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ABSTRACT: pH-responsive poly(2-(diethylamino)ethyl methacrylate), PDEA, microgels have been
utilized as nanoreactors for the formation of metal nanoparticles. The PDEA microgels exhibit reversible
swelling properties in water as a function of the solution pH; at low pH, the microgel particles are swollen,
while an increase of the pH leads to hydrophobic latex particles. Metal nanoparticles were synthesized within
the microgel particles by the incorporation of the appropriate metal precursor followed by metal reduction.
Two synthetic routes have been utilized for the preparation of the nanoparticles and are compared herein:
in the first method, the K2PtCl6 precursor was added to the hydrophilic swollen microgel particles at low pH
(method A) followed by metal reduction and increase of the pH by the addition of base, while in the second
method,H2PtCl6 was added to the hydrophobic latex particles at high pH and next themetal salt was reduced
in situ using NaBH4 (method B). The structure of the hybrid systems was investigated by small-angle X-ray
scattering (SAXS) during the three steps of the metal nanoparticle synthesis: the original microgel dispersion
in water of the appropriate pH, the metal-loaded polymer matrices, and the metal nanoparticle-containing
microgels after reduction. The pH-responsive character of the microgels as well as the metal incorporation
was confirmed by the scattering profiles. Following metal reduction, Pt nanoparticles are formed with a
radius of about 1 nm for both methods. The scattering profiles acquired both before and after reduction for
the two methods exhibit differences which are attributed to the spatial distribution of the platinic anions and
the Pt nanoparticles.

I. Introduction

The unique properties of colloidal metal nanoparticles have
attracted great interest for their use in catalysis as well as in
optical devices, nanoelectronics, and superparamagnetic or ferro-
magnetic materials.1-5 However, there is a significant energetic
cost associated with their large surface area, and a reduction of
their interfacial energy is required to prevent agglomeration.
Both inorganic and organic moieties such as small molecule sur-
factants, functional polymers, zeolite cells, and others have been
used to confer nanoparticle stabilization.6-10

The incorporation of nanoparticles within polymeric nano-
structures has been realized by two different approaches. One
approach uses preformed nanoparticles and takes advantage of
their cooperative self-organizationwithin thepolymerdomains.11-15

The second one involves the in situ synthesis of the nanoparticles
within the soft matter nanostructures. Functional polymeric
materials, e.g., block copolymers,16-19 dendrimers,20 and poly-
mer microgels,21 have attracted particular attention as nano-
scopic reaction vessels for growing inorganic metal nanocrystals;
reverse micelles formed by small molecule surfactants in organic
media22,23 have been utilized as well. The use of polymers allows
potential control of the nanoparticle characteristics and proper-
ties by manipulating the molecular structure, the size, and the
composition of the macromolecules, whereas it permits utiliza-
tion of both organic and aqueous dispersing media.

Responsive microgels are particularly attractive for use in
many applications such as protein absorption, immobilization
of biomolecules, and drug delivery in the development of sensors
and in membrane filtering, while they can be employed as micro-
scopic reactors for the synthesis of inorganic nanoparticles as
well.24-37 Unlike diblock copolymer micelles, which may break
apart to the unimer state upon changing the solution conditions,
the network structure of the microgel is stable independently
of the solution pH, temperature, etc. Moreover, their swelling
characteristics can be properly controlled by changes in the
external stimuli; such a behavior could be advantageous for a
wide range of applications.

Microgel-metal nanoparticle hybrid materials have been pre-
pared by the in situ growth of the nanoparticles within the
microgel particles.38-41 Antonietti et al.24 were the first to report
the in situ preparation of noble metal colloids within microgel
nanoreactors. The effects of themicrogel cross-link density andof
the concentration of functional groups were investigated and
were correlated to the percentage of microgels containing metal
nanoparticles. Subsequent studies involved themetalation ofmicro-
gels comprising a minor fraction of the metal-binding functional
groups and a major fraction of nonfunctional moieties.30,42-44

Kumacheva and co-workers26,40,45 reported the use of a single
class of poly(N-isopropylacrylamide-co-acrylic acid), P(NIPAM-
co-AA), microgel templates for the in situ production of different
types of nanoparticles (semiconductor, metal, and magnetic)
and/or nanorods that have led to nanocomposites with unique
properties and high structural hierarchy. Suzuki et al.46,47 showed
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that the incorporation of Au and Au/Ag nanoparticles within
PNIPAM core-shell particles resulted in hybrid microgels that
exhibit thermoreversible color changes. Lu et al.48,49 reported the
modulation of the catalytic activity of Ag nanoparticles incorpo-
rated within thermosensitive core-shell particles induced by the
thermodynamic phase transition of the carrier networks. Poly-
(amidoamine) dendrimers with sizes between 3 and 15 nm were
incorporated within a poly(hydroxyl ethylmethacrylate) random
network by Amis and co-workers;20,50 metal salts, which either
interacted with the dendrimer molecules or diffused within the
polymer matrix, were added next followed by metal reduction to
produce Au, Pt, or Cu nanoparticles. Small-angle X-ray scatter-
ing (SAXS) and transmission electron microscopy (TEM)
showed that dendrimer aggregation within the gel was prevented
after the addition of the metal salt leading to homogeneous
hybrid materials. The use of these nanohybrids as selective nano-
catalysts in organic reactions was proposed, whereas the non-
linear optical properties of the Au nanocomposites are attractive
for the development of optical devices.

