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The temperature dependence of the local intra-particle structure of colloidal microgel particles,
composed of interpenetrated polymer networks, has been investigated by small-angle neutron scat-
tering at different pH and concentrations, in the range (299 + 315) K, where a volume phase transition
from a swollen to a shrunken state takes place. Data are well described by a theoretical model that takes
into account the presence of both interpenetrated polymer networks and cross-linkers. Two different
behaviors are found across the volume phase transition. At neutral pH and 7' = 307 K, a sharp change
of the local structure from a water rich open inhomogeneous interpenetrated polymer network to a
homogeneous porous solid-like structure after expelling water is observed. Differently, at acidic pH,
the local structure changes almost continuously. These findings demonstrate that a fine control of the
pH of the system allows to tune the sharpness of the volume-phase transition. © 2015 AIP Publishing

® CrossMark
¢

Local structure of temperature and pH-sensitive colloidal microgels
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I. INTRODUCTION

Colloidal microgels are aqueous dispersions of nano- or
micro-metre sized hydrogel particles with high sensitivity to
external stimuli such as pH, temperature, electric field, ionic
strength, solvent, external stress, or light. These are there-
fore particularly interesting smart materials'™ and have at-
tracted great attention due to their impact on both industry and
fundamental science. Indeed, colloidal microgels have applica-
tions in agriculture, construction, cosmetics and pharmaceutics
industries, in artificial organs, and tissue engineering.”>>
On the other hand, the interaction potential between microgel
particles can be modulated through parameters usually not
so relevant in ordinary colloidal systems. Indeed, it can be
easily controlled’ not only by tuning the common external
parameters, such as packing fraction, waiting time (ageing),
and ionic strength, but also by varying temperature and pH,
making these materials new model systems for understand-
ing the physics of dynamical arrest, compared to atomic and
molecular glasses.'*3

The characterization of several colloidal systems through
experimental techniques has shown the existence of different
arrested states (such as gels'*'® and glasses'”'®) and unusual
glass-glass transitions.!”?! In particular, soft colloidal sys-
tems, such as responsive microgels, lead to unusual transition
between different arrested states as theoretically predicted?>>*
and recently experimentally observed.?>?
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One of the most studied responsive microgels is based
on the poly(N-isopropylacrylamide), also known as PNIPAM,
a thermo-sensitive polymer, synthesized in colloidal form
for the first time in 1986 by Pelton and Chibante.?’ Since
then, both experiments and theoretical works have provided
a clear picture of preparation, characterization, and applica-
tions.'=+2328 Tt is now clear that PNIPAM microgels respon-
siveness is strongly dependent on the thermo-sensitivity of
PNIPAM that in water presents a lower critical solution temper-
ature at about 305 K. At room temperature indeed, PNIPAM
microgels are in a swollen state due to the polymer hydrophi-
licity, which leads to dominant polymer-solvent interactions
and to the retention of a great amount of water. By increasing
temperature above 307-309 K, the polymer becomes hydro-
phobic and in this case, the polymer-polymer interactions
become dominant. Due to the polymer chains collapse, water is
completely expelled, giving rise to a volume phase transition
(VPT) towards a shrunken state. Similar characteristic VPT
behavior, due to the temperature sensitivity of PNIPAM poly-
mer, can be expected in any PNIPAM based microgel.>” In the
last years, the phase diagram?>-**3! and other important details
on the structural and dynamical properties of PNIPAM micro-
gels near the volume phase transition have been obtained.?>*
Moreover, it has been recently shown that the microgel swell-
ing/deswelling behavior can be strongly affected by concen-
tration,”>° by solvents,*® and by the synthesis procedure,’’
such as growing number of cross-linking points,**-° different
reaction pH conditions,*’ or by introducing additives into the
PNIPAM network.*!42

