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ABSTRACT: We report on an investigation of the structural relationship between the core and shell
components in stimuli-sensitive core/shell microgels. Photon correlation spectroscopy measurements
indicate that the presence of the shell alters the extent of core swelling. Core particles composed of poly-
(N-isopropylacrylamide-co-acrylic acid) (pNIPAm-co-AAc) undergo volume changes as a function of
temperature and pH, where deprotonation of the acidic sites results in a volume increase (particle swelling).
The addition of a poly(N-isopropylacrylamide) (pNIPAm) shell restricts the core from swelling to its native
volume both above and below the pK, of acrylic acid. Furthermore, the pH responsive core undergoes
only small temperature-induced volume changes above the characteristic lower critical solution temper-
ature (LCST) of pNIPAmM (31 °C) at pH values where the acid groups are fully deprotonated. The addition
of a pNIPAm shell results in compression of the core and induces a large volume change at the pNIPAmM
LCST. These effects are dependent on the degree of cross-linking in the core and shell. Particles synthesized
with lower concentrations of N,N’-methylenebis(acrylamide) display greater degrees of shell-restricted
swelling and compression upon the addition of a pNIPAm shell with an identical cross-linker concentration.
These results are interpreted in terms of a previously proposed radial cross-linker density gradient, which

places topological restraints upon the core following shell addition.

Introduction

Responsive hydrogel nanoparticles (microgels) are
cross-linked, spherical, colloidal particles ranging in
diameter from 10 to 1000 nm. Each particle is comprised
of a random network of polymer chains that have the
ability to exist in a swollen or collapsed state, depending
on local solution conditions.>2 Perhaps the most widely
studied responsive microgels are composed of the envi-
ronmentally responsive polymer poly(N-isopropylacryl-
amide) (pNIPAm), which undergoes a temperature-
induced, reversible phase transition at 31 °C.2 Because
of the chemical versatility and physical properties of
pNIPAmM-based microgels, particle design has continued
to attract attention for potential applications in such
fields as sensing,® drug delivery,* catalysis,®> and pollu-
tion control.6 Our approach to particle design involves
the creation of core/shell microgels composed of envi-
ronmentally responsive polymers in both the core and
shell components. Polymer particles possessing a core/
shell type morphology have recently been demonstrated
to be viable as potential drug carriers,”® to have
biomimetic functions,® and to be applicable in advanced
assembly processes.10

Our group has recently shown the viability of core/
shell microgels in fundamental studies of particles
displaying multiple volume phase transitions!! along
with investigating the dynamics and pathways of par-
ticle phase transitions.'?13 The core/shell structure is
evident from photon correlation spectroscopy (PCS) by
monitoring size differences between the core and core/
shell particles.113 In the absence of complicating factors
such as the pH-dependent data presented below, core/
shell particles possess a larger hydrodynamic radius
than the parent core, with the size increase being
dependent on the mass of the shell hydrogel added to
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the core. We have also shown evidence of the core/shell
structure via electron microscopy.!! In that case, a
negative staining technique was used to differentiate
the core and shell components. Fluorescence investiga-
tions have indicated that the interface between the core
and shell components lacks a large degree of interpene-
tration, as resonant energy transfer between core-
localized donor fluorophores and shell-localized accep-
tors was observed to be quite small in the fully swollen
state of the microgel.'?

While the above examples illustrate some of the
utility of the core/shell approach, a detailed understand-
ing of the structure—function relationships for core/shell
microgels is essential for the design of systems for true
applications. In the present work, we show evidence that
the swelling of the core component is modulated follow-
ing addition of the shell. This is verified with photon
correlation spectroscopy (PCS) by observing the volume
phase transition behavior as a function of temperature
and pH for pNIPAm-co-AAc (core)/pNIPAmM (shell) mi-
crogels possessing various cross-linker densities. This
particular core/shell design allows examination of par-
ticle volume changes isothermally as a function of pH
in order to elucidate the impact that the added shell
has on the swelling properties of the core. The impact
of the shell component is concurrently monitored as a
function of temperature and pH, showing that the shell
greatly determines the phase transition behavior of the
core even under solution conditions in which the core
is charged above the AAc pKa.