We have recently employed pH-responsive microgels based on
poly(2-(diethylamino)ethyl methacrylate), PDEA, as matrices
for the formation of nanoparticles at high metal loadings in
aqueous media.51-53 The use of such systems as recoverable
catalyst supports in organic chemistry and drug-delivery vehicles
has been suggested;51,54,55 the binding capacity and accessibility
of the microgel active sites, the size and number of nanoparticles,
and their spatial distribution and degree of dispersion within the
polymeric matrix are very important properties for such applica-
tions.56-58 The incorporatedmetal provides the required contrast
and renders SAXS a powerful technique for the characterization
of metal-loaded polymeric materials. Amis and co-workers20,50

have used SAXS to characterize the structure of metalated
dendrimers and understand the general features of metal colloid
nanotemplating. The size and number density of the metal nano-
particles within each dendrimer were found to depend on the
dendrimer generation, while the data supported the presence of
a single metal nanoparticle located offset from the center of the
dendrimer for G6-G9 dendrimers.20 The dispersion of the meta-
lated dendrimers within a hydrophilic polymer network was
also investigated by SAXS, which showed a uniform dendrimer
distribution with the interdendrimer distance being controlled by
the dendrimer concentration.50 Finally, hydrophobically modi-
fied dendrimers were studied as monomolecular reverse-micelle
systems for the formation of metal nanoparticles within the
hydrophilic dendrimer core.59 SAXS was employed to charac-
terize the nanoscale structure of the dendrimers upon metalation
and showed a transition from the spherical monomolecular
dendrimers to cylindrical multimolecular assemblies upon load-
ingwith themetal salt. The original spherical dendrimer structure
was restored following metal reduction to obtain the metal
nanocolloids. In a subsequent investigation, Bronstein et al.60

used anomalous small-angle X-ray scattering to determine the
particle size distribution and identify the location of Pt nano-
particles within diblock and triblock copolymer micelles. The
metalation of the “soft” polymeric matrix allowed the character-
ization of the structure of the polymer surrounding the metal
colloids as well.

In the present work, the structure of the pH-responsive PDEA
microgels is investigated by SAXS before and after metalation as
well as the characteristics of the metal nanoparticles synthesized
using two different synthetic routes. The structure of themicrogel
particles is studied during the three steps of the metal nanopar-
ticle synthesis: the dispersions of the original pH-responsive
microgels in water, the metal-loaded polymer matrices, and the
metal-nanoparticle-containingmicrogels after reduction. The influ-
ence of the metal incorporationmethod and the metal loading on
themetalatedmicrogel nanostructure andon the size and possible

spatial distribution of the nanoparticles within the polymeric
matrix are examined.

II. Experimental Section

Materials. All chemicals used were commercially available
and were purchased from Sigma-Aldrich (Germany). The
microgel particles were synthesized in their latex form at pH 9
by emulsion copolymerization of DEA at 70 �C using 1 wt %
ethylene glycol dimethacrylate cross-linker, with respect to
the monomer, in the presence of monomethoxy-capped poly-
(ethylene glycol) methacrylate stabilizer (Mn=2000 g/mol), as
described elsewhere.61 The microgel particles were purified by
extensive ultrafiltration to eliminate excess stabilizer as well as
traces of unreacted monomer and initiator.

The aqueous solution behavior of the microgel particles was
investigated as a function of solution pH by potentiometric
titrations at a microgel concentration of 0.1 wt %. The poten-
tiometric titration data (Figure S1, Supporting Information) are
used to calculate the effective pKa of the PDEAmicrogels as 5.9.
Note that the effective pKa of the PDEA block of a linear
diblock copolymer is 6.9.62

Moreover, the size of the pH-responsive PDEA microgel
particles in water was investigated by dynamic light scattering
(DLS; Figure S2, Supporting Information). The wavevector
dependence of the scattering intensity leads to the determination
of the radii of gyration of the microgels, Rg, whereas the mea-
sured diffusion coefficients are used to estimate their hydro-
dynamic radii,Rh;Rg andRh are determined as a function of the
solution pH (Table S1, Supporting Information).

Sample Preparation. Aqueous dispersions of the PDEA latex
particles at concentration 2 wt % were adjusted to the required
pH value using 0.1 M HCl or 0.1 M NaOH and were stirred for
24 h before measurement to ensure equilibrium swelling of the
microgel particles.