©2015 AIP Publishing LLC
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In this context, PNIPAM microgels containing another
species as co-monomer or interpenetrated polymer are deemed
to be even more interesting systems, since a deeper control
of the phase behavior in response to different environmental
conditions is possible, yet preserving the main properties of
the constituent polymers. In particular, addition of acrylic
acid (AAc) polymer to PNIPAM microgel can provide an
additional pH-sensitivity to the system, obtaining a thermo-
and pH-sensitive material with a more complex phase behavior
and a more attractive smart response to the external stim-
uli.’” Indeed, a volume phase transition with temperature
is observed also in these systems, although their swelling
capability is reduced with increasing the AAc concentra-
tion.**** The volume phase transition of these microgels is
strongly dependent on the effective charge density controlled
by the content of AAc monomer,*>** on the pH of the suspen-
sion,*® and on the salt concentration.*>* In this frame-
work, the synthesis procedure plays an important role and
the chosen route for the incorporation of AAc into PNI-
PAM gives rise to systems with interesting differences in
their behavior.’’ Indeed, the microgel obtained by random
copolymerization (NTPAM-co-AAc)*#648-53 i5 characterized
by particles composed of a single network of both mono-
mers, with properties dependent on the monomer ratio.*> Con-
versely, the microgel obtained by polymer interpenetration,
usually referred to as PNIPAM-PA Ac Interpenetrated Polymer
Network (IPN) microgel,***"3%36 is composed of microgel
particles made of two interpenetrated homopolymeric net-
works of PNIPAM and PAAc, each preserving its independent
responsiveness to the external stimuli.’* In IPN microgels, the
mutual interference between the temperature-responsive and
pH-responsive polymers is largely reduced, thus preserving the
temperature dependence of the VPT of pure PNIPAM microgel
(with the transition close to the physiological temperature)
in a microgel (IPN) that is more suitable for applications in
controlled drug release and sensors,>> due to the additional pH
sensitivity.

A few investigations through Dynamic Light Scattering
(DLS), rheology and microscopic techniques have confirmed
the existence of the VPT also in IPN microgels*’->*%% and
proposed a preliminary temperature-concentration phase dia-
gram.®3 Nevertheless, the dependence on pH, ionic strength,
and cross-link density have been left unexplored up to now,
and only recently some studies® have taken into account
the role played by the pH of the solution in the swelling
behavior. Indeed, it has been shown that the swelling capability
is widely reduced when the acrylic acid is introduced, due
to the insolubility of PAAc in water at acidic conditions.
Apparently, it can be completely restored by increasing the
pH of the solution, due to the induced deprotonation of the
carboxylic groups of the acrylic acid. In addition, an inter-
esting dependence on concentration of the swelling/shrinking
transition has been observed at both acidic and neutral pH
conditions.

Although the macroscopic swelling behavior of the
PNIPAM/PA Ac IPN microgel particles has been largely clari-
fied, the response of their inner local structure to changes of the
external parameters is still an open issue. Small-Angle Neutron
Scattering (SANS) is a relevant technique for investigations
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of the spatial inhomogeneities in the length scale from a few
tens of angstroms to thousands of angstroms, thanks to the
accessibility of low values of the wavevectors, Q. Indeed,
previous SANS studies on PNIPAM microgels have shown the
existence of intermediate states between the fully swollen and
the completely shrunken phases.%” In this work, we present a
SANS study performed on IPN microgel particles of PNIPAM
and PAAc dispersed in water, by changing the temperature
across the VPT, at two pH values and three concentrations, in
order to evaluate the response of the intra-particle structure to
changes of these external parameters.

Il. EXPERIMENTAL
A. Materials
1. Materials

Both N-isopropylacrylamide (NIPAM) from Sigma-
Aldrich and N,N’-methylene-bis-acrylamide (BIS) from East-
man Kodak were purified from hexane and methanol, respec-
tively, by recrystallization, dried under reduced pressure
(0.01 mm Hg) at room temperature, and stored at 253 K
until used. AAc from Sigma-Aldrich was purified by distil-
lation (40 mm Hg, 337 K) under nitrogen atmosphere in the
presence of hydroquinone and stored at 253 K until used.
Sodium dodecyl sulphate (SDS), 98% purity, potassium per-
sulfate (KPS), 98% purity, ammonium persulfate, 98% purity,
N,N,N’,N’-tetramethylethylenediamine (TEMED), 99% pu-
rity, and ethylenediaminetetraacetic acid (EDTA), NaHCO3,
were all purchased from Sigma-Aldrich and used as received.
Ultrapure water (resistivity: 18.2 MQ/cm at 298 K) was
obtained with Sariumi pro Ultrapure Water purification Sys-
tems, Sartorius Stedim from demineralized water, and D,O
(99.9 atom%) from Sigma-Aldrich. All other solvents were
RP grade (Carlo Erba) and were used as received. A dial-
ysis tubing cellulose membrane, HCWO 14000 Da, from
Sigma-Aldrich, was cleaned before use by washing in running
distilled water for 3 h, treating at 343 K for 10 min into a
solution containing a 3.0% weight concentration of NaHCOj3
and 0.4% of EDTA, and rinsing in distilled water at 343 K for
10 min and finally in fresh distilled water at room temperature
for 2 h.