Experimental Section

Materials. All reagents were purchased from Sigma-Aldrich
unless otherwise noted. N-Isopropylacrylamide (NIPAmM) was
recrystallized from hexanes (J.T. Baker) and dried in vacuo
prior to use. Acrylic acid (AAc) was distilled under reduced
pressure. N,N’-Methylenebis(acrylamide) (BIS), sodium do-
decyl sulfate (SDS), and ammonium persulfate (APS) were all
used as received. Water for all reactions, solution preparation,
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and polymer purification was first distilled, then deionized to
a resistance of 18 MQ (Barnstead E-Pure system), and then
filtered through a 0.2 um filter to remove particulate matter.

Core Microgel Synthesis. Core particles were prepared
via aqueous free-radical precipitation polymerization as previ-
ously reported.?11~13 Polymerization was performed in a three-
neck, 200 mL round-bottom flask equipped with a magnetic
stir bar, reflux condenser, thermometer, and nitrogen inlet.
The initial total monomer concentration was held constant at
70 mM, and the comonomer ratio, (9—X:1:X) (NIPAmM:AAc:
BIS), was varied according to the desired cross-linker concen-
tration. All monomers and surfactant (1 mM) were dissolved
in 100 mL of H,O and then filtered through a 0.2 um
membrane filter (Pall Gelman Metricel) to remove remaining
particulate matter. The monomer/surfactant solution was
heated to 70 °C under a stream of nitrogen with constant
stirring at ~850 rpm (Corning magnetic stirrer). This solution
was allowed to stabilize for a period of at least 1 h prior to
initiation. Free radical polymerization was then initiated with
APS (0.3 mmol) dissolved in 1 mL of heated (70 °C) H,O. The
stirring solution was allowed to react for a period of 5 h under
nitrogen.

Shell Synthesis. Shell addition was performed by using
core particles as nuclei in the subsequent precipitation po-
lymerization of a feed of differing monomer composition. The
polymerization was carried out using the reaction conditions
described above and in previous publications.!*"** A 7.5 mL
portion of the core particle solution together with 0.006 g of
SDS was added to 12.0 mL of water and heated to 70 °C under
nitrogen. Although core particle solutions contain SDS, added
surfactant is necessary for stabilization during heating and
subsequent shell polymerization. During this second stage of
polymerization, the entire (shell) monomer solution is added
to the core mixture under monomer-flooded conditions. Specif-
ically, a 5.0 mL solution containing the constituent shell
monomers was heated separately under nitrogen to 70 °C,
which was then added to the stirring core solution. After
mixing for several minutes, free radical polymerization was
initiated with a 1 mL heated solution of APS (0.04 mmol) and
allowed to proceed under nitrogen for 5 h. The total (shell)
monomer concentration was held constant at 40 mM (in the
final 25.5 mL solution) while the ratio (10—X:X) (NIPAM:BIS)
was varied according to the desired cross-linker concentration.
All particles used for analysis were purified via dialysis
(Spectra/Por 7 dialysis membrane, MWCO 10 000, VWR)
against daily changes of H,O for 2 weeks at 5 °C.

Characterization. Particle sizes and polydispersities were
determined via photon correlation spectroscopy (PCS, Protein
Solutions Inc.) as previously reported.*! All solutions used for
PCS measurements were adjusted to the desired pH with HCI
and/or NaOH while monitoring with a Corning 430 pH meter.
Sodium chloride was then used to adjust each solution to 0.001
M total ion concentration. Particle sizes were analyzed in a
three-sided quartz cuvette into which was placed 0.5 mL of a
10 ug/mL particle solution. The sample was allowed to
equilibrate at the proper temperature for 5 min before data
collection. Scattered light from a fiber-coupled diode laser (798
nm) was collected at 90° with a fiber-coupled avalanche
photodiode detector connected to a 248-channel autocorrelator
board. The data were analyzed with Protein Solutions’ Dy-
namics Software Version 5.25.44. Each data point reported
here is an average of five separate size determinations. Each
size determination consists of 25 total measurements, which
individually have a 5 s integration time.