Two different methods were employed for the incorporation
of the metal compound within the microgel particles. In the first
method (method A), the pH of a 2 wt % aqueous latex dis-
persion was adjusted to pH 2 by the addition of 0.1MHCl. The
resulting microgel solution was stirred overnight to ensure
complete protonation of the tertiary amine groups, andK2PtCl6
was added next at the appropriate N:Pt molar ratio. The
solution was stirred for 24 h to allow for metal complexation
to occur, followed by ultrafiltration using a 3 nm pore size filter.
Finally, in situ metal reduction was carried out using NaBH4,
and the pH was increased to ∼10 by the addition of 0.1 M
NaOH. The sample was stirred overnight followed by ultrafil-
tration before measurement. In the second method (method B),
the metal precursor (H2PtCl6 3 6H2O) was added to a 2 wt %
aqueous latex suspension at zero effective degree of ionization
of the DEA units, Reff= [HCl]/[DEA monomer units], at the
required N:Pt molar ratio. The solution was stirred for 24 h,
whereas the excess platinic acid was eliminated by ultrafiltration
using a 3 nmpore size filter. Finally, metal reduction was carried
out using NaBH4, and the samples were stirred for 24 h. All
samples were ultrafiltrated before measurement.

The use of H2PtCl6, instead of its potassium salt, K2PtCl6,
was indeed required in method B (high pH) because the protons
derived from the acid dissociation protonate the PDEA amine
groups, which become positively charged and, thus, interact
via electrostatic interactions with the metal anion complex
(PtCl6

2-). This leads to the incorporation of themetal within the
polymeric matrix in the first step, which is followed by metal
reduction to form the metal nanoparticles in the next step. The
use of K2PtCl6 instead of H2PtCl6 would not give the required
proton atoms (Kþ will be formed instead) to protonate the
tertiary amine groups of the polymer, and thus, metal incor-
poration would be ineffective19,53 because metal incorporation
in that case proceeds only via N-coordination onto the Pt atom,
which is a much slower equilibration process compared to the
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quantitative electrostatic complexation that takes place when
H2PtCl6 is used. It is noted that the metal compound H2PtCl6
was incorporated at a mild pH∼ 8 (zero effective degree of ion-
ization of the DEA monomer repeat units) to avoid the hydro-
lysis of the metal complex that takes place at high pH which
would eventually lead to an ineffective incorporation within the
polymer matrix.

Small-Angle X-ray Scattering. SAXS experiments were
performed on the Dutch-Belgian Beamline (DUBBLE) at the
European Synchrotron Radiation Facility (ESRF) station
BM26B63,64 in Grenoble, France. SAXS data were recorded on
a two-dimensional position-sensitive detector.65 Two different
energies of theX-ray beamwere used, 15 and 8 keV, each one for
a different sample-to-detector distance, 2 and 7 m, respectively,
and thus, a wide scattering vector range was covered, 0.04 <
q < 6.4 nm-1. The magnitude of the scattering vector is q=
(4π/λ) sin θ, where 2θ is the scattering angle.

The two-dimensional images were radially averaged around
the center of the primary beam in order to obtain the isotropic
SAXS intensity profiles. The scattering patterns from a speci-
men of wet collagen (rat tail tendon) and silver behenate were
used for the calibration of the wavevector scale of the scattering
curves. The data were normalized to the intensity of the incident
beam (in order to correct for primary beam intensity fluctua-
tions) and were corrected for absorption, background scatter-
ing, andmicrogel concentration (for the puremicrogel solutions).
For the metal-containing samples no concentration correction
was applied, since the amount of the added metal compound
is negligible with respect to the total mass of the sample. Two
ionization chambers placed before and after the sample were
utilized for monitoring the incident and the transmitted beams.
Lupolen and Eltex were used as reference samples for the inten-
sity calibration in absolute units (cm-1). The scattering intensity
from pure water was subtracted from the total scattering
intensity to account for the background correction due to the
contribution of density fluctuations. All samples were placed in
glass capillary tubes of a diameter of 2 mm, and the measure-
ments were conducted at room temperature (25 �C).

The intensity scattered from a monodisperse collection of
particles of volume V and number density Np is

IðqÞ ¼ NpðΔrÞ2V2PðqÞSðqÞ ð1Þ
where ΔF is the difference in the scattering length densities
between the scattering particles and the solvent, P(q) is the form
factor of the particles, and S(q) is the structure factor. For very
dilute systems, S(q) f 1 and the structure factor contribution
can be neglected. For spherical particles (like the microgel
particles of the present work as well as the assumed shape of
the metallic nanoparticles), the form factor of a homogeneous
sphere of radius R is used:

PðqÞ ¼ 9ðsin qR- qR cos qRÞ2
ðqRÞ6 ð2Þ

The polydispersity in the particle radius is accounted with a
Gaussian distribution g(r)

gðrÞ ¼ 1ffiffiffiffiffiffi
2π

p
w
exp -

ðr-RÞ2
2w2

 !
ð3Þ

where w is the standard deviation of the distribution. The
scattered intensity, thus, becomes

Iðq, rÞ ¼ NpðΔrÞ2
Z ¥

0

ðVðrÞÞ2Pðq, rÞgðrÞ dr ð4Þ

The calculated intensity is fitted to the experimental data by
adjusting the two parameters, R and w, and by using a scaling
factor related to the product Np(ΔF)2. The fitting is accom-
plished by a nonlinear least-squares fitting procedure.

When appropriate, different contributions to the scattering
from the microgel dispersions are added to eq 4, as will be
discussed in the Results section. Moreover, when needed, a
constant background type of constant intensity is added at high
wavevectors, whose origin is discussed in the text.