2. Synthesis of IPN micropatrticles

The IPN microgel was synthesized by a sequential free
radical polymerization method. In the first step, PNIPAM
micro-particles were synthesized by precipitation polymeri-
zation. In the second step, acrylic acid was polymerized into
the preformed PNIPAM network.*? (4.0850 + 0.0001) g of
NIPAM, (0.0695 + 0.0001) g of BIS, and (0.5990 + 0.0001) g
of SDS were solubilized in 300 ml of ultrapure water and
transferred into a 500 ml five-necked jacketed reactor equipped
with condenser and mechanical stirrer. The solution was deox-
ygenated by purging with nitrogen for 30 min and then heated
at (273.0 = 0.3) K. (0.1780 + 0.0001) g of KPS (dissolved
in 5 ml of deoxygenated water) was added to initiate the
polymerization and the reaction was allowed to proceed for
4 h. The resultant PNIPAM microgel was purified by dialysis
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against distilled water with frequent water change for 2 weeks.
The final weight concentration and diameter of PNIPAM
micro-particles were 1.02% and 80 nm (at 298 K) as deter-
mined by gravimetric and DLS measurements, respectively.
(65.45 + 0.01) g of the recovered PNIPAM dispersion and
(0.50 + 0.01) g of BIS were mixed and diluted with ultrapure
water up to a volume of 320 ml. The mixture was transferred
into a 500 ml five-necked jacketed reactor kept at (295 + 1) K
by circulating water and deoxygenated by purging with ni-
trogen for 1 h. 2.3 ml of AAc and (0.2016 + 0.0001) g of
TEMED were added and the polymerization was started with
(0.2078 £ 0.0001) g of ammonium persulfate (dissolved in 5 ml
of deoxygenated water). The reaction was allowed to proceed
for 65 min and then stopped by exposing to air. The obtained
IPN microgel was purified by dialysis against distilled water
with frequent water change for 2 weeks, and then lyophilized
to constant weight. The PAAc second network amount in the
IPN was 31.5% by gravimetric analysis and the acrylic acid
monomer units content was 22% by acid/base titration. The
remaining 9.5% is being ascribed to BIS.!

3. Sample preparation

40 mg of lyophilized IPN was dispersed in 10 g of D,O
by magnetic stirring for 1 day. The sample was lyophilized
and redispersed again in D,O to a final weight concentration
of 0.310%. Samples at different concentrations were obtained
by dilution with D,O.

4. Characterization

The poly(acrylic acid) content in 10 g of IPN dispersion
was determined by addition of 11 ml of 0.1M NaOH, followed
by potentiometric back titration with 0.1M hydrochloric acid.
The concentration of the dispersion was determined from the
weight of the residuum after water removal by lyophiliza-
tion, corrected for the moisture residual amount obtained by
thermogravimetric analysis (TGA). This was accomplished
with a SII Nano-Technology EXTAR TG/DTA7220 thermal
analyzer at 275 K/min in nitrogen atmosphere (200 ml/min).
5 mg of sample in an alumina pan was analyzed in the (313-
473) K temperature range and the weight loss was assumed as
moisture content.

Moreover, DLS measurements performed on aqueous
suspensions of IPN microgels>® show a cross-over at around
305 K-307 K from a completely swollen state, with particle
diameter of about 4000-5000 A, to a completely shrunken one,
with diameter of about 2000-3000 A. In Fig. 1, the temperature
behavior of the normalized hydrodynamic radius of aqueous
suspensions of IPN microgels at pH 5 and 7 and at weight
concentration C,, = 0.10% compared to PNIPAM microgels
is shown.