Results and Discussion

Cross-linked pNIPAmM microgels undergo a tempera-
ture-induced volume change at ~31 °C, which is the
intrinsic lower critical solution temperature (LCST) of
the parent polymer.2 The position, magnitude, and
breadth of this continuous volume phase transition
(VPT) vary with the addition of comonomers, cross-
linker type, and concentration and by changes to the
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Figure 1. Temperature-induced volume phase transition
behavior of pNIPAmM-co-AAc core particles above (O, pH 6.5)
and below (®, pH 3.5) the pK, (4.25) of acrylic acid as
monitored by photon correlation spectroscopy: (a) 1 mol % BIS;
(b) 10 mol % BIS. Error bars represent one standard deviation
about the average result of five measurements. Where error
bars are not visible, the symbol size has exceeded the magni-
tude of the error.

surrounding medium.**15 In the hydrophilic swollen
state, water molecules surround and fill individual
microgels as hydrogen bonding occurs between water
and the side-chain amides. Hydrogen bonding is dis-
rupted as the local solution temperature is increased
from below to above the polymer LCST. The entropically
favored expulsion of water from the polymer matrix
along with hydrophobic and hydrogen-bonding inter-
actions between neighboring polymer chains cause the
particles to undergo a large-magnitude volume change.
Comonomers such as acrylic acid may be incorporated
into pNIPAmM hydrogel systems to impart pH respon-
sivity to the thermosensitive material.16 All of the core/
shell microgels reported herein contain 10 mol % acrylic
acid (AAc) monomer in the core component. As shown
in Figure 1, the addition of this pH responsive comono-
mer does not change the VPT behavior of the core
microgels at pH 3.5. When the acid groups are proto-
nated below the AAc pK, (4.25),17 the resultant VPT is
characteristic of neutral pNIPAmM microgels. Upon
deprotonation of the acid groups at pH 6.5, a pH-induced
volume change is apparent at all temperatures, along
with a broadening of the phase transition region and a
reduction in the magnitude of the deswelling event.
These effects are due to both Coulombic repulsion
between charged groups and added osmotic pressure
(Donnan effect) from incorporated counterions.18-20
Solution ionic strength was also considered here as
having a potential impact on particle behavior. All of
the experiments performed in this study were conducted
in solutions containing 1 mM total ion, above which
particle behavior may be perturbed by solvated ions.2!

As described above, the main objective of this study
is to investigate the thermodynamic and morphological
impact of a hydrogel shell on a hydrogel core particle.
Our chosen experimental design relies upon a pH and
temperature responsive core particle, upon which a
temperature responsive, pH innocent material is added.
In this fashion, the shell-induced modulation of the pH
response and thermoresponsivity of the core particle can
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be studied. We have chosen a well-investigated pH/
thermoresponsive hydrogel, pNIPAmM-co-AAc, as the core
material. As we have shown in previous work, the
properties of core/shell microgels containing this copoly-
mer have properties that are not a simple sum of the
individual core and shell components, suggesting that
the shell strongly impacts the core behavior.1! In this
previous case, the thermodynamics of particle deswell-
ing was investigated, whereas the mechanical properties
of this core/shell system are now being presented. We
have chosen to control the degree of particle solvation
through the variation of cross-linker concentration,
which determines the equilibrium swelling volume.
More lightly cross-linked systems are typically more
swollen than highly cross-linked systems, which have
a denser network structure. Figure la,b compares the
VPT behavior of lightly cross-linked (1 mol % BIS, panel
a) and highly cross-linked (10 mol % BIS, panel b)
pNIPAmM-co-AAc core microgels in conditions both above
and below the AAc pK,. Since microgels with lower
cross-linker content have a lower density and hence
greater solvation, one would expect that the swelling
properties of the more lightly cross-linked microgels (the
core) would show a greater perturbation once polymer
(the shell) has been added to them. Conversely, particles
containing higher percentages of cross-linker, such as
the 10 mol % system (Figure 1b), possess a higher
internal density of polymer chains. The perturbation of
the swelling behavior of the core in this case should not
be as great, since the system is already highly con-
strained due to the cross-linked nature of the polymer
network.

