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Abstract: Microgels composed of stimuli responsive polymers have attracted worthwhile interest
as model colloids for theorethical and experimental studies and for nanotechnological applications.
A deep knowledge of their behaviour is fundamental for the design of new materials. Here we report
the current understanding of a dual responsive microgel composed of poly(N-isopropylacrylamide)
(PNIPAM), a temperature sensitive polymer, and poly(acrylic acid) (PAAc), a pH sensitive polymer, at
different temperatures, PAAc contents, concentrations, solvents and pH. The combination of multiple
techniques as Dynamic Light Scattering (DLS), Raman spectroscopy, Small Angle Neutron Scattering
(SANS), rheology and electrophoretic measurements allow to investigate the hydrodynamic radius
behaviour across the typical Volume Phase Transition (VPT), the involved molecular mechanism
and the internal particle structure together with the viscoelastic properties and the role of ionic charge
in the aggregation phenomena.

Keywords: microgels; soft matter; colloids; PNIPAM; poly(acrylic acid); interpenetrated; Dynamic
Light Scattering; rheology; Raman spectroscopy; Small Angle Neutron Scattering

1. Introduction

Polymeric hydrogels are widely used systems for technological and biomedical ap-
plications due to their high water content and biocompatibility. Among them poly(N-
isopropylacrylamide) (PNIPAM) is one of the most studied polymer for stimuli-responsive
hydrogels, thanks to its very attracting temperature dependent properties. Individual chains
of PNIPAM in aqueous solutions exhibit a coil to globule transition when temperature
is increased above a Lower Critical Solution Temperature (LCST ≈ 305 K). Correspond-
ingly in PNIPAM hydrogels, where the polymer chains are crosslinked, a VPT occurs at
T ≈ 305 K, a temperature value interestingly compatible with physiological ones. In re-
cent years considerable efforts have been made to find multi-stimuli-responsive systems
able to enhance properties and ductility of PNIPAM hydrogels. In particular, systems with
both temperature and pH sensitivity, such as PNIPAM and poly(acrilic acid) (PAAc), are
of great scientific and technological importance, due to their possible use in many biomed-
ical applications [1]. The synthesis methods to incorporate AAc into PNIPAM hydrogels,
which play a crucial role in the properties of the systems, can be divided into two categories:
(i) random copolymerization—PNIPAM-co-AAc—[2–4] and (ii) polymer interpenetration—
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IPN (Interpenetrated Polymer Network) PNIPAM/PAAc [5–8]. In the first case acrylic
acid monomer is randomly co-polymerized with NIPAM, thus changing the temperature
properties of the hydrogel. The incorporation of a large amount of acrylic acid can give
rise to a reduction and even to a suppression of temperature sensitivity. On the contrary
in the case of interpenetration of the two networks the hydrogel can respond independently
to the two external stimuli. Finally, new approaches such as PAAc-grafted PNIPAM [1]
and PNIPAM-block-PAAc [9] hydrogels with copolymer networks have been proposed in
recent decades.

More recently, several scientists have proposed the use of microgels: roughly spherical
particles made of crosslinked polymer networks. They have become very popular in the scien-
tific community due to their softness originating unusual phase behaviours [10–15] and to their
large variety of applications. Their submicron size leads to a faster and reversible response to
external environmental stimuli with respect to macrogels making these systems particularly
suitable in many applications as for example those summarized in Figure 1.

Figure 1. Some examples of technological applications of microgels: (a) as delivery vectors using
functionalized PNIPAM microgels with different functional group distributions (figure adapted with
permission from Ref. [16]); (b) in microfluidics to anchor liposomes for treatment of osteoarthritis (figure
adapted with permission from Ref. [17]); (c) in tissue engineering using PNIPAM (figure adapted with
permission from Ref. [18]); (d) as sensors based on PNIPAM and AAc microgels (figure adapted with
permission from Ref. [19]).

In particular, microgels are very promising as drug-delivery carriers because of their
high loading capacity, high stability, and responsiveness to environmental factors, such as
ionic strength, pH, and temperature that usually are not relevant parameters for common
pharmaceutical nanocarriers [16,20–24]. They can be designed to spontaneously incorpo-
rate biologically active molecules through hydrogen bonds, electrostatic, van der Waals
and/or hydrophobic interactions between the agent and the polymer matrix and provide
a broad opportunities for applications requiring very small size. Such nanosized particles
in the swollen state can store a large amount of drugs and release them into the target
cells matching the desired kinetics of release. Due to the on demand activation by local
changes in temperature or pH, microgels based on PNIPAM and PAAc gained particular
relevance in anti-cancer and anti-inflammatory drug delivery, as cancer and inflammation
are associated with heat generation, acidic pH and change in ionic content [25]. In this
field microfluidic has been used for anchoring liposomes as extended delivery platform
for treatment of osteoarthritis [17]. Monodisperse Gelatin methacryloyl-liposomes hybrid
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microgels have been obtained using a one-step innovational microfluidics technology.
The use of this system with encapsulated kartogenin could effectively reduce osteophyte
burden and prevent articular cartilage degeneration.

One of the most interesting application of these smart materials is in tissue engineer-
ing aiming at designing, building and developing living tissue models to mimic environ-
ments [18,26]. Different attempts and techniques have been explored to design scaffolds with
specific physical, chemical and mechanical properties able to emulate the extracellular matrix.
Polymers provide a versatile platform for this purpose and in this framework polymeric
microgels have recently gained attention as a potential scaffold either alone or in combina-
tion with other scaffold for tissue engineering. To recreate the architecture of many tissues,
a new approach using cell-sheet engineering with temperature-responsive culture dishes
has been followed by exploiting the temperature-responsiveness of PNIPAM polymer that
makes possible to control cell adhesion with simple temperature changes [18]. The addition
of ionisable groups into a PNIPAM network represents a new strategy to improve the hy-
drogel elasticity and provide a multiresponsiveness to the system. Microgels can be used
indeed as building blocks to create two-dimensional structures with high potential in vari-
ous high-tech applications. Very recently different methods have been proposed to obtain
water-insoluble macroscale films based on PNIPAM/AAc IPN microgels [27,28] to create
thermo- and pH-sensitive films. The presence of ionizable groups, such as carboxylic acid of
AAc, has been reported to affect both the packing density of the particles and their interaction
with the substrate. IPN PNIPAM/PAAc microgels have been recently used as a platform for
muscular cell cultures to investigate their potential as thermo and electro-responsive smart
thin films [29,30]. IPN microgels represent promising candidates for substrate patterning
and integration in microfabricated electronic platforms for cell culture applications.

Microgels may be also applied to obtain micro-optical devices with a wide range of ap-
plications in sensing and biosensing [19,31–33]. The use of microgels in sensing applications
has further increased in recent years, since they are able to respond differently to analyte
recognition, depending on their design and architecture. They can indeed show a wide
variety of responses including expansion or contraction of the polymer network, changes
in fluorescence response of a fluorophore within the microgel, changes in the diffracted
wavelength in a colloidal assembly or changes in their optical properties, such as in the case
of microlenses [32]. Given their inherently fast volume transition, simple fabrication tech-
niques and the dynamic tunability of focal length, microgel-based microlens arrays are
promising devices for the future development of micro-optics technologies with potential
applications in optical imaging systems, telecommunications, and photolithography. In par-
ticular the incorporation of temperature and pH-sensitive monomers into the microgels, such
as in PNIPAM/PAAc microgels, leads to resulting microlenses that are similarly responsive
to changes in temperature and pH, allowing for their utility in sensing applications [31,32].

Moreover, in recent decades microgels have been widely used for the fabrication of
photonic crystals. Concentrated suspensions of spherical colloidal particles are indeed
known to order, due to repulsive interparticle interactions, into periodic arrays that repro-
duce the structures of atomic crystals with lattice constants that are commensurate with
the optical and near-IR regions of the spectrum. As an example, colour-tunable colloidal
crystals formed by the assembly of thermoresponsive PNIPAM/PAAc microgels have been
designed by assembling into a close-packed colloidal crystalline array displaying Bragg
diffraction that may be modulated by temperature changes [33].

Fabrication of PNIPAM-based optical devices have been recently achieved by sand-
wiching them between two thin Au layers [19]. These devices are of great interest for
detecting solution temperature, pH, ions, glucose, and streptavidin and have been recently
expanded for detection of specific DNA sequences in solution. This technology offers great
promise as medical devices for diagnostics due to the ease of use, sensitivity and cheapness.
Recently these devices has been investigated as humidity sensors [34]. Indeed the resultant
assembly shows visual colour, and exhibits multipeak reflectance spectra whose position
depends on the thickness of the microgel layer. Environmental humidity affects the layer



Polymers 2021, 13, 1353 4 of 25

thickness, which corresponds to changes in the device’s optical properties, thus allowing
for their use as optical devices for humidity sensing.

Finally, microgels have been recently investigated for applications in cultural heritage
conservation [35] taking advantage of the long tradition of macroscopic hydrogels for
the cleaning of several kinds of artworks [36]. Exploiting their retentive properties, micro-
gels are able to clean paper, ensuring a highly controlled water release from the gel matrix.
Moreover, their reduced size makes microgels suitable to efficiently penetrate the porous
structure of the paper and to easily adapt to the irregular surfaces of the artifacts.

The huge amount of literature demonstrates that one of the most studied responsive
microgel is based on PNIPAM. Indeed PNIPAM-based microgels have been widely in-
vestigated in recent years [37–44] together with its VPT from a swollen hydrated state
to a shrunken dehydrated one, as a consequence of the coil-to-globule transition of NI-
PAM chains [45]. This typical swelling/shrinking transition is the driving mechanism of
the phase behaviour of aqueous suspensions of PNIPAM microgels [11,13,14] and can be
strongly affected by concentration [10,46], solvent [47] and synthesis procedure (such as
growing number of cross-linking points [48,49], different reaction pH conditions [50] or by
introducing additives into the PNIPAM network [51]).

In this context, addition of poly-acrilic acid (PAAc) to PNIPAM microgel provides pH-
sensitivity to the thermo-responsive microgel. As already found and discussed in the case
of hydrogels, AAc can be incorporated into PNIPAM by: (i) random copolymerization or
(ii) polymer interpenetration. In the case of PNIPAM-co-PAAc microgels, obtained from
copolymerization of NIPAM and AAc, the temperature and pH-responsive components
have significant mutual interference, the incorporation of carboxylic acid groups of AAc
into PNIPAM microgel will increase the Volume Phase Transition Temperature (VPTT)
and reduce the temperature responsiveness, limiting in same cases also the potential
applications [52–56]. On the contrary, interpenetration of the PAAc and PNIPAM networks
(IPN PNIPAM/PAAc microgels) [8,57–65], provides independent sensitivity to temperature
and pH, retaining the same VPTT of pure PNIPAM microgel and allowing to make the two
networks more or less dependent by changing pH.

While microgels made of PNIPAM-co-PAAc have been widely investigated both
experimentally and theoretically [53,66–69], a deep investigation of PNIPAM/PAAc IPN
microgels is still lacking.