B. SANS experiment and data analysis

SANS measurements have been performed on the
SANS2d instrument at the 10 Hz pulsed neutron source
ISIS-TS2.5% The scattering geometry of this instrument has
been set up to use a Q-range from 0.004 to 0.7 Al cor-
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- N W

R(T)/R(297 K)

FIG. 1. Temperature behavior of the normalized hydrodynamic radius ob-
tained from DLS measurements, for aqueous suspensions of IPN microgels
at pH 5 and 7 and PNIPAM microgels, both at the weight concentration
Cy =0.1%. Solid lines are guides to eyes.

responding to length scale from ~10 to ~1500 A. Since the
average diameter of the microgel particles is in the range 2000-
5000 A, our measurements allow to look inside them and to
explore changes of their local structure during the cross-over
from the fully swollen to the completely shrunken phase, as
similarly observed on PNIPAM microgel suspensions.®%03-64
Measurements have been performed at five temperatures in
the range T = (299 + 315) K, at pH 5 and 7 and at weight
concentrations C,, = 0.084%, 0.170%, and 0.310%, where all
samples are liquid far from the gel/glass transition.
The SANS coherent differential cross-section 7 (Q) is

1(Q) = (ApY’nV e, P(Q)S(Q), (1)

where Q = 4 sin(6/2)/\ is the exchanged wave vector, Ap is
the contrast factor between the polymer and the surrounding
solvent, n is the number density of the particles, V,,ymer is the
volume of polymer within the particle, P(Q) is the form factor
accounting for interference of neutrons scattered by polymer
segments within the same particle, and S(Q) is the static struc-
ture factor which accounts for the interference of neutrons
scattered by different particles. In dilute suspensions, as those
investigated here, the static structure factor can be assumed
equal to 1 and the Q dependence of the scattered intensity
reflects only the internal structure of the particles. Thus, the
problem is reduced to model the form factor P(Q). In addition
to the coherent contribution, SANS data show an incoherent,
flat background, depending on the atomic composition of the
sample. This contribution has no useful structural information
and is usually assumed to be the same as a reference sample
having the same transmission as the measured one, without
structures at low Q. In the present experiment, the measured
SANS signal from a pure D,0O sample has been subtracted from
the raw data to get the I(Q) defined in Eq. (1). In the case of
colloidal suspensions of microgel particles, finding a suitable
scattering function may be complicated, due to the complexity
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of the synthesis process. Indeed, when a cross-linker gener-
ating the network is introduced, the polymer chains become
connected one to each other determining nonuniformity in
the distribution and concentration of the polymer chains and
leading to constraints to their relative arrangements. It has
been found®®® that similar network systems can be modeled
through a deformable lattice model of blobs and, in particular,
according to Shibayama et al.,**%+® with the expression,

1;(0)

9= q o+ nzeeer

+ I(0)exp(-R;0°/3),
2)

where I7(0) and I5(0) are scale factors dependent on the poly-
mer-solvent contrast and on the volume fraction of the micro-
gel, £ is the correlation length related to the size of the polymer
network mesh and D is the Porod exponent, giving an estimate
of the roughness of the interfaces between different domains
of inhomogeneities. In the limit of non-interacting domains,
the dense regions can be assumed to be randomly distributed
within the network. Hence, the spatial distribution of such
regions is assumed to be a Gaussian, with standard deviation
R,. Due to the equivalence with the Guinier function, R, can
be interpreted as the mean size of the polymer-rich or -poor
domains, that is, the static inhomogeneities introduced into
the network by the chemical cross-links.®® On the other hand,
the Lorentzian term describes the fluctuations of the chains
density and the interchains interactions which account for the
thermodynamics of the swollen network.

This model has been successfully used to reproduce the
temperature and concentration dependence of the spatial inho-
mogeneities of PNIPAM microgel particles undergoing a
continuous volume-phase transition®” at a macroscopic level.
Here the same approach has been adopted to describe the
local structure behavior of our IPN microgel particles, at each
temperature, pH, and concentration.

In Fig. 2, the fitted spectra for two samples at fixed weight
concentration C,, = 0.084% and neutral pH are reported, as an

frorrTr j ToT T TTTd j E

1 ‘ C,=0084% o T=315K |

10k pH 7 0 T=299K 3

~ 10" E
£ 3
\()/ -

@ 10'15- 1

10'25- E

i . o

10'35- l ’tTT’ E

:. L . . T . ]

107 10
QA"

FIG. 2. Differential cross section of a C,, =0.084% sample at pH 7 for two
temperatures, T =299 K (black circles) and T=315 K (red circles), respec-
tively, below and above the VPT. Solid lines are fits according to Eq. (2).
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FIG. 3. Differential cross section of Cy, =0.084% samples at (a) pH 5 and
(b) pH 7 in the temperature range T = (299 + 315) K: experimental data are
reported as circles and their fits as solid lines. The arrows indicate increasing
temperature.