III. Results and Discussion

Microgel Particles in Water as a Function of Solution pH.
The PDEA microgels exhibit reversible swelling properties
in water as a function of the solution pH. At low pH, the
microgel particles are swollen due to the protonation of the
DEA monomer repeat units, which allows the ingress of
water within the microgel particles, whereas the increase of
the pH above the effective pKa value of themicrogels leads to
the deprotonation of the tertiary amine groups and, thus, to
hydrophobic latex particles.51 Figure 1 shows the scattering
patterns acquired for 2 wt % PDEA microgel dispersions
at three different pH values of 2, 7.3, and 10. Note that the
curves for pH 7.3 and 10 have been shifted vertically for
clarity.

The scattered intensity recorded for the microgel disper-
sion at pH 2 exhibits a q-4 dependence in the lowwavevector
range, while at higher wavevectors it decreases with q as
q-1.3. The solid line in Figure 1 is the best fit curve obtained
by adding these two power-law contributions. The q-4

dependence observed in the low q-range is attributed to the
Porod scattering from the swollenmicrogel particles at pH 2,
whose radius exceeds the length scale accessible within the
q-range of the present experiment. At pH 2, all DEA units
of the microgel are protonated and, thus, the microgels are
highly swollen; dynamic light scattering measurements
(discussed in the Supporting Information) result in a radius
of gyration Rg=199 nm and a hydrodynamic radius Rh =
200 nm. On the other hand, the q-1.3 power law in the inter-
mediate wavevector range can be attributed to the scatter-
ing from the interconnected polymer network within the
microgel particle. It is well-known that a network structure
scatters as66,67

SfractalðqÞ ¼ q- f ð5Þ
where f is the fractal dimension (f < 3); a fractal dimension
close to 1 indicates a loosely connected network, whereas f
increases as the network becomes denser. The value of 1.3

Figure 1. Scattering patterns acquired for a 2 wt % PDEA microgel
dispersion at pH 2 (open squares), 7.3 (open circles), and 10 (open
triangles). The curves for pH 7.3 and pH 10 have been shifted vertically
for clarity bymultiplying themby 5 and 100, respectively. Solid lines are
the respective best fit curves taking into account the scattering con-
tributions discussed in the text. The simulated form factors for the
spherical microgels at pH 7.3 and 10 (with the respective poly-
dispersities) are drawn by dotted lines.
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estimated for f should be due to the swelling of the microgels
at pH 2, which reduces the density of the network.

When the solution pH is raised to 7.3, at least three well-
defined minima are observed in the low q-range, implying
that the radius of themicrogel is reduced andnow falls within
the length scales probed by the present experiment; at pH7.3,
the degree of ionization of the DEA units is estimated as
0.04 by the Henderson-Hasselbalch equation, R = (1 þ
10pH-pKa)-1. Although the Guinier regime is still not acces-
sible, the positions of theminima are consistent with those of
the form factor of a spherical particle (eqs 2-4) and, thus,
one can safely derive that themicrogel particles are spherical;
the spherical shape of the microgels and their narrow size
distribution have been confirmed by DLS and TEM in
an earlier investigation.51 The first minimum observed at
around 0.069 nm-1 is the second-orderminimumof the form
factor of a sphere with a radius R=110 nm (dotted line
in Figure 1), while the sharpness of the minima and the
appearance of even the fourth-order minimum are indicative
of a narrow particle size distribution. The use of a fractal
term Sfractal(q), which describes the contribution of the net-
work to the total scattering, eq 5, was required to fit the data
for the microgel dispersion at pH 7.3 as well. The best fit
curve is presented in Figure 1 and corresponds to the scatter-
ing from spherical particles (eq 4), withR=110 nmandw=
8nm (dotted line), plus the scattering froman interconnected
polymer network of fractal dimension f=1.5, slightly higher
than that found for the swollen microgels at pH 2. These
findings confirm that at pH 7.3 the microgel particles are in
a more-or-less collapsed state, since R is reduced and the
network has become denser.

A similar profile was acquired for the microgel dispersion
at pH 10. Analysis of the data results in a mean radius R =
99 nm, with an associated standard deviation w=11 nm
(dotted line), which can be used as a measure of particle
polydispersity, in agreement with dynamic light scattering
data that gave a radius of gyration Rg = 105 nm and a
hydrodynamic radius Rh = 154 nm (see Supporting In-
formation). Moreover, f was found to be 1.6, close to the
value obtained at pH 7.3. These findings indicate a further
collapse of the microgel particle as the pH increases further
above the effective pKa (5.9) of the DEA repeat units in the
PDEA microgels.53

Metalation of the Microgel Particles Using Method A.
Figure 2 shows the SAXS profiles acquired for the three
synthetic steps followed for the formation of the Pt nano-
particles within the PDEAmicrogels using method A at a N:
Pt=4:1molar ratio.MethodA involves themetalation of the
hydrophilic microgel particles at low pH using K2PtCl6 and
the subsequent in situ metal reduction using NaBH4, fol-
lowed by the increase of the pH to 10 by the addition of
NaOH.