Xia et al. [58] first reported the synthesis of PNIPAM/PAAc IPN microgel, through
a two step polymerization method, and a comparison between the hydrodynamic and
giration radii in very dilute conditions. Moreover, the group explored the drug delivery
properties: the phase and viscosity behaviour for controlled drug release as a function of
temperature [8,57] together with the viscoelastic behaviour and controlled release [59] were
investigated. The possibility to use unique properties of these IPN microgels not only for
technological applications but also to address fundamental questions such as liquid and
glassy behaviour where assessed by Mattsson et al. [70] who showed how these deformable
colloidal particles can exhibit the same variation in fragility as that observed in molecular
liquids. A systematic characterization study on IPN particles in highly dilute conditions
was performed by Liu et al. [61]. Atomic Force Microscopy (AFM) and Trasmission Electron
Microscopy (TEM) were used to control particle synthesis while DLS and Infrared absorp-
tion (IR) permitted to study the VPT as a function of temperature for different pH and
PAAc contents. The behaviour of the hydrodynamic radius as a function of temperature
and pH has been also investigated in microcapsules with interpenetrating polymer network
structure [60] and in semi-IPN nanocomposite microgels crosslinked by inorganic clay [71].
Moreover, IPN microgels have been investigated by our group through different techniques:
the structural relaxation and the local structure of low concentration IPN samples at pH 5
and pH 7 have been, respectively, reported in Refs. [62,63] while the dependence on different
solvents (H2O and D2O), to explore the role of H-bonds, has been reported in Ref. [65].
Moreover, in Ref. [64] the experimental radius of PNIPAM and IPN at fixed PAAc con-
centration has been compared with the one expected from the Flory–Rehner theory. More
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recently, the hydrodynamic radius of PNIPAM obtained through a new simultaneous DLS-
SANS setup with DLS and Small Angle Neutron Scattering (SANS) has been compared in
Ref. [72]. Finally, structural relaxation and rheological behaviour at different weight and
PAAc contents have been reported in Refs. [73–76].

In this work, we review the behaviour of PNIPAM and IPN microgels as a function
of temperature, concentration, PAAc content and pH that has been widely explored by
combining different experimental techniques. The VPT transition has been investigated
through DLS, SANS and Raman spectroscopy, in order to understand its phenomenology on
a wide range of length scales and the microscopic mechanisms involved. DLS has been also
largely used to explore the slowing down of the dynamics towards aggregation, moreover
rheological and electrophoretic measurements have allowed to figure out the role of poly
(acrylic acid), the main mechanisms behind particle aggregation and the macroscopic
characteristic of the arrested states.

2. Experimental Methods
2.1. Sample Preparation

IPN colloidal gels of submicrometric size were synthesized by a two steps free radical
polymerization method (Figure 2) [62]. In the first step, PNIPAM microgel is synthetized
by precipitation polymerization in the presence of SDS as surfactant at a concentration
below the CMC (CSDS = 2.25 g/L = 7.81 mM) [62,63,73]. Then, in the second step, AAc
is polymerized in the presence of the preformed PNIPAM microgel, N,N′-methylene-
bis-acrylamide (BIS) as crosslinker and in the absence of any surfactant [58]. The latter
step was carried out in the swollen state at T = 294 K, a temperature below the VPT, to
allow AAc diffusing into the microgel and the polymer growing inside the preformed
PNIPAM particles [58]. To avoid crosslinking between chains that are growing in different
particles, the reaction mixture was diluted 1/10 with ultrapure water. Both reaction steps
were carried out in four-necked jacketed reactors under inert atmosphere by Nitrogen.
Mixtures were further deoxygenated by bubbling Nitrogen inside before reactions were
started by adding the appropriate radical initiator: KPS in the first step and ammonium
persulfate in the second one. N,N,N′,N′-tetramethylethylenediamine (TEMED) was also
added in the second step as transfer agent. IPN particles at different PAAc/PNIPAM ratio
composition were prepared by stopping the second step reaction at the suitable degree
of conversion of AAc. The samples were purified by dialysis (MCWO 14,000 Da) against
distilled water with frequent water changes for 2 weeks after each step. The purified water
dispersions were freezer-dried at 0.01 mmHg and 223 K and then dispersed in H2O or D2O
at ≈5–10% wt concentration. In the case of sample in D2O the drying/dispersion cycle was
repeated twice. Samples at different weight concentrations (%), in the following referred
to as Cw, were obtained by further dilution in H2O or D2O. The chemical composition of
the synthesized particles was assessed by combined 1H NMR spectroscopy and elemental
analysis [77] and are reported in Table 1. Particles polydispersity is in the 10–15% range
for PNIPAM and 15–20% for IPN microgels. Samples at pH 7.5 (in the following referred
to as neutral pH) were obtained by adding NaOH solution to the samples at pH 5.5
(in the following referred to as acidic pH) obtained from the synthesis. The sample at
pH 3.5 was obtained by the addition of HCl solution to the sample at pH 5.5.

Table 1. Composition of the prepared IPN microgels as assessed by combined 1H-NMR and elemental analyses.

PNIPAM PAAc BIS

IPN CPAAc = 2.6% 94.4 2.6 3.0
IPN CPAAc = 10.6% 85.7 10.6 3.7
IPN CPAAc = 15.7% 76.7 15.7 7.6
IPN CPAAc = 19.2% 73.6 19.2 7.2
IPN CPAAc = 24.6% 67.7 24.6 7.7
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Figure 2. Sketch of the two steps free radical polymerization method for synthesis of IPN microgels.

2.2. Dynamic Light Scattering

DLS measurements were performed with a multi-angle setup in the time range be-
tween 10−6 s and 1 s. A solid state laser with wavelength of 642 nm (power of 100 mW)
and single mode collecting fibers at five different scattering angles (θ = 30◦, 50◦, 70◦, 90◦,
110◦) are used (Figure 3a). Time autocorrelation functions are therefore simultaneously
acquired at 5 different scattering vectors Q = (4πn/λ) sin(θ/2) by calculating the inten-
sity autocorrelation function g2(Q, t) = 〈I(Q,0)I(Q,t)〉

〈I(Q,0)〉2 at different wavevectors that is well
described by the Kohlrausch-Williams-Watts expression [78,79]:

g2(Q, t) = 1 + b[(e−(t/τ)β
]2 (1)

where b is the coherence factor, τ is an “effective” structural relaxation time and β describes
the deviation from the simple exponential decay (β = 1), usually found in monodisperse
systems, and gives a measure of the structural relaxation times distribution due to sample
polydispersity. DLS measurements have been performed in the temperature range T = (293–
313) K, at different PAAc content (CPAAc = 2.6%, 10.6%, 13.6%, 15.7% 19.2%, 24.6%) and
three pH values (pH = 3.5, 5.5, 7.5) as a function of the weight concentration.

10-5 10-4 10-3 10-2 10-1 100
0

1
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(d)(c)
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Figure 3. (a) Multiangle DLS set-up. Normalized intensity autocorrelation functions for IPN micro-
gels at Cw = 0.8%, CPAAc = 24.6% and pH 5.5 (b) as a function of temperature, at Q = 0.018 nm−1

and (c) as a function of scattering vector Q at T = 311 K. Solid lines are fits according to Equation (1).
(d) Structural relaxation time as a function of the scattering vector.

2.3. Small-Angle Neutron Scattering

Small-Angle Neutron Scattering measurements have been performed on the SANS2d
instrument at the 10 Hz pulsed neutron source ISIS-TS2. The Q-range from 0.04 to 7 nm−1,
corresponding to length scale from 0.1 to 160 nm, allows to explore the local structure of
the microgel particles when they go from the fully swollen to the completely shrunken
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state [80–82]. The SANS scattered intensity I(Q) is:

I(Q) = (∆ρ)2NV2
polymerP(Q)S(Q) (2)

where Q is the scattering vector with n = 1 for neutrons, ∆ρ is the contrast factor between
the polymer and the surrounding solvent; N is the number density of the particles; Vpolymer
is the volume of polymer within the particle; P(Q) is the form factor and S(Q) is the static
structure factor. In dilute suspensions the problem is reduced to model the form factor P(Q) that
in the case of crosslinked polymeric particles is not trivial. According to Shibayama et al. [81–83],
similar network systems can be modeled through a deformable lattice model of blobs with two
characteristic length scales: a short correlation length, ξ, for the rapid fluctuations of the polymer
chain position, and a long correlation length, Rg, associated to the regions with higher polymer
density and arising from the constraints imposed by junction points or clusters of such points
(blobs). The scattered intensity can be therefore modelled as:

I(Q) =
IL(0)

{1 + [(D + 1)/3]ξ2Q2}D/2 + IG(0)exp(−R2
gQ2/3) (3)

where IL(0) and IG(0) are scale factors dependent on the polymer-solvent contrast and
on the volume fraction of the microgel, ξ is the correlation length related to the size of the
polymer network mesh, D is the Porod exponent, giving an estimate of the roughness of
the interfaces between different domains of inhomogeneities and Rg can be interpreted as
the mean size of the static inhomogeneities introduced by the chemical cross-links. SANS
measurements have been performed in the temperature range T = (299–315) K on D2O
suspensions at different concentrations (Cw = 0.1%, 0.2% and 0.3%), at CPAAc = 13.6% and
at acidic and neutral pH.

2.4. Raman Spectroscopy

Raman measurements have been performed through a Horiba HR-Evolution mi-
crospectrometer in backscattering geometry, equipped with a He-Ne laser, λ = 632.8 nm
and 30 mW output power (∼15 mW at the sample surface). A state-of-the-art optical
filtering device based on three BragGrate notch filters [84] allows to remove the elas-
tically scattered light and to collect Raman spectra at very low frequencies, down to
10 cm−1 from the laser line. The detector was a Peltier-cooled charge-coupled device (CCD)
and a 600 grooves/mm grating with 800 mm focal length allows a resolution better than
3 cm−1. The spectrometer was coupled with a confocal microscope supplied with a set
of interchangeable objectives with long working distances and different magnifications.
A 20×–0.35 NA objective has been used for the reported experiment. Measurements have
been performed on aqueous suspensions of PNIPAM and IPN microgels at fixed PAAc
concentration (CPAAc = 19.2%) in the temperature range T = (293–313) K across the VPT, at
different weight concentrations and acidic pH.

2.5. Rheological Measurements

The viscoelastic properties of IPN microgels were probed using a rotational rheometer
Anton Paar MCR102 with a cone-plate geometry. The plate diameter was d = 49.97 mm,
the cone angle β = 2.006◦ and the truncation of 212 µm [75]. Temperature was controlled by
a Peltier system in the bottom plate connected to a water bath. To prevent sample evapora-
tion the plates were covered with a rheometer integrated hood system designed for this aim.
To probe the linear response, rheological measurements were carried out within the linear
viscoelastic region that is achieved at sufficiently small values of the applied strain (γ) when
the loss (G′′(ω)) and storage (G′(ω)) moduli are not strain dependent. Frequency sweeps were
performed in the range f = (10−2–10) Hz with ω = 2πf. Viscosity instead was probed through
steady shear measurements. The viscosity behaviour of IPN microgels across the VPT has
been investigated at CPAAc = 15.7% and Cw = 0.3% in the temperature range T = (293–313) K
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(Figure 7c), the loss and storage moduli have been measured at CPAAc = 24.6%, Cw = 0.4%,
0.9%, 3.6% and T = 311 K at pH 5.5 (Figure 15).