Cross-linker heterogeneity within individual micro-
gels also determines particle deswelling and is a result
of the preparation method. Thermal precipitation po-
lymerization takes advantage of the physical properties
of polymers possessing a lower critical solution temper-
ature (LCST) such as pNIPAmM (31 °C). Microgel particle
formation occurs in aqueous solution upon temperature-
induced free radical initiation with ammonium persul-
fate at 70 °C. At this temperature, the water-soluble
monomers polymerize to form oligomers that are in-
soluble upon reaching a certain critical chain length.
These chains undergo entropically driven coil-to-globule
phase transitions and aggregate with other globules to
form precursor particles, which then aggregate and grow
to form colloidally stable microgels. Stabilization occurs
due to both surfactant adsorption and charge incorpo-
rated on the growing particles from the initiator frag-
ments.?2 During particle growth, the cross-linker is
statistically incorporated faster than other constituent
monomers, leading to the creation of a radial distribu-
tion of cross-links.1:212.2223 |n light of this model, one
can consider a single microgel as having an internal
core/shell type structure with respect to cross-linking
density; the core represents the densely cross-linked
center of the particle, and the shell represents the
decreasing cross-linking concentration moving outward
toward the particle periphery. It has been shown that
the gradient model becomes insufficient for describing
the internal structure of microgels beginning at around
7 mol % cross-linker.24 At 10 mol % BIS, the thickness
of the cross-link density gradient should tend toward
zero; no gradient structure is present, and any cross-
linker heterogeneity that is present is no longer radial
in nature.?® The ramifications of this morphology on the
impact of shell addition are related to the contribution

Macromolecules, Vol. 36, No. 6, 2003

& :
140 19§
E 120
8100 $
T
©
© 80|
i..;..i!-oo.i
60 0004000052000
1 " 1 " 1 1
b
140} %i
g 120 i{
c L]
S 100F 0% ¢
B %
© go} o Q;oo;...ig
[o]
60} °Ooooo§§o<}
1 1 1
30 40 50

Temperature, °c

Figure 2. Volume phase transition behavior of pNIPAmM-co-
AAc core (O) and pNIPAm-co-AAc core/pNIPAmM shell (®)
microgels at pH 3.5. (a) 1 mol % BIS microgels show little size
change below the polymer LCST, but a size increase at
temperatures above 35 °C indicates that a shell is present.
(b) 10 mol % BIS microgels show an increase in size at all
temperatures following shell addition with a broader volume
phase transition being observed for the core/shell microgels.

Scheme 1. Core Compression during Shell Addition

O 70°C + Shell 25°C
— . — —

of a cross-linker gradient to the behavior of the core.
Specifically, chains close to the particle periphery have
more degrees of freedom and are able to extend over
longer length scales in a good solvent. However, this
same population of loosely cross-linked chains will be
hindered from reaching their fully extended state in the
presence of added polymer (e.g., the shell). The average
number of chains that will be perturbed will differ
according to the initial cross-linker concentration, with
lower mol % cross-linked particles having a higher
average number of loosely cross-linked chains near the
periphery than highly cross-linked particles, which do
not have a gradient morphology.?425 Accordingly, one
would expect to see smaller shell-induced perturbations
for the higher cross-linker densities than those observed
for loosely cross-linked, “gradient” core particles.
Shell addition is performed via precipitation polym-
erization onto existing core microgels as shown in
Scheme 1, with the addition of material onto the core
being monitored by noting size differences between the
core and core/shell particles with photon correlation
spectroscopy (PCS).11~13 Figure 2 shows the VPT be-
havior of the pNIPAmM-co-AAc core microgels at pH 3.5
before and after the addition of a pNIPAm shell. The 1
mol % (panel &) and 10 mol % (panel b) BIS cross-linked
samples are once again used to illustrate the effect of
shell addition as a function of network density. Data
from 2 and 5 mol % cross-linked microgels are included
in the Supporting Information. In Figure 2a, the lightly
cross-linked core/shell particles surprisingly behave
quite similar to the parent core particles. The sharpness
and position of the VPT remain the same for both the
core and the core/shell, with the swollen particle size
being identical for the two particles. A size increase is
evident for the core/shell particles only at temperatures
above the pNIPAmM LCST. Conversely, a size increase
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Figure 3. Volume phase transition behavior of pNIPAmM-co-
AAc core (O) and pNIPAmM-co-AAc core/pNIPAmM shell (@)
microgels at pH 6.5. (@) The size of 1 mol % BIS core/shell
microgels is smaller than the parent core at all temperatures,
suggesting restricted swelling of the core. (b) 10 mol % BIS
microgels show a slight increase in size below the polymer
LCST but a size decrease above 37 °C.