As discussed in the previous section, the microgel particles
at pH 2 (first step in Figure 2) are in the swollen state with
a fractal dimension f = 1.3 and a diameter that exceeds
the length scale accessible within this experiment. After the
incorporation of the metal precursor, the scattered intensity
increases abruptly due to the increase of the contrast induced
by the presence of the metal species within the microgel
particle (second step in Figure 2). The increase in the scat-
tered intensity is more pronounced in the low wavevector
range, where a q-4 dependence is still observed and is
attributed to the scattering from the metalated microgel
particles.68

Moreover, besides the fractal contribution to the scatter-
ing from the interconnected network, a shoulder appears at
around q= 0.4 nm-1 and ends at a background of constant

intensity. The shoulder indicates the presence of small enti-
ties of different scattering contrast, which can be attributed
to the aggregation of ion-neutralized hydrophobic poly-
mer within the hydrophilic microgel network. This suggests
that the incorporated platinum anions are not homoge-
neously dispersed within the microgel particles; the PtCl6

2-

anions are localized in these neutralized and, thus, hydro-
phobic regions, which would possibly serve as the nucleation
sites for the formation of the platinum nanoparticles upon
metal reduction (third step in Figure 2, to be discussed later).
For the analysis presented below it is assumed that these
hydrophobic regions are spherical.

The experimental scattering curve is fitted to that calcu-
lated by the summation of a q-4 power law, a fractal term
Sfractal(q), eq 5, and the form factor of a spherical domain

IðqÞ ¼ Aq- 4 þBq- f þNpðΔrÞ2
Z ¥

0

ðVðrÞÞ2Pðq, rÞf ðrÞ dr
ð6Þ

attributed to the contribution of the large microgel par-
ticle (q-4), which is too large to be seen within the present
q range, the interconnected network (q-f), and the hydro-
phobic domains. It is noted that the possible interference
terms in the scattering intensity of complicated particles,
such as the microgels investigated in this work, can be
neglected in this case because of the large difference in the
size of the microgels compared to that of the small hydro-
phobic regions.69 Despite the large polydispersity, the radius
of these hydrophobic domains is estimated to be ∼3 nm,
while the fractal dimension is estimated as f=1.6, which is
similar to that derived for the pure microgel particles at pH
10, verifying the collapse of the swollenmicrogels uponmetal
complexation.51

The polymer-to-metal mole ratio was varied to investigate
the effect of the metal loading on the microgel structure and
the characteristics of the metal nanoparticles formed after
metal reduction. The scattering profiles acquired for the
three K2PtCl6-loaded microgel samples studied in this work
are presented in Figure 3, along with the corresponding best
fit curves. At a low metal loading (N:Pt=8:1 molar ratio)
the shape of the SAXS pattern is similar to that of the pure
microgel solution at pH 2 for low and intermediate wave-
vectors, whereas it is shifted to higher intensities, indicating
that themetal anions are bound within the microgel particles

Figure 2. Scattering intensity curves acquired for the various synthetic
steps followed for the synthesis of Pt nanoparticles within the PDEA
microgels using method A at a 4:1 N:Pt molar ratio. Open squares:
microgel at pH 2. Open circles: microgel after PtCl6

2- complexation.
Open triangles: microgel following metal salt complexation and reduc-
tion. Solid lines are the respective best fit curves taking into account the
scattering contributions discussed in the text.
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and increase the contrast between the particle and the
aqueous medium. The q-1.3 dependence is again evident in
the intermediate q-range, implying that the density of the
network is almost not affected by the presence of the metal
anions at this very lowmetal loading. A bump is also evident
at q∼ 1 nm-1 similar to that discussed above (second step in
Figure 2); analysis of the scattering data using eq 6 results in a
size of the hydrophobic domains of∼1-2 nm. The expected
decrease in themicrogel size and the increase in the density of
the network are very small52 and, thus, cannot be probed by
SAXS. By increasing the metal loading to N:Pt=4:1 molar
ratio, the scattering curve is shifted to even higher intensities,
due to the increase of the PtCl6

2- content, whereas the pres-
ence of hydrophobic neutralized regionswithin themicrogels
is evident, as discussed for Figure 2. The individual con-
tributions to the scattering of the large microgel and of
the metal-neutralized hydrophobic domains are separately
shown in the inset of Figure 3 for the N:Pt = 4:1 system.
At the same time, the microgels collapse and the network
becomes denser, as indicated by the higher estimated fractal
dimension (f=1.6). Similar results were obtained for the
microgel loaded at aN:Pt=2:1molar ratio; the use of eq 6 to
fit the scattering curve gave a radius of around 4 nm for the
hydrophobic neutralized regions along with a fractal dimen-
sion f= 1.6 for the collapsed dense network. It is noted
that the fractal dimension increases from ∼1.3 at 8:1 metal
loading to ∼1.6 for the high metal loadings 4:1 and 2:1,
suggesting that the network becomes denser upon metal
complexation. The shrinkage of the microgel particles should
result in the appearance of form factor minima in the low
q-range of the scattering profiles; however, the increased
effective polydispersity due to possibly nonuniform metala-
tion of all the particles or the increase in the intensity
scattered by the metalated network prevents the observation
of such form factor minima.