2.6. Electrophoretic Measurements

Electrophoretic mobility of microgel suspensions has been measured by means of
a MALVERN NanoZetasizer apparatus equipped with a 5 mW HeNe laser (Malvern
Instruments LTD, Worcestershire, UK). This instrument employs traditional Laser Doppler
Velocimetry (LDV) implemented with Phase Analysis Light Scattering (PALS) for a more
sensitive detection of the Doppler shift [85]. LVD measurements are performed using
the patented “mixed mode” measurement M3 where both a fast field (FF) and a slow
field (SF) are applied. In FFR the field is reversed 25–50 times per s, thus making electro-
osmosis insignificant and providing accurate mean mobility value. The SFR contributes
extra resolution for a better distribution analysis [86,87]. The frequency shift ∆ν due to
the mobility µ of the scattered particles under the action of the applied field E is measured
by comparing the phase Φ of the scattered signal to that of a reference one, since Φ = ν·
time. The mobility µ = V/E is then calculated from the relation ∆ν = 2V sin(θ/2)/λ) with
V the particle velocity, θ the scattering angle and λ the laser wavelength. By a preliminary
conductivity measurement, the instrument establishes a suitable electric field for a good
mobility detection. Both PNIPAM and IPN samples at the different PAAc contents have
been measured at Cw = 0.05% and acidic pH. Measurements have been performed by using
the dedicated U-cuvette DTS1070, in a thermostated cell by performing a ramp from 293 to
316 K with temperature step of 1 K and a thermalization time of 300 s at each step.

3. Results
3.1. Particle Size and Volume Phase Transition

The IPN samples at different PAAc concentrations were characterized from their hydro-
dynamic radius RH obtained through DLS measurements in the high dilution limit. The val-
ues were determined from structural relaxation time τ of the intensity correlation functions
g2(Q, t) (Figure 3b, Equation (1)) using the Stokes Einstein relation RH = KBT/6πηD, where
D is the translational diffusion coefficient obtained through the relation τ = 1/Q2D and η
is the sample viscosity that has been approximated with the solvent one. The temperature
behaviour of hydrodynamic radius allows to investigate the dependance of the VPT on
several parameters such as PAAc content, pH and solvent. The VPTT of IPN microgels in wa-
ter without pH corrections is almost the same of the net PNIPAM regardless on the PAAc
composition, as expected for IPN microgels. In fact the absence of chemical bonds between
PAAc and PNIPAM guarantees that the temperature responsivity of the PNIPAM network
is not changed by the PAAc network. This is clearly evident from Figures 4a and 5 where
the temperature behaviour of hydrodynamic radii and diameters for PNIPAM ad IPN micro-
gels as reported, respectively, by Refs. [59,61] are shown. However, the swelling capability at
the swollen/shrunken transition is highly affected by the acrylic acid content, being strongly
reduced at increasing CPAAc. In fact, both in Figures 4a and 5b the particle dimensions are in-
creased but the swelling capability is reduced by increasing poly acrilic acid contents. This is
explained by the increase of topological constraints due to the PNIPAM and PAAc networks
interpenetration and to the ionic contribution to the osmotic pressure due to the presence
of the PAAc. The behaviour of the hydrodynamic radius at T = 293 K (below the VPTT)
and T = 313 K (above the VPTT) as a function of the PAAc content is shown in Figure 4b.
PNIPAM particles (corresponding to CPAAc = 0) from the first synthesis step have a size
in the nanometer range, the interpenetration of 2.6% of PAAc into the PNIPAM microgel
to obtain IPNs does not result in a detectable change in the particle size, indicating that
this PAAc amount was well incorporated inside the PNIPAM particles, in good agreement
with previous findings [77]. On the other hand, as the amount of PAAc is increased above
CPAAc = 2.6% an almost linear increase of the particle size is observed. For these high diluted
samples TEM images as the one shown in Figure 4c were obtained. In all these cases particles
look like isolated spheres, only in the case of the highest PAAc/PNIPAM ratio few twin
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particles are observed by TEM. The presence of permanent bonds between the twin particles
is not proved.

The interpenetration of PAAc network strongly affects the interaction between PNI-
PAM and water molecules. Indeed, the presence of PAAc into the IPN networks provide
the systems with an additional control parameter: at acid pH IPN particles exhibit a smaller
hydrodynamic diameter and a smoother transition than at neutral condition. This is clearly
shown in Figure 6 where the dependence on pH and solvent conditions are shown. The re-
duction of the particle size at acidic pH (Figure 6a) suggests that the different degree of
dissociation of the COOH groups of PAAc favours hydrogen bonds with the amide groups
of PNIPAM resulting in a higher shrinkage of the microgel particles [61]. The behaviour
of the hydrodynamic radius with pH has been investigated in Refs. [58,61]. The role of
the polymer/solvent interaction is further demonstrated considering H/D isotopic substi-
tution in the solvent [88], as shown in Figure 6b where RH(T) is reported in the case of D2O
suspensions. A similar trend is observed with a small increase of the hydrodynamic radius
in neutral pH condition. Therefore, the balance between polymer/polymer and poly-
mer/solvent interactions strictly depends on the solvent. It is worth noting that eventual
differences among samples reported in the paper can be attributed to slight differences
in the pH condition in the range of between pH 4.5 and 5.5.
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Figure 4. Behaviour of hydrodynamic radii from DLS measurements for IPN microgels at pH 5.5
and Cw = 0.01% (a) as a function of Temperature (b) as a function of PAAc content at T = 293 K (below
the VPTT) and at T = 313 K (above the VPTT) and (c) TEM image of IPN microgels at low PAAc concentration.

(a) (b)

Figure 5. Temperature dependence for diluted PNIPAM and IPN microgel dispersions at pH = 7.0 of
(a) hydrodynamic radii and (b) hydrodynamic diameters at difference PAAc contents (increasing
from IPN-1 to IPN-4). Figures adapted with permission from Refs. [59,61], respectively. Ref. [59],
Copyright 2021 American Chemical Society.



Polymers 2021, 13, 1353 10 of 25

292 297 302 307 312

50

100

150

200

292 297 302 307 312

50

100

150

200

R
H
(n
m
)

IPN CPAAC= 13.6 %IPN CPAAC= 13.6 %H2O solvent  

Neutral  pH 

 
Acidic pH  

T(K)

(a) D2O solvent   (b)

Acidic pH 

Neutral pH

T(K)

Figure 6. Temperature dependence of the hydrodynamic radii from DLS measurements for
IPN microgels at Cw = 0.1 % and CPAAc = 13.6% at acidic and neutral pH in (a) H2O solvent
and (b) D2O solvent. Solid lines are guide to eyes.

We can thus conclude that interpenetration of PAAc network introduces additional
control parameters for the interaction between PNIPAM and water molecules: poly-
mer/solvent interaction can be therefore controlled through PAAc content [73], by varying
pH or by changing solvent [64].

The microscopic volume phase transition of particles is accompanied by the change of
a macroscopic quantity, the viscosity η, reported in Figure 7c as a function of temperature
for an IPN microgel at CPAAc = 24.6%, Cw = 0.3 %, pH 5.5 and γ̇ = 1s−1. A slow
decrease is observed at low temperature, η(γ̇) until an abrupt transition take place followed
by a decrease further increasing T. The viscosity rise on heating is a counterintuitive
phenomenon, observed also in systems characterized by inverse melting [89,90], that
in the case of PNIPAM based microgels can be attributed to inter-chain interactions induced
by shear that promote particle aggregation [91].

Figure 7. (a) Picture of the cone-plate geometry used to perform rheological measurements.
(b) Schematic rapresentation of the used geometry (c) Viscosity of IPN microgels with CPAAc = 15.7%
as a function of temperature at Cw = 0.3%, pH = 5.5 and γ̇ = 10 s−1.

3.2. Molecular Mechanism Driving the VPT

The shrinking of PNIPAM-based microgels across the VPTT has been reported to
involve molecular changes that can be probed by Raman spectroscopy [92]. Raman spectra
of both PNIPAM and IPN microgels (Figure 8a) are indeed dominated by the contributions
associated to C-C and C-H vibrational modes, mainly derived from NIPAM [93]. In partic-
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ular the stretching bands in the 2850 and 3000 cm−1 spectral region, ascribed to vibrations
of the CH2 and CH3 groups in the isopropyl moiety (Figure 2a), have been reported to be
sensitive to hydrogen bond variations involving the amide functionality. In order to deep
inside the interaction mechanism driving the VPT of PNIPAM and IPN microgels, the four
superimposed bands in the indicated spectral region have been deconvoluted with four
Gaussian contributions (Figure 8b). These contributions have been assigned to the follow-
ing mode of PNIPAM in the hydrated state (T = 297 K) [94,95]: symmetric stretching of CH3
(2880 cm−1), symmetric and antisymmetric stretching of CH2 (2920 cm−1 and 2945 cm−1,
respectively), antisymmetric stretching of CH3 (2988 cm−1). The intensity ratio between
the symmetric and antisymmetric CH2 stretching modes of the methylene group (lower
and higher frequency central peaks, respectively), is usually related to the lateral packing
density of the polymer chains [96] and any changes can be exploited to study variation
in the polymer/polymer and polymer/solvent interactions. In particular, the observed
increase of the intensity ratio across the VPTT in IPN microgels suggests that the coil-to-
globule transition of PNIPAM induces an increase of the packing density in the shrunken
state even when PAAc is interpenetrated within the PNIPAM network.
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Figure 8. (a) Raman spectra at T = 316 K and Cw = 5.0% for PNIPAM and IPN microgels
with CPAAc = 19.6% and pH = 5.5. (b) Magnification for IPN microgels of the spectral range
2850 cm−1 ÷ 3000 cm−1. Four Gaussian contributions are reported as discussed in the text.

Moreover, the highest number of water molecules surrounding the CH3 groups correlates
with the highest frequency of the antisymmetric CH3 stretching (peak at 2988 cm−1) [97,98].
Therefore, the frequency red-shift with temperature of the CH3 stretching vibration (Figure 8b)
is the main evidence of the dehydration of the isopropyl group of NIPAM (Figure 2). The re-
organization of the neighbouring water molecules leads to the dehydration of the isopropyl
group in both PNIPAM and IPN microgels, as shown by the decrease with temperature
of the frequency peak and the sharp transition at the VPTT (Figure 9). The temperature
behaviour of the CH3 frequency for IPN microgels confirms that the main features of
the coil-to-globule transition of PNIPAM are preserved, although the reduced hydration of
the isopropyl group of NIPAM (first drop) is accompanied by a new mechanism (evidenced
by the additional bump at the VPTT) due to the steric hindrance of PAAc limiting the micro-
gel shrinking. The combined effect of reduced hydration of the isopropyl group of PNIPAM
and of the topological rearrangements of the polymer networks within the microgel particle
lead to interesting differences between PNIPAM and IPN microgels. Their hydrophobic-
ity is enhanced if PNIPAM and PAAc networks are interpenetrated perturbing the role
played by water molecules. At this pH, the intra-particle and inter-particle interactions
between CONH (PNIPAM) and COOH (PAAc) groups make, respectively, IPN microgel
more hydrophobic and favour aggregation.
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Figure 9. CH3 frequency as a function of temperature for PNIPAM and IPN microgels
at CPAAc = 19.2%, Cw = 5.0% and pH = 5.5. Solid lines are guides to eyes.