example, at two different temperatures (below and above the
VPT). As shown, the model accurately fits our data, suggesting
that it can be used to properly analyze the local structure of
a colloidal suspension of microgels, also in the presence of
interpenetrated polymer networks. The fits of all other data
over all the Q range as reported in Figs. 3 and 4 are of the
same high quality of those discussed above (Fig. 2), with
structureless residuals and normalized y? of the order of 1.

lll. RESULTS AND DISCUSSION

In Fig. 3, the temperature behavior of the spectra collected
at Cy, = 0.084% and at pH 5 and 7 is reported, as an example.

4 T T T T T T T T T 3
102 T =299 K O C,=0.310% ]
pH 5 O C,=0.170% ]
—~ 10 O C,=0084%
§ 1wk c, 1
—_ -1 ]
g "
102 e
3 = 3
" F(a) i
‘ A
10? T=311K .
10 g pH5 ]
Ean 1
a
S 10 C. 1
g 10 31
10° e
10-3 (b) L%UI ;
rEe 1w [

10° 10"

QA"

FIG. 4. Differential cross section at pH 5 and two values of temperature
below and above the VPT, namely, (a) T =299 K and (b) T=311 K, for three
different concentrations C,, =0.084%, 0.170%, and 0.310%. Experimental
data are reported as circles and their fits as solid lines. The arrows indicate
increasing concentration.
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As the temperature or the pH varies, the spectral shape clearly
changes at both low and intermediate Q values, suggesting
a significant response of the microgel particle structure at
different length scales. Indeed, the excess static scattering at
low Q values is associated to densely crosslinked regions,
while the scattering at higher Q is dominated by the contri-
bution of the surrounding swollen matrix with a solution-
like behavior. With increasing temperature, an increase of the
intensity at very low Q, I7(0) + I5(0), and of the slope, D,
at higher Q values is observed. The increase of the neutron
contrast/scattering intensity is due to the collapse of the poly-
mer chains above the VPT, which leads to a more homogeneous
local structure within the microgel particles, whilst the increase
of the Porod exponent D is due to the decrease of roughness
of the domain interfaces. However, the role played by PAAc
in modulating the response of the local structure determines
interesting differences at either acidic or neutral conditions.
Samples at pH 5 exhibit a continuous variation of the low Q
intensity, suggesting a smooth macroscopic transition from a
swollen to a shrunken state at temperatures around 305 K. On
the contrary, the transition becomes more evident at neutral
pH. This behavior is related to the solvation in water of the
PAAc chains at pH values above 5.5, due to its deprotonation,
with a complete regain of the swelling capability of the system.
Moreover, the changes of D observed at higher Q values are
more pronounced at pH 7, reflecting a macroscopic transition
from states characterized by different structural features.

Finally, we notice a concentration dependence of the mi-
crogel particles structural response both above and below the
VPT (see Fig. 4). Indeed, both the low Q intensity and the
slope, D, of the differential cross section at high Q increase
with concentration at fixed pH and temperature. The change
with the concentration is probably tuned by the pH, as we will
comment later.

The local intra-particle structural response to external
parameters has been rationalized by looking at the behavior of
the correlation length ¢ and the Porod exponent D, obtained
from the Lorentzian contribution of Eq. (2). Their behavior,
reported in Fig. 5 as a function of temperature at both acidic and

T T T T T T T T

4x10° F -@-C,=0310% E 3
PHS -@- C,=0170% PH7
3x10° F -@-C,=0084% 3
2x10° F E 9
g
o
10°F r ]
(@ (©
4 L
(@]
3t L
(b), ‘ ‘ (d),

315 300 305 310 315

FIG. 5. Correlation length, &, and Porod exponent, D, as a function of tem-
perature for three fixed concentrations Cy, =0.084%, 0.170%, and 0.310%
and two pH values, namely, pH 5, panels (a) and (b), and pH 7, panels (c) and
(d). Full lines are guides to eyes.
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neutral pH, for three different concentrations, highlights the
existence of a transition from an inhomogeneous to a porous
solid-like structure across the VPT.