Additionally, a gradual increase of the background inten-
sity at high wavevectors is observed as the metal loading
increases. Since the background intensity results from the
sumof the scattering from the atomic species that do not par-
ticipate in the scattering objects, which have been accounted
for, this gradual increase is attributed to the distribution
of metal anions over the whole volume of the microgel
particles; note that the unbound anions were removed from
the solution by ultrafiltration. These results suggest that the

metalation of the microgels utilizing method A leads to a
distribution of the PtCl6

2- anions within the whole poly-
meric particle, causing a gradual increase in the network
density as the metal loading increases. More interestingly,
local metal-neutralized hydrophobic domains are formed,
where the metal nanoparticles may nucleate in the next
synthetic step.

Aftermetal reduction, the scattering profile is significantly
altered (third step in Figure 2). The intensity increases in the
high wavevector range, signifying the presence of very small
particles. On the other hand, the intensity in the low wave-
vector range decreases compared to that of the PtCl6

2-

containing microgel. These results suggest a redistribution
of the scattering mass: before reduction, the Pt anions were
distributed all over the microgel particle, resulting in high
intensity at low wavevectors while, after reduction, platinum
nanoparticles are formed embedded within the polymer
network, which scatter at higher wavevectors.

The scattering patterns acquired for the nanoparticle
impregnated microgels at the three polymer-to-metal ratios
studied in this work are shown in Figure 4. The shapes of
the profiles are similar for all three samples while the total
scattering intensity increases with the metal loading in the
microgel. The profile that corresponds to the N:Pt = 2:1
molar ratio exhibits two shallow minima in the low wave-
vector range, which allow to estimate the size of the microgel
R to be around 117 nm; it should be reminded that the shape
of the nanoparticle-containing microgels remained spheri-
cal, as proved by DLS and TEM measurements.51 The data
in the high wavevector range can be fitted with the form
factor of spherical particles with a radius of 0.8 nm and a
polydispersity of around 0.3 nm, which are attributed to
the metal nanocrystals embedded within the microgels. The
simulated contributions of the microgel particles (R=117
nm; 10% size polydispersity) and the metal nanoparticles to
the total scattering for the 2:1 N:Pt loading are presented in
the inset as is the sum of these two contributions. In order to
fit the data at intermediate wavevectors, the incorporation
of a fractal term, q-f, was required. The value obtained for
the fractal dimension was f = 2, somehow higher than that
obtained for the pure microgels in the collapsed state,
possibly because of distortions of the network by the pre-
sence of the metal nanoparticles. It is noted that a high-
wavevector cutoff was used for the fractal contribution to the
scattering since the expression q-f is valid for wavevectors
lower than those corresponding to the mesh size of the
network, which is estimated as 7-8 nm for the microgels
with 1% cross-link density. The sum of the contributions of
the polydisperse Pt nanoparticles, the spherical microgel
particle, and the interconnected network is shown inFigure 4
as a solid line. Note that it is the use of a cutoff wavevector
together with the fact that cross-correlation terms were not
used in the scattering intensity calculation that results in the
appearance of a steplike feature in the calculated scattering
curve. The scattering intensity in the intermediate range
should in principle include contributions from interference
terms introduced in the scattering of complex particles due to
the cross-correlation either between the particles and the
network or between the nanoparticles themselves. However,
it was decided to avoid using empirical interference terms
since these cross-correlations were well beyond the focus of
the present article.

Similar analysis was applied to the scattering profile
acquired for the metal-containing microgel particles at a
4:1 metal loading after reduction (third step in Figure 2 and
Figure 4). The radius of the microgel particles was found to
be around 120 nm, suggesting again the collapse of the

Figure 3. Scattering intensity profiles acquired for the K2PtCl6-loaded
microgels at 2:1 (open diamonds), 4:1 (open circles), and 8:1 (open
triangles)N:Ptmetal loading together with themicrogel particle at pH2
(open squares). Solid lines are the respective best fit curves taking into
account the scattering contributions discussed in the text. The individ-
ual contributions to the scatteringof the largemicrogel andof themetal-
neutralized hydrophobic domains are separately shown in the inset for
the N:Pt=4:1 metal loading.
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microgels, while polydisperse Pt nanoparticles with a mean
radius of ∼0.7 nm were formed. Moreover, analysis of the
data required the use of a fractal termwith f=1.9, indicating
again a distorted network. For the N:Pt= 8:1 metal loading
the shape of the curve is similar (Figure 4), implying that the
sample comprises similar structural components. In the high
q-range a nanoparticle radius of around 0.7 nm was derived
with a very high polydispersity; however, the size of the
microgels could not be calculated because no minima were
evident in the low q range; this is why no fitted curve is shown
for N:Pt = 8:1.

Thus, one can conclude that polydisperse metal nanopar-
ticles are formed within the microgel particles in all cases,
while the metal loading does not affect significantly the size
of the nanoparticles, which is almost constant with a radius
of around 1 nm. Yet, the increase of the intensity at low
wavevecrors when increasing the metal loading (decreasing
the N:Pt ratio) reveals that the number of nanoparticles
formedwithin themicrogels increaseswith themetal loading.
At higher metal loadings the number of nucleation sites
increases, while the growth of the nanoparticles, which is
dictated mainly by thermodynamic terms, remains constant,
leading to nanoparticles of similar size. At the same time, it is
found that the fractal term contribution required a fractal
exponent f higher than that of the collapsed network, thus,
providing evidence that the network is distorted by the
presence of the nanoparticles. The latter is a very strong
indication that indeed the nanoparticles are formed within
the microgel particles and is the first direct proof for the
spatial location of the nanoparticles since all characteriza-
tion techniques used previously could not provide this
information.