3.3. Local Structure across the VPT

The local structure response of microgel particles across the VPT has been investi-
gated by Small-Angle Neutron Scattering. In Figure 10a, the scattered intensity for IPN
microgels in D2O at fixed weight concentration Cw = 0.1% and acidic pH are reported at
two different temperatures (below and above the VPTT). The deformable lattice model of
blobs, introduced for PNIPAM [81,82] (Equation (3)), accurately fits our data.
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Figure 10. (a) SANS scattered intensity for IPN microgels at CPAAc = 13.6% in D2O at Cw = 0.1% and
pH 5.5 for two temperatures: T = 299 K and T = 311 K, respectively, below and above the VPTT.
Full lines are fits according to Equation (3). (b) Porod exponent, D, as a function of temperature as
obtained through fits with Equation (3).

The Porod exponent reported in Figure 10b, which gives an estimation of the rough-
ness of the domain interfaces, increases above the VPTT, indicating the formation of
smoother interfaces between different domains. The local intra-particle structural response
to temperature across the VPT has been rationalized by looking at the behaviour of the cor-
relation lengths ξ and of the mean size of the inhomogeneities domains Rg, reported
in Figure 11a at fixed concentration and pH, as an example. The correlation length values
ξ are much smaller with respect to particle dimensions (Figure 6b) and decrease above
the VPTT, when microgel particles collapse and the lost of individuality of the frozen blobs
gives rise to a large cluster of cross-linked points of size Rg. Therefore, when the system
undergoes the macroscopic transition from the swollen to the shrunken state, the local
structure experiences a transition from an inhomogeneous structure, where the lattice is
deformed and the open network can accommodate large amount of water, to a porous



Polymers 2021, 13, 1353 13 of 25

solid-like structure, where a unique larger sized cluster is formed and the nanometric
structure of the tridimensional network is lost, due to the shrinking of the polymer chains
along with water expulsion (see Figure 11b).

10

20

30

300 305 310 315

14

16

18

2Rg

2Rg

(a)

Cw=0.1% pH 5.5

 

x(
n

m
)

(b)

VPT

2Rg

T(K)

R
g
 (

n
m

)

 

Figure 11. (a) Correlation length ξ (triangles) and gyration radius Rg (circles) of the correlation domains
as a function of temperature for IPN microgels at CPAAc = 13.6%, Cw = 0.1% and pH 5.5. Full lines are
guide to eyes. (b) Drawing of the local internal structure of IPN microgel particles below (left side)
and above (right side) the VPT. The solid and dashed lines represent the two interpenetrating networks
with average mesh size ξ. The dashed red circles in the left side panel (swollen state) evidence the regions
of quenched inhomogeneities of average size (radius) Rg, due to the presence of cross-links. Increasing
temperature, the collapse of the polymer networks induces a transition from an inhomogeneous structure
(left side panel) to a porous solid-like structure (right side panel).

3.4. Concentration Dependence

The temperature behaviour of the structural relaxation time τ and the shape parameter
β have been obtained by fitting the g2(Q, t) from DLS measurements with Equation (1), for
both PNIPAM and IPN microgels at four weight concentrations (Cw = 0.1%, Cw = 0.3%,
Cw = 0.5% and Cw = 0.8%) (Figure 12). For pure PNIPAM microgels the dynamical transition
associated to the VPT is observed in the whole concentration range: the structural relaxation
time τ slightly decreases with increasing temperature up to the VPTT, where the fastening
of the dynamics related to the reduced size of particles is observed (Figure 12a) [62,64].
In the case of IPN microgels a more fascinating scenario shows up. At the lowest inves-
tigated concentration (Cw = 0.1%) the structural relaxation time τ slightly decreases as
temperature increases up to the VPTT where a transition to its lowest value takes place as
in the case of pure PNIPAM microgels. However, as Cw increases the structural relaxation
time above the VPTT suddenly grows up, indicating a slowing down of the dynamics
and the formation of aggregates. This behaviour is more pronounced higher is the sample
concentration and is accompanied by a viscosity increase, which is clearly observed by
eyes. The dynamical transition associated to the VPT is also observed in the discontinuous
temperature behaviour of the β parameter that gives a measure of the structural relaxation
times distribution and is therefore the most reliable marker for sample polydispersity. This
can be an intrinsic polydispersity, due to the synthesis procedure and therefore variable
from sample to sample but can also be an “apparent” polydispersity that may be explained
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in terms of fluctuations of the particle shape at different temperatures and weight concen-
trations or as a result of particle aggregation (Figure 12b). In PNIPAM microgels the sample
polydispersity increases with increasing Cw, as indicated by the concentration dependence
of the β parameter at temperatures below the VPTT. Above the VPTT no differences de-
pending on Cw are observed suggesting that PNIPAM microgels in the shrunken state have
low polidispersity regardless to their concentrations. A similar behaviour is also found for
IPN microgels even if the more complex inner structure of IPN particles reflects in a higher
polydispersity and lower β values than those for PNIPAM microgels. Intriguing differences
on concentration are also observed: for Cw < 0.3% β decreases upon crossing the VPTT,
while for Cw ≥ 0.3% it increases with a more and more pronounced jump across the VPT
with increasing concentration.
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Figure 12. (a) Structural relaxation time and (b) shape parameter as a function of temperature for
PNIPAM and IPN microgels at the indicated weight concentrations, at CPAAc = 19.2%, pH = 5.5
and Q = 0.018 nm−1. Solid lines are guides to eyes.

As a result both τ and β sign the existence of a crossover concentration (Cw = 0.3%
in IPN microgels at CPAAc = 19.2%) above which interparticle interactions become im-
portant, giving rise to aggregation. Above the VPTT, due to the reduced particle size,
Van der Waals attraction becomes stronger, thus affecting microgel aggregation. If par-
ticles are charged, as in the case of IPN microgels, also electrostatic interactions have to
be taken into account, expected to be much stronger the higher the PAAc content is [73].
The presence of PAAc affects the balance between hydrophobic and hydrophilic interac-
tions. At this PAAc content (CPAAc = 19.2%) and acidic pH (pH 5.5), where the fraction of
deprotonated AAc moieties (COO−) is small but not negligible, the collapse of the PNIPAM
network above the VPTT is supposed to favour the exposure of PAAc dangling chains
and consequently interparticle interactions and aggregates formation. Charge density is
indeed a crucial parameter for understanding IPN microgels behaviour. Electrophoretic
measurements on IPN microgels have been thus performed and compared with those
on PNIPAM microgels. For both PNIPAM and IPN microgels the mobility µ is affected
by the volume phase transition with a decrease across the VPT (Figure 13). Interestingly,
the electrokinetic transition temperature T0 is higher than the VPTT, as previously shown
for PNIPAM-based microgels [99–101]. The effective charge carriers are indeed mainly
confined to the outer shell that fully collapses when the VPT is totally crossed, thus shifting
forward the transition temperature.
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Figure 13. Comparison between electrophoretic mobility and hydrodynamic radius for IPN microgel
at CPAAc = 19.2%, low weight concentrations (Cw = 0.05% for electrophoretic mobility and Cw = 0.01%
for DLS measurements) and pH = 5.5. Vertical dashed lines represent the VPT temperature ≈ 305 K
and the electrophoretic transition temperature T0 ≈ 308 K.

As a matter of fact, when interparticle interactions are not negligible, aggregation is driven by
temperature, as a result of the microgel shrinking. To explore the slowing down of the dynamics
across the VPT, we can look at the concentration behaviour of the structural relaxation time
(Figure 14a). Below the VPTT, data are well fitted through an Arrhenius behaviour:

τ = τ0 exp( ACw) (4)

where A is a constant and τ0 is the characteristic structural relaxation time for low Cw
values. Above the VPTT, the concentration dependence of the structural relaxation time is
well described by a super–Arrhenius behaviour, usually modelled by the Vogel–Fulcher–
Tammann (VFT) equation:

τ = τ0 exp(
DCw Cw

Cw0 − Cw
) (5)

where Cw0 sets the apparent divergence, DCw controls the growth of the structural re-
laxation time and τ0 is the characteristic structural relaxation time in the high dilution
limit. The sharper concentration dependence of the structural relaxation time at high
temperature can be related to the increased interactions between different particles by
the COOH groups of PAAc dangling chains that are much more exposed in the shrunken
state than in the swollen one. The existence of two different behaviours below and above
the VPTT are also confirmed by the shape parameter β (Figure 14b), showing a minimimum
in the collapsed state at a critical concentration value, as reported in Ref. [74].
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Figure 14. (a) Structural relaxation time τ and (b) shape parameter β from Equation (1) as a function of
weight concentration for IPN microgel suspensions at the indicated temperatures, at CPAAc = 24.6%,
Q = 0.018 nm−1 and pH = 5.5. Full lines represent the best fits with Equation (4) below the VPT and
Equation (5) plus a power law at T> VPTT for τ and guides to eyes for β.

The existence of different regimes is also evidenced by the behaviour of the storage
G′ and loss moduli G” vs. frequency f reported in Figure 15 above the VPT for three
different concentrations. In Figure 15a, G′ and G” vs. f for a sample at CPAAc = 24.6%
and T = 311 K are shown. At Cw = 0.4% the power low behaviour of the moduli is
typical of the liquid state, as Cw is increased, at Cw = 0.9%, above the glass transition
concentration found by the VFT model for the structural relaxation time, G′ > G′′ over
the entire frequency range indicating a viscoelastic behaviour typical of a solid like system.
For this concentration the plateau modulus is not perfectly constant indicating a weak
solid-like behaviour as deeply explained in Ref. [76]. A further increase of moduli is
observed at Cw = 3.6%, they are frequency independentand and G′ >> G′′ revealing
a solid like response of the system that indicates the existence of another state [76]. These
results are in good agreement with measurements from Ref. [59] at T = 310 K reported
in Figure 15b where the open and closed symbols for G′ and G′′ are inverted with respect
to Figure 15a.
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Figure 15. (a) Storage modulus G′ (closed symbols) and loss modulus G′′ (open symbols) versus fre-
quency at the indicated concentrations for IPN microgels at CPAAc = 24.6% and T = 311 K. (b) Storage
modulus, G′ (open symbols) and loss modulus G′′ (closed symbols) versus frequency at the indicated
concentrations for IPN microgels at CPAAc = 16.7% and T = 310 K (figure adapted with permission
from Ref. [59], Copyright 2021 American Chemical Society.)
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In order to understand the PAAc role on the aggregation process across the VPT, the tem-
perature behaviour of the structural relaxation time and the β parameter at different PAAc
content has been explored through DLS. In Figure 16a, the well known dynamical transition
associated to the particle shrinking is evidenced for both PNIPAM and IPN microgels [62,64] to-
gether with two opposite temperature behaviours above the VPTT: τ(T) decreases for PNIPAM
and IPN at the lowest investigated PAAc content while it increases for IPN samples at higher
CPAAc, with a very significant growth at the highest CPAAc. Furthermore, the β parameter,
reported in Figure 16b, clearly points out the strong influence of the PAAc concentration. Three
different trends can be observed indeed, one for PNIPAM and IPN at the lowest CPAAc, one for
IPN with intermediate CPAAc and the latter for IPN at the highest CPAAc = 24.6%. PAAc there-
fore represents a good experimental control parameter for tuning inter-particle interactions
and aggregation: the higher the amount of acrylic acid interpenetrating the PNIPAM network,
the more the aggregation and the viscosity increase are favoured.

