme for S(g) and D(g) available, we have the
theoretical tools for this simultaneous fitting, and for a
detailed analysis of pair correlations and short-time diffu-
sion properties in ionic microgels.
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