Metalation of the Microgel Particles Using Method B.
The structure of the metalated samples using method B,
which involves the incorporation of the metal-containing
acid precursor, H2PtCl6, into the hydrophobic latex particles
at zero effective degree of ionization of the PDEA units,
followed by in situmetal reduction, was investigated as well.
Two polymer-to-metal molar ratios, N:Pt=4:1 and 16:1,
were studied. As discussed above, the microgel particles are
in the collapsed state at high pH. For pH 7.3 and 10, the radii
were found to be 110 and 99 nm, respectively, while the

fractal dimension was 1.6, suggesting an increase of the
density of the network (Figure 1).

Figure 5 presents the SAXS profiles acquired for the
various synthetic steps followed for the synthesis of Pt
nanoparticles within the PDEA microgels at pH 7.3 and a
N:Pt=4:1molar ratio. The scattering from the dispersion of
the microgels at pH 7.3 was discussed in relation to Figure 1
earlier. Addition of the metal precursor to this dispersion
leads to an abrupt increase of the scattered intensity at low
wavevectors, which is attributed to the metal incorporation
within the polymeric matrix and the increase in the excess
electron density. For high wavevectors (q> 1 nm-1), the
intensitydrops to thatobtained for thepuremicrogel solution.

The scattering intensity profiles of the H2PtCl6-loaded
microgels are shown in Figure 6 along with the correspond-
ing best fit curves for two different metal loadings. A
shoulder similar to that observed for the scattering profiles
of theK2PtCl6-loaded particles ofmethodA is observed, and
thus, the experimental curves were fitted using eq 6 to take
into account the q-4 contribution from the microgel parti-
cles, the fractal term Sfractal(q) that describes the network
scattering, and the form factor of a spherical particle for the
metal-neutralized hydrophobic domains. Although the high
pH value suggests that the microgel particles should be
collapsed, no form factor minima are apparent in the low
wavevector regime due to the broadening of the external
surface of the particles. Metalated hydrophobic regions of
around 5 nm in radius were formed within the particles when
loaded at N:Pt = 4:1 molar ratio, and the fractal dimension
estimated from the intermediate q-range data was f=1.6,
indicating a collapsed network as discussed above. The
individual contributions to the scattering of the large micro-
gel and of the metal-neutralized hydrophobic domains are
separately shown in the inset of Figure 6 for the N:Pt = 4:1
system. For the N:Pt = 16:1 sample, the corresponding
values were 2.5 nm for the metalated hydrophobic domains
and f= 1.5 for the fractal dimension. In contrast to method
A, the background intensity is independent of the metal
loading and is similar to that obtained for the pure microgel
dispersion. This suggests that the PtCl6

2- anions are locally
confined within the microgel particles and are not distributed
over the whole volume of themicrogel, as found formethodA.

The differences in the distribution of the incorporated
metal species observed for the two methods is due to the
different processes that take place during metalation. The

Figure 4. Scattering intensity profiles of the Pt nanoparticle-containing
PDEA microgels, obtained after reduction of the K2PtCl6-loaded
microgels at a 2:1 (open diamonds), 4:1 (open circles), and 8:1 (open
triangles) N:Pt molar ratio. Solid lines are the respective best fit curves
taking into account the scattering contributions discussed in the text.
The contributions of the microgel (dotted line) and the metal nanopar-
ticles (dashed line) to the total scattered intensity are presented in the
inset for the 2:1 N:Pt metal loading together with the sum of these two
contributions. High-wavevector cutoffs of 0.85 nm-1 were used for the
fractal contribution for the 4:1 and 2:1 samples (see text).

Figure 5. Scattering intensity profiles acquired for the various synthetic
steps followed for the formation of Pt nanoparticles within the PDEA
microgels using method B at a 4:1 N:Pt molar ratio. Open circles:
microgel at pH 7.3; open triangles: microgel after H2PtCl6 incorpora-
tion; open diamonds: microgel following metal loading and reduction.
Solid lines are the respective best fit curves taking into account the
scattering contributions discussed in the text.
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metal incorporation in method A occurs in one step, which
consists of the ionic complexation of the anionic metal
species by the cationic polymer due to electrostatic interac-
tions over the whole volume of the particle. In method B, the
hexachloroplatinic acid added to the microgel dispersion
at pH 7.3 partially protonates the tertiary amine groups of
the microgels and induces a local swelling of the microgel.
Subsequently, the cationic amine groups formed complex the
divalent metal anions leading to the metalated hydrophobic
nanodomains.