293 298 303 308 313
10-4

10-3

10-2

10-1

100

101

293 298 303 308 313

0.5

1.0

 IPN C PAAc = 24.6 %
 IPN C PAAc = 19.2 %
 IPN C PAAc = 10.6 %
 IPN C PAAc = 2.6 %
 PNIPAM

 t
(s

)

 T(K)

(a)

 

 

Cw=0.8 %   

CPAAC

T(K)

 

b

CPAAC

(b)

Figure 16. Temperature behaviour of (a) structural relaxation time and (b) β parameter for PNIPAM
and IPN microgels at the indicated PAAc contents, at Cw = 0.8%, pH 5.5 and Q = 0.018 nm−1.
Solid lines are guides to eyes.

To highlight these dynamical changes related to the interpenetration of the poly (acrylic
acid) within the PNIPAM network, one can compare the behaviours of the structural re-
laxation time τ and the shape parameter β as a function of PAAc content, at temperature
below and above the VPTT (Figure 17a,b). The jump in a range of CPAAc = (2.6 ÷ 10.6)%
points out a cross-over between two different regions, with a critical value of PAAc content
expected in the range C∗PAAc = (7 ÷ 8)%: below this C∗PAAc IPN microgels at pH 5.5 behave
very similarly to pure PNIPAM microgel, indicating that the charges influence is negligible,
while above C∗PAAc the effect of PAAc, and therefore of charge density, becomes relevant,
leading to a slowing down of the dynamics (increase of the structural relaxation time) and
an enhancement of polydispersity (decrease of the β parameter). At even higher PAAc
content the structural relaxation time suddenly grows up as a consequence of the larger
aggregates formation eventually clustering in a percolating network while the β parameter
is not changing significantly. This scenario is maintained above the VPTT where however
the β parameter is increased, indicating that in the collapsed state the sample polidispersity
decreases, as previously discussed.
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Figure 17. (a) Structural relaxation time and (b) β parameter as a function of the PAAc content at Cw = 0.8%
and pH = 5.5 below (T = 295 K) and above (T = 311 K) the VPTT. Solid lines are guides to eyes.

To better emphasize how the PAAc content affects the dynamics of the system, the nor-
malised structural relaxation time and the β parameter at temperature above the VPTT
(T = 311 K) are reported in Figure 18 as a function of weight concentration Cw at different
PAAc contents. The higher is the PAAc content the stronger is the concentration depen-
dence of the normalised structural relaxation time with divergence at high concentration
(Figure 18a). The effect of PAAc on the β parameter is even more dramatic (Figure 18b),
with the appearance of a minimum connected with the emerging of distinct anomalous
mechanisms for particle motion [74]. These results point out that, by changing PAAc
content, different dynamical behaviours can be achieved in microgels due to the increasing
interactions of COOH groups belonging to PAAc chains [73].
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Figure 18. (a) Normalised structural relaxation time and (b) β parameter as a function of weight
concentration at the indicated PAAc contents at T = 311 K, pH = 5.5 and Q = 0.018 nm−1. Solid lines
are fits through Equation (5) for τ and guide to eyes for β.

The role of the charge density across the VPT can be explored through the tempera-
ture behaviour of the electrophoretic mobility for PNIPAM and IPN microgels. Interestingly,
the magnitude of the mobility variation depends on CPAAc and is more pronounced at high
PAAc content (Figure 19a), where collapsed IPN microgels are characterized by more negative
mobility values, as expected from the increase of the charge density. For pure PNIPAM micro-
gels the very low mobility below the VPTT reflects the low charge density, derived by the ionic
initiator (KPS). Since the negative electrical charges brought by the anionic sulfate groups are
covalently bonded, the total charge per particle is constant and the charge density increases
upon shrinking [99,100]. For IPN microgels a similar mechanism still holds for the temperature
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behaviour of the electrophoretic mobility. Due to additional charged groups belonging to AAc
moieties, more negative values are found for CPAAc > 2.6%. Moreover, the increase of the charge
density above the VPTT because of particle shrinking leads to more negative mobility values
for IPN microgels. These results are emphasized in Figure 19b where the mobility is shown
as a function of the PAAc content at temperature below and above the VPTT. In agreement
with findings from DLS measurements (Figure 17) the mobility strongly depends on PAAc
content above a critical value C∗PAAc and is significanly enhanced in the collapsed state for T
> VPTT. These results further support the possibility to control the effective charge density
on the microgel surfaces through the amount of poly (acrylic acid) interpenetrating the PNIPAM
network and hence also inter-particle interactions and aggregation phenomena.
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Figure 19. (a) Electrophoretic mobility as a function of temperature for PNIPAM and IPN microgels
at the indicated PAAc content at low weight concentrations and pH = 5.5. Full lines are fits through
the sigmoidal function as reported in [73]. (b) Electrophoretic mobility as a function of the PAAc
content at low weight concentrations, at pH = 5.5 below (T = 295 K) and above (T = 311 K) the VPTT.
Solid lines are guides to eyes.

3.5. pH Dependence

In the previous subsection, it has been shown how the behaviour of IPN microgels de-
pends on PAAc content. However, since PAAc is strongly pH-responsive we can expect that
IPN microgels are also strongly affected by pH variations. As an example the temperature
behaviour of the local structure (discussed in Section 3.3) shows interesting differences at
acidic and neutral pH. The behaviour of the Porod exponent D and of the correlation length
ξ as a function of temperature (Figure 20a,b, respectively) highlights how the transition from
an inhomogeneous to a porous solid-like structure across the VPT depends on pH. Moreover,
the gyration radius Rg (Figure 20c) increases with temperature in both acidic and neutral pH
conditions, but at pH 7 an evident discontinuity shows up at T≈305 K, around the expected
VPTT. On the contrary at pH 5 the differences between inhomogeneities domains are partially
lost and the temperature responsiveness of the system is limited by the presence of the PAAc
chains. The sharper transition observed at neutral pH with respect to that at acidic pH
is related to the solvation in water of the PAAc chains at pH values above 5.5, due to its
deprotonation. Indeed at low pH the PAAc chains are not effectively solvated by water, thus
the formation of H-bonds between PAAc and PNIPAM is favoured and introduces spatial
constraints which limit the PNIPAM network swelling. At neutral pH the deprotonation of
the PAAc chains results in their effective hydration and the two networks are independent,
with a complete regain of the swelling capability of the system.
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Figure 20. (a) Porod exponent D, (b) correlation length ξ and (c) gyration radius Rg of the correlation
domains of IPN microgels with CPAAc = 13.6% as a function of temperature at fixed concentration
Cw = 0.1% and at acidic and neutral pH. Full lines are guide to eyes.

The temperature behaviour of the structural relaxation time and β parameter as
obtained from DLS for IPN microgels at CPAAc = 19.2%, Cw = 0.8% and at pH 3.5, pH 5.5
and pH 7.5 are reported in Figure 21. The huge growth of τ(T) (Figure 21a) above the VPTT
at pH 7.5, indicates a serious slow down of the dynamics fairly due the formation of large
aggregates. At this pH, the COOH carboxylic groups of PAAc (Figure 2) are dissociated
into COO−, thus H-bonding between COOH groups of AAc moieties belonging to different
particles are not favoured. As a consequence, the aggregation can be mainly ascribed to
like-charge attraction since at this pH IPNs behave as polyelectrolyte microgels where
attraction can be interpreted as a result of counterion fluctuation due to the formation of
temporary dipoles [102]. At an intermediate pH of 5.5, there is a fraction of COOH groups
and a not negligible fraction of COO− groups, therefore aggregation can be described
as a combination of both like-charge attraction and H-bonding interaction between COOH
groups. Finally, at pH 3.5 the COOH groups of PAAc are fully protonated (neutralized),
electrostatic interactions are excluded and H-bondings with the amidic (CONH) groups of
PNIPAM (Figure 2) inside the particles are largely favoured. Nevertheless small aggregates
above the VPTT are formed, suggesting that inter-particle interactions at high CPAAc are not
excluded and can be mainly ascribed to strong H-bonding and hydrophobic interactions.
A strong pH dependence is also shown by the β parameter (Figure 21b) exhibiting similar
shapes for pH 3.5 and pH 5.5 and a non trivial behaviour with a maximum at the VPTT
for pH 7.5. Despite a few speculations may be proposed, this interesting behaviour needs
further investigations.
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Figure 21. Temperature behaviour of (a) structural relaxation time and (b) β parameter for IPN
microgels at Cw = 0.8% CPAAc = 19.2%, at pH = 3.5, pH = 5.5 and pH = 7.5 at Q = 0.018 nm−1. Solid
lines are guides to eyes.
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4. Conclusions

Temperature and pH responsive microgel composed of interpenetrating polymer net-
works of PNIPAM and poly(acrylic acid) were synthesized through a free radical polymer-
ization method. Microgel size was determined through DLS while the internal structure
was investigated through SANS that, combined with Raman spectroscopy, allowed to deter-
mine the microscopic mechanisms driving the VPT typical of this system. The study was
performed as a function of temperature, concentration, PAAc content and pH. Temperature
induces a VPT of microgel particles from a swollen hydrated state to a shrunken dehydrate
one. Increasing concentration induces a slowing down of dynamics and the possibility to
reach arrested states whose nature is beeing explored. Synthesizing particles with differ-
ent contents of poly (acrylic acid) allows to span from behaviour very similarly to those
of pure PNIPAM, at low PAAc contents, to significantly different ones. This is related to
an increase of the effective charge density due to the COOH groups of PAAc chains, as shown
by electrophoretic mobility measurements. With increasing PAAc content, in fact, attrac-
tive interactions between protonated COOH and deprotonated COO− groups belonging to
different particles are enhanced and aggregation processes favoured as also evidenced by
rheological measurements. Finally, a fine control of pH allows to manipulate the COOH
groups of PAAc: when pH is lower than pKa (4.5 for PAAc), hydrogen bonds between these
groups and the amide groups of the PNIPAM component are favoured with a consequent
shrinkage of the microgels. As pH increases above pKa, the –COOH groups are gradually
dissociated into COO− groups, leading to swelling of the microgels. Therefore, PAAc and
pH effect are strictly interconnected, with increasing PAAc content, the pH responsiveness of
IPN microgels is enhanced.

Author Contributions: Conceptualization, R.A. and B.R.; methodology, R.A., V.N. and B.R.; validation,
R.A., V.N. and B.R.; formal analysis, V.N. and S.F.; investigation, V.N., E.B. and S.F.; resources, M.B.
and E.B.; original draft preparation, R.A. and V.N.; writing, review and editing, R.A., V.N., B.R. and M.B.;
visualization, V.N.; supervision, R.A. and B.R.; project administration, R.A. and B.R.; funding acquisition,
R.A. and B.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Regione Lazio, through L.R. 13/08, Progetto Gruppo di
Ricerca GELARTE n.prot.85-2017-15290, by MIUR FARE project SOFTART (R16XLE2X3L) and by
the European Research Council (ERC-CoG-2015, Grant No. 681597 MIMIC).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from
the corresponding author.