At pH 5, the correlation length ¢ decreases with temper-
ature, showing a transition to a plateau value above 305 K
(Fig. 5(a)). A similar, although less dramatic, change from a
clear temperature dependence to an almost constant value is
observed for the Porod exponent D (Fig. 5(b)). Moreover, in
this case, a spread of the Porod coefficient is visible already
at low temperatures and masks the transition, in particular at
the highest concentrations. Therefore, a sharp transition at the
VPT is not evidenced. Instead, at pH 7, although in this case, a
plateau is not reached in the investigated temperature range, a
sharper transition is identified at T = 305 K in the behavior of
both the correlation length (Fig. 5(c)) and the Porod exponent
(Fig. 5(d)).

By increasing the pH above 5.5, the deprotonation of the
PAAc chains results in their effective hydration and the two
networks are independent. Therefore, at neutral pH, above the
VPT, the PNIPAM network collapses, while the PAAc chains
do not. Below the VPT, where the polymer coils are com-
pletely swollen, the microgel particles have a rough domain
surface (D = 3); on the contrary, above the VPT, they switch
to a homogeneous solid-like structure, with smooth interfaces
between different domains (D =~ 4). Additionally, a different
behavior with concentration of both the correlation length and
the Porod exponent across the transition can be noticed, at the
two investigated pH values. At acidic pH, both parameters for
the less concentrated sample show the most intense variation
with increasing temperature. On the contrary, at pH 7, this trend
is reversed: the most concentrated sample shows the largest
variation of £ and D across the transition and this gap decreases
with concentration. This behavior suggests that the role played
by the concentration is not trivial and may confirm the features
of the swelling behavior observed through DLS measurements
at larger length scales.”

From the Gaussian contribution of Eq. (2), one can obtain
information about the mean size R, of those regions of the
lattice with restricted dynamics and higher polymer density,
due to the presence of cross-links. The behavior of the param-
eter R, is shown in Fig. 6 as a function of temperature and
concentration at both pH 5 and 7.

The average size of the polymer-rich domains (R,) in-
creases with temperature, suggesting a transition from an inho-
mogeneous structure in the swollen state to a porous solid-like
structure, where a unique larger sized cluster is formed, due to
the shrinking of the polymer chains. R, increases with temper-
ature at both acidic and neutral pH conditions; nevertheless, at
pH 7, an evident discontinuity shows up at T ~ 305 K, around
the expected VPT, thus confirming the regained swelling at
neutral pH. On the contrary, at pH 5, the differences between
polymer-rich and polymer-poor domains are less marked and
the elastic response of the system to temperature changes is
limited by the presence of the PAAc chains. Indeed, at pH
5, the PAAc chains are not effectively solvated by water and
the formation of H-bonds between PAAc and PNIPAM is
favored,®’ as shown in the cartoon of Fig. 7(a), thus introducing
spatial constraints which limit the PNIPAM network swelling.
At neutral pH instead, both compounds are solvated by water
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FIG. 6. Gyration radius of the static inhomogeneities as a function of temper-
ature and for three fixed concentrations C, =0.084%, 0.170%, and 0.310%
at acidic (a) and neutral (b) pH condition. Full lines are guides to eyes.

that mediates their interaction, giving rise to a lower number
of interchain H-bonds (Fig. 7(a)). Therefore, the H-bonds, de-
pending on the pH, highly affect the swelling behaviour of the
system. Moreover, H-bonding between the PNIPAM and PAAc
chains determines additional inhomogeneities in the structure
of microgel particles with smaller size compared to the high
density regions formed by crosslinking. As a consequence,
R, is the average size between two different inhomogeneity
domains and at acidic pH, it results smaller compared to neutral
conditions (where H-bonds do not form).

We notice also that the concentration dependence is
reversed at neutral and acidic pH: at neutral pH, the most
concentrated sample shows the lowest value of R,, suggest-
ing that the spatial distribution of polymer-rich (or poor)
domains becomes narrower as the concentration increases.
This behavior seems to confirm the concentration depen-
dence observed by DLS measurements and deserves deeper
investigation.