is observed at all temperatures for the 10 mol % BIS
core/shell microgels as shown in Figure 2b. Also note-
worthy is the fact that the size difference between the
core and core/shell particles at both cross-linker con-
centrations is ~15 nm when the particles are fully
collapsed (T > LCST). This ~15 nm size difference is
also seen for 2 and 5 mol % microgels (see Supporting
Information). Together, the results shown in Figure 2
indicate that polymer was added to existing core micro-
gels, producing a core/shell structure.

The pH 6.5 behavior of the 1 and 10 mol % cross-
linked core and core/shell particles is shown in Figure
3. In contrast to the results in Figure 2, a size decrease
is observed for the 1 mol % BIS particles following shell
addition, suggesting that the pH-induced swelling of the
core is now restricted by the presence of the shell.
Indeed, below 31 °C, the volume of the core/shell particle
is only 40% of the parent core particle volume at pH
6.5. Conversely, there is a particle size increase below
31 °C for the 10 mol % cross-linked particles after shell
addition, as shown in Figure 3b. However, this size
increase is far less than that observed for those particles
at pH 3.5 (Figure 2b), again suggesting that the swelling
ability of the core is modulated by the shell.

The relationship between the core and shell compo-
nents can best be understood by once again considering
the particle preparation method. Because the synthetic
conditions are the same for shell addition, a radial cross-
linking density gradient is expected to be present in the
shell for BIS concentrations below 7 mol %, with the
greatest network density being located at the interface
between the core and shell. As illustrated in Scheme 1,
collapsed core particles serve as preexisting hydrophobic
nuclei and capture monomer and growing oligomers
from solution in order to form the shell. Upon particle
reswelling at 25 °C following shell addition, the rigid
interior (more highly cross-linked portion) of the shell
prohibits the core from expanding to the volume it
possessed prior to shell addition. A depiction of this core/
shell interface is shown in Scheme 2 and illustrates that
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Figure 4. Average particle radii of pNIPAmM-co-AAc core (O)
and pNIPAmM-co-AAc core/pNIPAm shell (®) microgels in their
swollen state below 31 °C at pH 6.5 are shown as a function
of mol % BIS cross-linker. The effects of shell-restricted
swelling are greatest for microgels containing lower amounts
of cross-linker.

Scheme 2. Impact of Core and Shell Crosslinker
Density Gradients on Core Compression

-
Shell
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the loosely cross-linked polymer chains near the core
periphery are not allowed to expand to their preshell
state due to the addition of the shell. If heterogeneity
were not present within both the core and shell in the
form of a radial cross-linking density gradient, one
would not expect to see the effects observed here, as the
core and shell would have the same average and local
cross-linker concentration.

The restricted swelling that occurs below the polymer
LCST in solution conditions above the acid pK, (pH 6.5)
can be monitored over a range of cross-linker densities
as presented in Figure 4. Each data point represents
the average hydrodynamic radius of the core and core/
shell particles below 31 °C. These data show that core
particles containing lower cross-linker concentrations
are perturbed to a larger degree than highly cross-linked
systems. Specifically, the 1 and 2 mol % BIS core/shell
particles are significantly smaller than the parent core
particles, while the 5 mol % BIS microgels show a
somewhat smaller size decrease. The 10 mol % BIS
microgels show an inversion in the apparent trend, with
the core/shell particle being slightly larger than the
parent core particle. The average number of loosely
cross-linked chains in the 10 mol % BIS core that are
perturbed from their native swollen state by the shell
is far less than in the case of the loosely cross-linked
systems. The swelling ability of the core also appears
to be affected even below the acid pKj for lightly cross-
linked microgels, as indicated in Figure 2a. The 1 mol
% BIS cross-linked core and core/shell particles are
approximately the same size in their fully swollen state.
One would expect the core/shell particles to be larger
than the parent core if the core were able to swell to its
original volume. Thus, the effect seen here is not solely
due to factors originating from the pH-responsive
comonomer. We have not yet fully investigated inter-
penetration of polymer chains at the core/shell interface
but do not believe that such behavior plays a dominant
role here. This assumption is based on previous electron
microscopy and fluorescence resonance energy transfer
studies of core/shell microgels, which suggested only
small degrees of interpenetration were present.11:12
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Figure 5. Average particle radii of pNIPAmM-co-AAc core (O)
and pNIPAm-co-AAc core/pNIPAm shell (®) microgels in their
collapsed state above 52 °C at pH 6.5. Core/shell particles are
smaller than the charged core for lightly cross-linked systems,
an effect that decreases as the cross-linking density increases.