Acknowledgments: This work has been performed within the Agreement No. 01/9001 between
Science and Technology Facilities Council (STFC) and Consiglio Nazionale delle Ricerche (CNR),
concerning collaboration in scientific research at the Spallation Neutron Source ISIS and with partial
financial support of CNR.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Yu, R.; Zheng, S. Poly(acrylic acid)-grafted Poly(N-isopropyl acrylamide) Networks: Preparation, Characterization and Hydrogel

Behavior. J. Biomater. Sci. 2011, 22, 2305–2324. [CrossRef] [PubMed]
2. Janovak, L.; Varga, J.; Kemeny, L.; Dekany, I. Investigation of the structure and swelling of poly(N-isopropyl-acrylamideacrylamide)

and poly(N-isopropyl-acrylamide-acrylic acid) based copolymer and composite hydrogels. Colloid Polym. Sci. 2008, 286, 1575–1585.
[CrossRef]

3. Zhang, J.; Chu, L.Y.; Li, Y.K.; Lee, Y. Dual thermo and pH-sensitive poly(N-isopropylacrylamide-co-acrylic acid) hydrogels with
rapid response behaviors. Polymer 2007, 48, 1718–1728. [CrossRef]

4. Champ, S.; Xue, W. Concentrating aqueous solutions of water soluble polymers by thermoreversible swelling of poly
[(N–isopropylacrylamide)–co–(acrylic acid)] hydrogels. Macromol. Chem. Phys. 2000, 201, 931–940. [CrossRef]

5. Tian, Q.; Zhao, X.; Tang, X.; Zhang, Y. Hydrophobic association and temperature and pH sensitivity of hydrophobicallymodified
poly(N–isopropylacrylamide/acrylic acid) gels. J. Appl. Polym. Sci. 2003, 87, 2406–2413. [CrossRef]

http://dx.doi.org/10.1163/092050610X538722
http://www.ncbi.nlm.nih.gov/pubmed/21092421
http://dx.doi.org/10.1007/s00396-008-1933-8
http://dx.doi.org/10.1016/j.polymer.2007.01.055
http://dx.doi.org/10.1002/1521-3935(20000601)201:9<931::AID-MACP931>3.0.CO;2-
http://dx.doi.org/10.1002/app.12122


Polymers 2021, 13, 1353 22 of 25

6. Adem, E.; Burillo, G.; Bucio, E.; Magaña, C.; Avalos-Borja, M. Characterization of interpenetrating networks of acrylic acid (AAc)
and N-isopropylacrylamide (NIPAAm) synthesized by ionizing radiation. Radiat. Phys. Chem. 2009, 78, 549–552. [CrossRef]

7. Burillo, G.; Briones, M.; Adem, E. IPN’s of acrylic acid and Nisopropylacrylamide by gamma and electron beam irradiation.
Nucl. Instrum. Methods Phys. Res. 2007, 265, 104–108. [CrossRef]

8. Xia, X.; Hu, Z.; Marquez, M. Physically bonded nanoparticle networks: A novel drug delivery system. J. Control. Release 2005,
103, 21–30. [CrossRef]

9. Cong, H.; Zheng, S. Poly(N-isopropylacrylamide)-block-poly(acrylic acid) hydrogels: Synthesis and rapid thermoresponsive
properties. Colloid Polym. Sci. 2014, 292, 2633–2645. [CrossRef]

10. Wang, H.; Wu, X.; Zhu, Z.; Liu, C.S.; Zhang, Z. Revisit to phase diagram of poly(N-isopropylacrylamide) microgel suspensions
by mechanical spectroscopy. J. Chem. Phys. 2014, 140, 024908. [CrossRef]

11. Mohanty, P.S.; Paloli, D.; Crassous, J.J.; Zaccarelli, E.; Schurtenberger, P. Effective interactions between soft-repulsive colloids:
Experiments, theory and simulations. J. Chem. Phys. 2014, 140, 094901. [CrossRef] [PubMed]

12. Hellweg, T.; Dewhurst, C.; Brückner, E.; Kratz, K.; Eimer, W. Colloidal crystals made of poly(N-isopropylacrylamide) microgel
particles. Colloid Polym. Sci. 2000, 278, 972–978. [CrossRef]

13. Paloli, D.; Mohanty, P.S.; Crassous, J.J.; Zaccarelli, E.; Schurtenberger, P. Fluid–solid transitions in soft-repulsive colloids.
Soft Matter 2013, 9, 3000–3004. [CrossRef]

14. Lyon, L.A.; Fernandez-Nieves, A. The Polymer/Colloid Duality of Microgel Suspensions. Annu. Rev. Phys. Chem. 2012, 63, 25–43.
[CrossRef]

15. Wu, J.; Zhou, B.; Hu, Z. Phase behavior of thermally responsive microgel colloids. Phys. Rev. Lett. 2003, 90, 048304. [CrossRef]
16. Smeets, N.M.B.; Hoare, T. Designing responsive microgels for drug delivery applications. J. Polym. Sci. Part A Polym. Chem. 2013, 51, 3027–3043.

[CrossRef]
17. Yang, J.; Zhu, Y.; Wang, F.; Deng, L.; Xu, X.; Cui, W. Microfluidic liposomes-anchored microgels as extended delivery platform for

treatment of osteoarthritis. Chem. Eng. J. 2020, 400, 126004. [CrossRef]
18. Yoshida, R.; Okano, T. Stimuli-Responsive Hydrogels and Their Application to Functional Materials; Biomedical Applications of

Hydrogels Handbook; Springer: New York, NY, USA, 2010; [CrossRef]
19. Islam, M.R.; Ahiabu, A.; Li, X.; Serpe, M.J. Poly (N-isopropylacrylamide) Microgel-Based Optical Devices for Sensing and Biosens-

ing. Sensors 2014, 14, 8984–8995. [CrossRef]
20. Vinogradov, S.V. Colloidal microgels in drug delivery applications. Curr. Pharm. Des. 2006, 12, 4703–4712. [CrossRef]
21. Hamidi, M.; Azadi, A.; Rafie, P. Hydrogel nanoparticles in drug delivery. Adv. Drug Deliv. Rev. 2008, 60, 1638–1649. [CrossRef]
22. Kabanov, A.; Vinogradov, S. Nanogels as Pharmaceutical Carriers: Finite Networks of Infinite Capabilities. Angew. Chem. Int. Ed.

2009, 48, 5418–5429. [CrossRef] [PubMed]
23. Saunders, B.R.; Laajam, N.; Daly, E.; Teow, S.; Hu, X.; Stepto, R. Microgels: From responsive polymer colloids to biomaterials.

Adv. Colloid Interface Sci. 2009, 147–148, 251–262. [CrossRef]
24. Park, J.S.; Yang, H.N.; Woo, D.G.; Jeon, S.Y.; Park, K.H. Poly(N-isopropylacrylamide-co-acrylic acid) nanogels for tracing

and delivering genes to human mesenchymal stem cells. Biomaterials 2013, 34, 8819–8834. [CrossRef] [PubMed]
25. Maya, S.; Sarmento, B.; Nair, A.; Rejinold, N.S.; Nair, S.V.; Jayakumar, R. Smart Stimuli Sensitive Nanogels in Cancer Drug

Delivery and Imaging: A Review. Curr. Pharm. Des. 2013, 19, 7203–7218. [CrossRef] [PubMed]
26. Meena, L.K.; Rather, H.; Kedaria, D.; Vasita, R. Polymeric microgels for bone tissue engineering applications—A review.

Int. J. Polym. Mater. Polym. Biomater. 2020, 69, 381–397. [CrossRef]
27. Nasimova, I.R.; Vyshivannaya, O.V.; Gallyamov, M.O.; Kozhunova, E.Y. Thermo- and pH-Sensitive Microgels Based on

Interpenetrating Networks as Components for Creating Polymeric Materials. Polym. Sci. Ser. A 2019, 61, 773–779. [CrossRef]
28. Nasimova, I.R.; Rudyak, V.Y.; Doroganov, A.P.; Kharitonova, E.P.; Kozhunova, E.Y. Microstructured Macromaterials Based on

IPN Microgels. Polymers 2021, 13, 1078. [CrossRef] [PubMed]
29. Sanzari, I.; Buratti, E.; Huang, R.; Tusan, C.G.; Dinelli, F.; Evans, N.D.; Prodromakis, T.; Bertoldo, M. Poly(N-isopropylacrylamide) based

thin microgel films for use in cell culture applications. Sci. Rep. 2020, 10, 6126, [CrossRef]
30. Buratti, E.; Sanzari, I.; Dinelli, F.; Prodromakis, T.; Bertoldo, M. Formation and Stability of Smooth Thin Films with Soft Microgels

Made of Poly(N-Isopropylacrylamide) and Poly(Acrylic Acid). Polymers 2020, 12, 2638. [CrossRef]
31. Kim, J.; Serpe, M.J.; Lyon, L.A. Photoswitchable Microlens Arrays. Angew. Chem. Int. Ed. 2005, 44, 1333–1336. [CrossRef]
32. Lyon, L.A.; Hendrickson, G.R.; Meng, Z.; John Iyer, A.N.S. Exploiting the Optical Properties of Microgels and Hydrogels as

Microlenses and Photonic Crystals in Sensing Applications. In Microgel Suspensions; John Wiley & Sons, Ltd.: Hoboken, NJ, USA,
2011; Chapter 14, pp. 355–374. [CrossRef]

33. Debord, J.; Eustis, S.; Byul Debord, S.; Lofye, M.; Lyon, L. Color-Tunable Colloidal Crystals from Soft Hydrogel Nanoparticles.
Adv. Mater. 2002, 14, 658–662. [CrossRef]

34. Islam, M.R.; Xie, S.; Huang, D.; Smyth, K.; Serpe, M.J. Poly (N-Isopropylacrylamide) microgel-based optical devices for humidity
sensing. Anal. Chim. Acta 2015, 898, 101–108. [CrossRef]

35. Di Napoli, B.; Franco, S.; Severini, L.; Tumiati, M.; Buratti, E.; Titubante, M.; Nigro, V.; Gnan, N.; Micheli, L.; Ruzicka, B.; et al.
Gellan Gum Microgels as Effective Agents for a Rapid Cleaning of Paper. ACS Appl. Polym. Mater. 2020, 2, 2791–2801. [CrossRef]

36. Bonelli, N.; Montis, C.; Mirabile, A.; Berti, D.; Baglioni, P. Restoration of paper artworks with microemulsions confined in
hydrogels for safe and efficient removal of adhesive tapes. Proc. Natl. Acad. Sci. USA 2018, 115, 5932–5937. [CrossRef]

http://dx.doi.org/10.1016/j.radphyschem.2009.03.040
http://dx.doi.org/10.1016/j.nimb.2007.08.033
http://dx.doi.org/10.1016/j.jconrel.2004.11.016
http://dx.doi.org/10.1007/s00396-014-3314-9
http://dx.doi.org/10.1063/1.4861426
http://dx.doi.org/10.1063/1.4866644
http://www.ncbi.nlm.nih.gov/pubmed/24606376
http://dx.doi.org/10.1007/s003960000350
http://dx.doi.org/10.1039/c2sm27654b
http://dx.doi.org/10.1146/annurev-physchem-032511-143735
http://dx.doi.org/10.1103/PhysRevLett.90.048304
http://dx.doi.org/10.1002/pola.26707
http://dx.doi.org/10.1016/j.cej.2020.126004
http://dx.doi.org/10.1007/978-1-4419-5919-5_2
http://dx.doi.org/10.3390/s140508984
http://dx.doi.org/10.2174/138161206779026254
http://dx.doi.org/10.1016/j.addr.2008.08.002
http://dx.doi.org/10.1002/anie.200900441
http://www.ncbi.nlm.nih.gov/pubmed/19562807
http://dx.doi.org/10.1016/j.cis.2008.08.008
http://dx.doi.org/10.1016/j.biomaterials.2013.07.082
http://www.ncbi.nlm.nih.gov/pubmed/23937912
http://dx.doi.org/10.2174/138161281941131219124142
http://www.ncbi.nlm.nih.gov/pubmed/23489200
http://dx.doi.org/10.1080/00914037.2019.1570512
http://dx.doi.org/10.1134/S0965545X19060063
http://dx.doi.org/10.3390/polym13071078
http://www.ncbi.nlm.nih.gov/pubmed/33805579
http://dx.doi.org/10.1038/s41598-020-63228-9
http://dx.doi.org/10.3390/polym12112638
http://dx.doi.org/10.1002/anie.200461538
http://dx.doi.org/10.1002/9783527632992.ch14
http://dx.doi.org/10.1002/1521-4095(20020503)14:9<658::AID-ADMA658>3.0.CO;2-3
http://dx.doi.org/10.1016/j.aca.2015.09.039
http://dx.doi.org/10.1021/acsapm.0c00342
http://dx.doi.org/10.1073/pnas.1801962115


Polymers 2021, 13, 1353 23 of 25

37. Pelton, R.H.; Chibante, P. Preparation of aqueous lattices with N-isopropylacrylamide. Colloids Surf. 1986, 20, 247–256. [CrossRef]
38. Saunders, B.R.; Vincent, B. Microgels particles as model colloids: Theory, properties and applications. Adv. Colloid Interface Sci. 1999, 80, 1–25.