These results return a simple model of the internal struc-
ture of the microgel particles across the VPT, shown in the
cartoon of Fig. 7(b). The IPN microgels internal structure
undergoes a transition from an inhomogeneous interpenetrated
network (where dense regions of size R, are separated by a
lower density network of size &) to a porous solid-like struc-
ture, where the typical nanometric structure of the tridimen-
sional network is lost, as a consequence of the macroscopic
swelling/shrinking transition. When the polymer chains are
completely swollen, the open network can accommodate a
large amount of water, resulting in an inhomogeneous intra-
particle structure of high contrast between polymer-rich and -
poor regions. With increasing temperature, the collapse of the
polymer chains leads to the expulsion of water molecules along
with a shrinking of the microgel particles whose local structure
becomes more homogeneous and characterized by correlation

J. Chem. Phys. 143, 114904 (2015)

FIG. 7. (a) Cartoon of the interaction between the PAAc chains (red) and the
PNIPAM chains (blue) at acidic conditions (left panel) and at neutral pH (right
panel). Hydrogen bonds are formed when the pH of the solution is lower than
the critical value of solubility of PAAc and determine additional constraints to
the interpenetrated network. (b) Cartoon of the local structure inside the IPN
microgel particle below (left side) and above (right side) the VPT. The solid
and dashed lines represent the two interpenetrating networks with average
mesh size &. The dashed red circles in the left side panel (swollen state)
evidence the regions of quenched inhomogeneities of average size (radius)
Ry, due to the presence of cross-links. With increasing temperature, the
collapse of the polymer networks induces a transition from an inhomogeneous
structure to a porous solid-like structure (right side panel).

domains with smoother interfaces. As a consequence, the short
correlation length, &, decreases when the microgel particles
collapse. Instead, the Porod exponent, D, associated to the
roughness of the correlation domains interfaces, increases,
since their surface becomes smoother as the degree of inhomo-
geneity within the polymer network decreases. Furthermore,
the collapse of the polymer chains leads to the loss of individu-
ality of the frozen blobs within the microgel particle which can
be interpreted as an infinite cluster of cross-link points leading
to the R, increasing.

IV. CONCLUSIONS

The intra-particle structure of colloidal suspensions of
IPN microgels composed by interpenetrated network of
PNIPAM and PAAc has been characterized by SANS. By
increasing temperature, the IPN microgels undergo a volume-
phase transition from a water-rich open inhomogeneous inter-
penetrated polymer network to a homogeneous porous solid-
like structure, accompanied by water release. Correspondingly,
a clear change of the local structure of the microgel parti-
cles is observed. Below the VPT, when the polymer network
forming the microgel particles is swollen, its local structure is
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characterized by regions with restricted dynamics due to the
elastic constraints brought about by the presence of cross-
linking sites. The typical size of these regions, R,, between
150 and 500 A, depends on pH and weight concentration and is
related to the different elastic responses of the sample at acidic
and neutral pH conditions and at different concentrations.

Below the VPT, these domains of static inhomogeneities
are well separated and connected throughout the polymer net-
works, with average mesh size of the order of a few hundreds
of A. Moreover, due to the expansion of the hydrophilic poly-
mer in water, the interface between adjacent domains is rough.
The inhomogeneities within the structure are best evident at
neutral pH when the PNIPAM network regains its swelling
capability, while at acidic pH, the topological constraints intro-
duced by the H-bonds between the PAAc and the PNIPAM
chains limit the swelling of the network, so that differences
between polymer-poor or -rich domains are less appreciable.

Above the VPT, when water is expelled from the particles,
a transition to a more homogeneous local structure is found as
a consequence of the shrinking of the network. This structure is
characterized by shorter mesh size and larger domains of static
inhomogeneities, separated by smoother interfaces. In addi-
tion, an interesting concentration dependence with an inversion
of trend at neutral pH with respect to the acidic conditions has
been observed. Indeed at pH 5 the less concentrated sample
exhibits the more intense response to temperature changes,
while at pH 7, the opposite trend is observed. These findings
confirm our DLS preliminary results,” showing that besides
the expected behavior with pH and temperature, a concentra-
tion dependence of the swelling at higher length scale is found.

In summary, IPN microgel particles show a structural
transition, corresponding to the VPT at larger length scales,
at physiological temperature, with a sharpness that can be
tuned according to the application needs by the pH of the
environment. These properties highlight an interesting balance
between polymer-polymer and polymer-water interactions that
is expected to drive the dynamical arrest at higher weight
concentrations. It is likely indeed that different arrested states
can be found at different pH values, thus offering a new ground
for fundamental studies of the gel/glass transition. Moreover,
the tunability of the sharpness of the VPT and water release by
the pH of the environment makes this material very promising
for applications as drug delivery.
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