Following metal reduction, the formation of Pt nanopar-
ticles is manifested by the significant increase of the scattered
intensity in the high wavevector range (Figure 5). The SAXS
profiles acquired following metal reduction of the H2PtCl6-
loaded microgels are presented in Figure 7 for two different
metal loadings. In order to fit the data, a similar procedure to
that used for the K2PtCl6-loaded microgels was applied
(inset for N:Pt = 4:1). The radius of the metal nanoparticles
formed within the PDEA microgels was calculated to be
around 1 nm with a standard deviation of around 0.30 nm,
while larger particles with radius estimated as ∼2 nm were
formed for the N:Pt = 16:1 loading. Note that the high-
wavevector cutoff used for the fractal contribution leads to
the appearance of the weak step in the calculated scattering
curve since again the contribution of interference terms was
not included in the calculations. The simulated contribu-
tions of the microgel particles (R=109 nm, 10% size poly-
dispersity) and the metal nanoparticles to the total scattering
are presented in the inset for the N:Pt= 4:1 metal loading as
is the sum of these two contributions; the need of a contribu-
tion due to the fractal term is evident. For both metal load-
ings, the increased intensity in the low wavevector range,
with respect to that of the pure microgel (Figure 5), indicates
the successful impregnation of the polymeric matrices with
the Pt particles. The radius of the metal nanoparticles
was found to decrease with increasing metal loading, unlike
method A. The fitted fractal dimension f is estimated to be
1.6 for both samples, equal to that obtained for the network
of the pure microgel at the collapsed state indicating that the
network is not appreciably distorted by the presence of the
metal nanoparticles in contrast to the behavior found for
method A. One could speculate that this may suggest that
the metal nanoparticles are not distributed within the whole
volume of the microgel particles. A possible scenario is the
metalation of only an outer shell of the microgels, which

would lead to the formation of shell-decorated microgel
particles and a large nonmetalated microgel core; however,
the scattering profiles for the metal-containing microgels
(Figure 6) do not require the use of a core-shell type of form
factor for their analysis.

IV. Concluding Remarks

SAXS has been used to investigate the structure of pH-
responsive microgels before and after metal incorporation. The
decrease in themicrogel radius accompanied by an increase of the
fractal dimension f when increasing the solution pH confirmed
the pH-responsive character of the microgels. These tertiary-
amine-based PDEA microgels were utilized as nanoreactors for
the formation of Pt nanoparticles. Two synthetic routes have
been used for the incorporation of themetal precursor; in the first
method, the K2PtCl6 precursor was added to the hydrophilic
swollen microgel particles at low pH followed by metal reduc-
tion and an increase of the pH with NaOH (method A), while
in the second method, H2PtCl6 was added to the hydrophobic
latex particles at high pH, followed by in situ metal reduction
(method B). The structure of the metalated particles was inves-
tigated by SAXS during the three steps of the metal nanoparticle
synthesis: the original polymer dispersions in water, the metal-
loaded polymer matrices, and the metal-nanoparticle-containing
microgels after reduction. The influence of the metal loading on
the structure of the microgels and the characteristics of the
nanoparticles was examined.

The addition of the metal precursor resulted in an increase of
the scattered intensity at low wavevectors for both methods,
signifying the complexation of the platinic salt by the polymeric
matrix. The increase of the scattering intensity observed in the
intermediate wavevector range suggested that the metal com-
pound is not homogeneously distributed within the metalated
volume and evidenced the formation of neutralized and, thus,
hydrophobic polymer-metal domains. However, further anal-
ysis of the scattering patterns indicated that, in method A,
isolated PtCl6

2- anions were also distributed within the whole
volume of the microgel particle, while only local metalated poly-
mer nanodomains were apparent in method B. Following metal
reduction, Pt nanoparticles were formed. The size of these
nanoparticles was found to be around 1-2 nm in diameter

Figure 7. Scattering intensity profiles of the Pt nanoparticle-containing
PDEA microgels, obtained after reduction of the H2PtCl6-loaded
microgels (method B) at a 4:1 (open diamonds) and 16:1 (open
hexagons) N:Pt molar ratio. The solid line is the best fit curve for the
4:1 N:Pt loading taking into account the scattering contributions
discussed in the text. The contributions of the microgel (dotted line)
and themetal nanoparticles (dashed line) to the total scattered intensity
are presented in the inset for the 4:1N:Ptmetal loading togetherwith the
sum of these two contributions. A high-wavevector cutoff of 0.85 nm-1

was used for the fractal contribution to the scattering for the 4:1 sample
(see text).

Figure 6. Scattering intensity profiles acquired for themicrogels loaded
with H2PtCl6 at pH 7.3 for 4:1 (open triangles) and 16:1 (open inverted
triangles) N:Pt molar ratio together with the pure microgel at pH 7.3
(open circles). Solid lines are the respective best fit curves taking into
account the scattering contributions discussed in the text. The individ-
ual contributions to the scatteringof the largemicrogel andof themetal-
neutralized hydrophobic domains are separately shown in the inset for
the N:Pt = 4:1 metal loading.
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independent of the metal loading and the method used, suggest-
ing an increase in the number of nanoparticles formed within the
polymer microgels when increasing the metal loading. On the
other hand, an important difference concerning the topology
of the polymer network within the microgel arises for the two
methods: a distorted network is found for the nanoparticle-
containing microgel particles of method A suggesting microgels
homogeneously impregnated with Pt nanoparticles, while the
nondistorted collapsed network of method B suggests a non-
homogeneous distribution of nanoparticles within the microgels.
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