In addition to mediating the solvation of the core, the
added pNIPAm shell also controls the overall particle
deswelling behavior above the polymer LCST by forcing
the charged microgel core to undergo a volume phase
transition, as illustrated in Figures 3 and 5. Shown in
Figure 3 is the ability of the added pNIPAmM shell to
compress the charged core at the LCST of neutral
pNIPAmM, despite the resistance of the parent core
particle to deswelling when the AAc moieties are depro-
tonated (as shown in Figure 1). An overall volume
change of 95% is observed for the 1 mol % BIS cross-
linked core/shell microgels (Figure 3a) as the temper-
ature is increased above 30 °C, which is characteristic
of neutral pNIPAmM systems. The VPT occurs over a
broader temperature range for the lightly cross-linked
core/shell particles than is typical for a neutral pNIPAmM
core particle, possibly due to added particle heterogene-
ity, the resistance of the charged core to undergo a phase
transition, and limited diffusion processes mediated by
the shell. The 10 mol % BIS core/shell particles are also
smaller than the parent core at temperatures above 37
°C. In this case, however, the core/shell particles are
only slightly smaller than the parent core, and the
transition temperature is shifted to higher values,
suggesting that the denser core has a greater ability to
resist the deswelling of the neutral shell. However, the
transition occurs over a narrower range of temperatures
than is observed for the parent core, which is indicative
of some thermodynamic impact of the shell addition.

It is thought that the pNIPAm shell begins to undergo
a phase transition at ~31 °C beginning at the periphery,
thereby leading to a decrease in particle size. Such
behavior has been demonstrated in a previous work for
core/shell microgels of a similar composition.*? As il-
lustrated by the data discussed above, the temperature-
induced phase transition of the shell is able to overcome
the propensity of the charged core component to remain
swollen under such conditions. Figure 5 shows this effect
as a function of mol % BIS cross-linker. Each data point
represents the average hydrodynamic radius of the core
and core/shell particles above 52 °C. As in the case of
the data in Figure 4, the deswelling effect is most
pronounced for the lightly cross-linked systems. Size
changes between the core and core/shell due to shell-
induced compression are greater for systems containing
lower cross-linker concentrations due to the lower
network density within the polymer matrix. The loosely
cross-linked chains near the periphery of the core are
already within a closer proximity of each other due to
the shell, thereby predisposing the core to undergo
favorable hydrophobic interactions. As the temperature
increases, chain—chain interactions begin to dominate,
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and the volume of the entire microgel decreases due to
compression by the shell. This behavior is again at-
tributable to the cross-linker density gradient in both
the core and shell components for particles synthesized
with BIS concentrations below 7 mol %. Together, these
data point to the ability of the shell to strongly modulate
the overall particle behavior by compressing and or
restricting the core swelling.

Conclusions

Fundamental structure—function relationships have
been investigated for pNIPAmM-based core/shell micro-
gels. Tailoring of the phase transition behavior for such
systems is possible via the copolymerization of acrylic
acid and variation of the cross-linker concentration
providing added dimensionality to understanding rela-
tionships between the core and the shell. The ability of
a pNIPAm-co-AAc core to reswell to its native volume
is hindered following the addition of a pNIPAmM shell.
The added shell also imparts a volume phase transition
and compresses the core above the pNIPAmM LCST. Such
structure—function relationships are important for the
design of future systems to use in potential applications
such as chemical sensing and controlled release.
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