[CrossRef]
39. Pelton, R.H. Temperature-sensitive aqueous microgels. Adv. Colloid Interface Sci. 2000, 85, 1–33. [CrossRef]
40. Das, M.; Zhang, H.; Kumacheva, E. MICROGELS: Old Materials with New Applications. Annu. Rev. Mater. Res. 2006, 36, 117–142.

[CrossRef]
41. Karg, M.; Hellweg, T. New “smart” poly(NIPAM) microgels and nanoparticle microgel hybrids: Properties and advances

in characterisation. Curr. Opin. Colloid Interface Sci. 2009, 14, 438–450. [CrossRef]
42. Lu, Y.; Ballauff, M. Thermosensitive core-shell microgels: From colloidal model systems to nanoreactors. Prog. Polym. Sci. 2011, 36, 767–792.

[CrossRef]
43. Rovigatti, L.; Gnan, N.; Tavagnacco, L.; Moreno, A.; Zaccarelli, E. Numerical modelling of non-ionic microgels: An overview.

Soft Matter 2019, 15, 1108–1119. [CrossRef]
44. Gnan, N.; Zaccarelli, E. The microscopic role of deformation in the dynamics of soft colloids. Nat. Phys. 2019, 15, 683–688.

[CrossRef]
45. Wu, J.; Huang, G.; Hu, Z. Interparticle Potential and the Phase Behavior of Temperature-Sensitive Microgel Dispersions.

Macromolecules 2003, 36, 440–448. [CrossRef]
46. Tan, B.H.; Pelton, R.H.; Tam, K.C. Microstructure and rheological properties of thermo-responsive poly(N-isopropylacrilamide)

microgels. Polymers 2010, 51, 3238–3243. [CrossRef]
47. Zhu, P.W.; Napper, D.H. Light scattering studies of poly(N-isopropylacrylamide) microgel particle in mixed water-acetic acid

solvents. Macromol. Chem. Phys. 1999, 200, 1950–1955. [CrossRef]
48. Kratz, K.; Eimer, W. Swelling Properties of Colloidal Poly(N-Isopropylacrylamide) Microgels in Solution. Ber. Bunsenges.

Phys. Chem. 1998, 102, 848–854. [CrossRef]
49. Kratz, K.; Hellweg, T.; Eimer, W. Structural changes in PNIPAM microgel particles as seen by SANS, DLS and EM techniques.

Polymer 2001, 42, 6631–6639. [CrossRef]
50. Bao, L.; Zhaj, L. Preparation of Poly(N-isopropylacrylamide) Microgels using Different Initiators Under Various pH Values.

Macromol. Sci. 2006, 43, 1765–1771. [CrossRef]
51. Hellweg, T.; Dewhurst, C.D.; Eimer, W.; Kratz, K. PNIPAM-co-polystyrene core-shell microgels: Structure, swelling behavior,

and crystallization. Langmuir 2004, 20, 4333–4335. [CrossRef]
52. Xiong, W.; Gao, X.; Zao, Y.; Xu, H.; Yang, X. The dual temperature/pH-sensitive multiphase behavior of poly (Nisopropylacrylamide-

co-acrylic acid) microgels for potential application in in situ gelling system. Colloids Surf. B Biointerfaces 2011, 84, 103–110. [CrossRef]
53. Meng, Z.; Cho, J.K.; Debord, S.; Breedveld, V.; Lyon, L.A. Crystallization Behavior of Soft, Attractive Microgels. J. Phys. Chem. B

2007, 111, 6992–6997. [CrossRef]
54. Lyon, L.A.; Debord, J.D.; Debord, S.B.; Jones, C.D.; McGrath, J.G.; Serpe, M.J. Microgel Colloidal Crystals. J. Phys. Chem. B 2004,

108, 19099–19108. [CrossRef]
55. Holmqvist, P.; Mohanty, P.S.; Nägele, G.; Schurtenberger, P.; Heinen, M. Structure and Dynamics of Loosely Cross-Linked Ionic

Microgel Dispersions in the Fluid Regime. Phys. Rev. Lett. 2012, 109, 048302. [CrossRef]
56. Debord, S.B.; Lyon, L.A. Influence of Particle Volume Fraction on Packing in Responsive Hydrogel Colloidal Crystals.

J. Phys. Chem. B 2003, 107, 2927–2932. [CrossRef]
57. Hu, Z.; Xia, X. Hydrogel nanoparticle dispersions with inverse thermoreversible gelation. Adv. Mater. 2004, 16, 305–309.

[CrossRef]
58. Xia, X.; Hu, Z. Synthesis and Light Scattering Study of Microgels with Interpenetrating Polymer Networks. Langmuir 2004, 20, 2094–2098.

[CrossRef]
59. Zhou, J.; Wang, G.; Zou, L.; Tang, L.; Marquez, M.; Hu, Z. Viscoelastic Behavior and In Vivo Release Study of Microgel Dispersions

with Inverse Thermoreversible Gelation. Biomacromolecules 2008, 9, 142–148. [CrossRef] [PubMed]
60. Xing, Z.; Wang, C.; Yan, J.; Zhang, L.; Li, L.; Zha, L. pH/temperature dual stimuli-responsive microcapsules with interpenetrating

polymer network structure. Colloid Polym. Sci. 2010, 288, 1723–1729. [CrossRef]
61. Liu, X.; Guo, H.; Zha, L. Study of pH/temperature dual stimuli-responsive nanogels with interpenetrating polymer network

structure. Polym. Int. 2012, 61, 1144–1150. [CrossRef]
62. Nigro, V.; Angelini, R.; Bertoldo, M.; Castelvetro, V.; Ruocco, G.; Ruzicka, B. Dynamic light scattering study of temperature

and pH sensitive colloidal microgels. J. Non Cryst. Solids 2015, 407, 361–366. [CrossRef]
63. Nigro, V.; Angelini, R.; Bertoldo, M.; Bruni, F.; Ricci, M.; Ruzicka, B. Local structure of temperature and pH-sensitive colloidal

microgels. J. Chem. Phys. 2015, 143, 114904. [CrossRef]
64. Nigro, V.; Angelini, R.; Bertoldo, M.; Ruzicka, B. Swelling of responsive-microgels: Experiments versus models. Colloids Surf. A

2017, 532, 389–396. [CrossRef]
65. Nigro, V.; Angelini, R.; Bertoldo, M.; Bruni, F.; Ricci, M.; Ruzicka, B. Dynamical behavior of microgels of Interpenetrated Polymer

Networks. Soft Matter 2017, 13, 5185–5193. [CrossRef]
66. Romeo, G.; Ciamarra, M.P. Elasticity of compressed microgel suspensions. Soft Matter 2013, 9, 5401–5406. [CrossRef]
67. Romeo, G.; Imperiali, L.; Kim, J.; Fernández-Nieves, A.; Weitz, D.A. Origin of de-swelling and dynamics of dense ionic microgel

suspensions. J. Chem. Phys. 2012, 136, 124905. [CrossRef]

http://dx.doi.org/10.1016/0166-6622(86)80274-8
http://dx.doi.org/10.1016/S0001-8686(98)00071-2
http://dx.doi.org/10.1016/S0001-8686(99)00023-8
http://dx.doi.org/10.1146/annurev.matsci.36.011205.123513
http://dx.doi.org/10.1016/j.cocis.2009.08.002
http://dx.doi.org/10.1016/j.progpolymsci.2010.12.003
http://dx.doi.org/10.1039/C8SM02089B
http://dx.doi.org/10.1038/s41567-019-0480-1
http://dx.doi.org/10.1021/ma025656m
http://dx.doi.org/10.1016/j.polymer.2010.04.059
http://dx.doi.org/10.1002/(SICI)1521-3935(19990801)200:8<1950::AID-MACP1950>3.0.CO;2-R
http://dx.doi.org/10.1002/bbpc.19981020610
http://dx.doi.org/10.1016/S0032-3861(01)00099-4
http://dx.doi.org/10.1080/10601320600939528
http://dx.doi.org/10.1021/la0354786
http://dx.doi.org/10.1016/j.colsurfb.2010.12.017
http://dx.doi.org/10.1021/jp073122n
http://dx.doi.org/10.1021/jp048486j
http://dx.doi.org/10.1103/PhysRevLett.109.048302
http://dx.doi.org/10.1021/jp026783n
http://dx.doi.org/10.1002/adma.200305560
http://dx.doi.org/10.1021/la0354483
http://dx.doi.org/10.1021/bm700918d
http://www.ncbi.nlm.nih.gov/pubmed/18067257
http://dx.doi.org/10.1007/s00396-010-2316-5
http://dx.doi.org/10.1002/pi.4192
http://dx.doi.org/10.1016/j.jnoncrysol.2014.08.039
http://dx.doi.org/10.1063/1.4930885
http://dx.doi.org/10.1016/j.colsurfa.2017.04.059
http://dx.doi.org/10.1039/C7SM00739F
http://dx.doi.org/10.1039/c3sm50222h
http://dx.doi.org/10.1063/1.3697762


Polymers 2021, 13, 1353 24 of 25

68. Kratz, K.; Hellweg, T.; Eimer, W. Influence of charge density on the swelling of colloidal poly(N-isopropylacrylamide-co-acrylic
acid) microgels. Colloids Surf. A 2000, 170, 137–149. [CrossRef]

69. Jones, C.D.; Lyon, L.A. Synthesis and Characterization of Multiresponsive Core-Shell Microgels. Macromolecules 2000, 33, 8301–8303.
[CrossRef]

70. Mattsson, J.; Wyss, H.M.; Fernandez-Nieves, A.; Miyazaki, K.; Hu, Z.; Reichman, D.; Weitz, D.A. Soft colloids make strong glasses.
Nature 2009, 462, 83–86. [CrossRef] [PubMed]

71. Ma, J.; Fan, B.; Liang, B.; Xu, J. Synthesis and characterization of Poly(N-isopropylacrylamide)/Poly(acrylic acid) semi-IPN
nanocomposite microgels. J. Colloid Interface Sci. 2010, 341, 88–93. [CrossRef] [PubMed]

72. Nigro, V.; Angelini, R.; King, S.; Franco, S.; Buratti, E.; Bomboi, F.; Mahmoudi, N.; Corvasce, F.; Scaccia, R.; Church, A.; et al.
Apparatus for simultaneous dynamic light scattering–small angle neutron scattering investigations of dynamics and structure
in soft matter. Rev. Sci. Instrum. 2021, 92, 023907. [CrossRef]

73. Nigro, V.; Angelini, R.; Rosi, B.; Bertoldo, M.; Buratti, E.; Casciardi, S.; Sennato, S.; Ruzicka, B. Study of network composition
in interpenetrating polymer networks of poly(N isopropylacrylamide) microgels: The role of poly (acrylic acid). J. Colloid
Interface Sci. 2019, 545, 210–219. [CrossRef]

74. Nigro, V.; Ruzicka, B.; Ruta, B.; Zontone, F.; Bertoldo, M.; Buratti, E.; Angelini, R. Relaxation Dynamics, Softness, and Fragility of
Microgels with Interpenetrated Polymer Networks. Macromolecules 2020, 53, 1596–1603. [CrossRef]

75. Franco, S.; Buratti, E.; Ruzicka, B.; Nigro, V.; Zoratto, N.; Matricardi, P.; Zaccarelli, E.; Angelini, R. Volume fraction determination of
microgel composed of interpenetrating polymer networks of PNIPAM and Polyacrylic acid. J. Phys. Condens. Matter 2021, Epub ahead
of print.

76. Franco, S.; Buratti, E.; Nigro, V.; Zaccarelli, E.; Ruzicka, B.; Angelini, R. Glass and Jamming Rheology in Soft Particles made of
PNIPAM and polyacrylic acid. Int. J. Mol. Sci. 2021, 22, 4032. [CrossRef]

77. Micali, N.; Bertoldo, M.; Buratti, E.; Nigro, V.; Angelini, R.; Villari, V. Interpenetrating polymer network microgels in water:
Effect of composition on the structural properties and electrosteric interactions. ChemPhysChem 2018, 19, 2894–2901. [CrossRef]
[PubMed]

78. Kohlrausch, R. Theorie des elektrischen rckstandes in der leidener flasche. Ann. Phys. 1854, 2, 179–214. [CrossRef]
79. Williams, G.; Watts, D.C. Non-Symmetrical Dielectric Relaxation Behavior Arising from a Simple Empirical Decay Function.

J. Chem. Soc. Faraday Trans. 1970, 66, 80–85. [CrossRef]
80. Sierra-Martin, B.; Retama, J.R.; Laurenti, M.; Barbero, A.F.; Cabarcos, E.L. Structure and polymer dynamics within PNIPAM-based

microgel particles. Adv. Colloid Interface Sci. 2014, 205, 113–123. [CrossRef] [PubMed]
81. Shibayama, M.; Tanaka, T.; Han, C.C. Small angle neutron scattering study of poly(N-isopropyl acrylamide) gels near their

volume-phase transition temperature. J. Chem. Phys 1992, 97, 6829–6841. [CrossRef]
82. Shibayama, M. Small angle neutron scattering on polymer gels: Phase behavior, inhomogeneities and deformation mechanisms.

Polym. J. 2011, 43, 18–34. [CrossRef]
83. Shibayama, M. Spatial inhomogeneity and dynamic fluctuations of polymer gels. Macromol. Chem. Phys. 1998, 199, 1–30.

[CrossRef]
84. Glebov, A.; Mokhun, O.; Rapaport, A.; Vergnole, S.; Smirnov, V.; Glebov, L.B. Volume Bragg gratings as ultra-narrow and multi-

band optical filters. In Proceedings of the SPIE, Brussels, Belgium, 16–19 April 2012; Volume 8428, p. 84280C.
85. Tscharnuter, W. Mobility measurements by phase analysis. Appl. Opt. 2001, 40, 3995–4003. [CrossRef] [PubMed]
86. Minor, M.; van der Linde, A.; van Leeuwen, H.; Lyklema, J. Dynamic Aspects of Electrophoresis and Electroosmosis: A New Fast

Method for Measuring Particle Mobilities. J. Colloid Interface Sci. 1997, 189, 370–375. [CrossRef]
87. Connah, M.; Kaszuba, M.; Morfesis, A. High Resolution of Zeta Potential Measurements: Analysis of Multi-component Mixtures.

J. Dispers. Sci. Technol. 2002, 23, 663–669. [CrossRef]
88. Cors, M.; Wiehemeier, L.; Oberdisse, J.; Hellweg, T. Deuteration-Induced Volume Phase Transition Temperature Shift of

PNIPMAM Microgels. Polymers 2019, 11, 620. [CrossRef]
89. Angelini, R.; Ruocco, G. Viscosity measurements in a solution undergoing inverse melting. Philos. Mag. 2007, 87, 553–558.

[CrossRef]
90. Angelini, R.; Ruocco, G.; De Panfilis, S. Phase diagram of a solution undergoing inverse melting. Phys. Rev. E 2008, 78, 020502.

[CrossRef]
91. Howe, A.; Desrousseaux, S.; Lunel, L.; Tavacoli, J.; Yow, H.N.; Routh, A.F.Anomalous viscosity jump during the volume phase

transition of poly(N-isopropylacrylamide) particles. Adv. Colloid Interface Sci. 2009, 147–148, 124–131. [CrossRef] [PubMed]
92. Ahmed, Z.; Gooding, E.; Pimenov, K.; Wang, L.; Asher, S. UV Resonance Raman Determination of Molecular Mechanism of

Poly(N-isopropylacrylamide) Volume Phase Transition. J. Chem. Phys. B 2009, 113, 4248–4256. [CrossRef] [PubMed]
93. Nigro, V.; Ripanti, F.; Angelini, R.; Sarra, A.; Bertoldo, M.; Buratti, E.; Postorino, P.; Ruzicka, B. Molecular mechanisms driving

the microgels behaviour: A Raman spectroscopy and dynamic light scattering study. J. Mol. Liq. 2019, 284, 718–724. [CrossRef]
94. Pastorczak, M.; Kozanecki, M.; Ulanski, J. Water-Polymer interactions in PVME hydrogels—Raman spectroscopy studies. Polymer

2009, 50, 4535–4542. [CrossRef]
95. Maeda, Y. Infrared and Raman Spectroscopy of Temperature-Responsive Polymers: Chemistry, Properties and Applications; Wiley:

Hoboken, NJ, USA, 2018; pp. 197–223. [CrossRef]

http://dx.doi.org/10.1016/S0927-7757(00)00490-8
http://dx.doi.org/10.1021/ma001398m
http://dx.doi.org/10.1038/nature08457
http://www.ncbi.nlm.nih.gov/pubmed/19890327
http://dx.doi.org/10.1016/j.jcis.2009.09.024
http://www.ncbi.nlm.nih.gov/pubmed/19822320
http://dx.doi.org/10.1063/5.0035529
http://dx.doi.org/10.1016/j.jcis.2019.03.004
http://dx.doi.org/10.1021/acs.macromol.9b01560
http://dx.doi.org/10.3390/ijms22084032
http://dx.doi.org/10.1002/cphc.201800707
http://www.ncbi.nlm.nih.gov/pubmed/30074305
http://dx.doi.org/10.1002/andp.18541670203
http://dx.doi.org/10.1039/tf9706600080
http://dx.doi.org/10.1016/j.cis.2013.11.001
http://www.ncbi.nlm.nih.gov/pubmed/24275613
http://dx.doi.org/10.1063/1.463636
http://dx.doi.org/10.1038/pj.2010.110
http://dx.doi.org/10.1002/(SICI)1521-3935(19980101)199:1<1::AID-MACP1>3.0.CO;2-M
http://dx.doi.org/10.1364/AO.40.003995
http://www.ncbi.nlm.nih.gov/pubmed/18360433
http://dx.doi.org/10.1006/jcis.1997.4844
http://dx.doi.org/10.1081/DIS-120015369
http://dx.doi.org/10.3390/polym11040620
http://dx.doi.org/10.1080/14786430600920839
http://dx.doi.org/10.1103/PhysRevE.78.020502
http://dx.doi.org/10.1016/j.cis.2008.07.008
http://www.ncbi.nlm.nih.gov/pubmed/18835467
http://dx.doi.org/10.1021/jp810685g
http://www.ncbi.nlm.nih.gov/pubmed/19260666
http://dx.doi.org/10.1016/j.molliq.2019.04.024
http://dx.doi.org/10.1016/j.polymer.2009.07.048
http://dx.doi.org/10.1002/9781119157830.ch8


Polymers 2021, 13, 1353 25 of 25

96. Tsuboi, Y.; Nishino, M.; Kitamura, N. Laser-Induced Reversible Volume Phase Transition of a Poly(N-isopropylacrylamide) Gel
Explored by Raman Microspectroscopy. Polym. J. 2008, 40, 367–374. [CrossRef]

97. Dybal, J.; Trchova, M.; Schmidt, P. The role of water in structural changes of poly(N-isopropylacrylamide) and poly(N-isopropylmethacrylamide)
studied by FTIR, Raman spectroscopy and quantum chemical calculations. Vib. Spectrosc. 2009, 51, 44–51. [CrossRef]

98. Schmidt, P.; Dybal, J.; Trchova, M. Investigations of the hydrophobic and hydrophillic interactions in polymer-water systems by
ATR FTIR and Raman spectroscopy. Vib. Spectrosc. 2006, 42, 278–283. [CrossRef]

99. Pelton, R.H.; Pelton, H.M.; Morphesis, A.; Rowells, R.L. Particle Sizes and Electrophoretic Mobilities of Poly(N-
isopropylacrylamide) Latex. Langmuir 1989, 5, 816–818. [CrossRef]

100. Daly, E.; Saunders, B. Temperature-dependent electrophoretic mobility and hydrodynamic radius measurements of poly(N-
isopropylacrylamide) microgel particles: Structural insights. Phys. Chem. Chem. Phys. 2000, 2, 3187–3193. [CrossRef]

101. Hoare, T.; Pelton, R. Electrophoresis of functionalized microgels: Morphological insights. Polymer 2005, 46, 1139–1150. [CrossRef]
102. Gröhn, F.; Antonietti, M. Intermolecular Structure of Spherical Polyelectrolyte Microgels in Salt-Free Solution. 1. Quantification

of the Attraction between Equally Charged Polyelectrolytes. Macromolecules 2000, 33, 5938–5949. [CrossRef]

http://dx.doi.org/10.1295/polymj.PJ2007186
http://dx.doi.org/10.1016/j.vibspec.2008.10.003
http://dx.doi.org/10.1016/j.vibspec.2006.05.005
http://dx.doi.org/10.1021/la00087a040
http://dx.doi.org/10.1039/b002678f
http://dx.doi.org/10.1016/j.polymer.2004.11.055
http://dx.doi.org/10.1021/ma000235v

	Introduction
	Experimental Methods
	Sample Preparation
	Dynamic Light Scattering
	Small-Angle Neutron Scattering
	Raman Spectroscopy
	Rheological Measurements
	Electrophoretic Measurements

	Results
	Particle Size and Volume Phase Transition
	Molecular Mechanism Driving the VPT
	Local Structure across the VPT
	Concentration Dependence
	pH Dependence

	Conclusions
	References

