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Abstract: We report a strategy for the production of materials with structural hierarchy. The approach
employs polymer microgels as templates for the synthesis of semiconductor, metal, or magnetic
nanoparticles (NPs). We show that NPs with predetermined dimensions and size-dependent properties
can be synthesized by using a very delicate balance between the reaction conditions, the composition and
the structure of microgel templates, and the concentration of NPs in the microgel. Postheat treatment of
microgels doped with semiconductor nanoparticles reduces NP polydispersity and allows control of their
photoluminescence. Microgel templates are particularly beneficial in the synthesis of polymer microspheres
heavily loaded with monodisperse superparamagnetic FezO4, NPs. Hybrid submicrometer-size microgels
have promising potential applications in photonics, catalysis, and separation technologies.

Introduction crystallization of the latter under the action of magnetic ffeld.

Over the past decade, inorganic nanoparticles, NPs, Shov\,ed\/letalloplielectric_microspheres showed tunable surfacg plasmon
promising applications in electronic and optical devices, mag- Properties. Colloid crystals produced from polymer microgels
netic recording media, biological labeling, catalysis, and quan- doped with metal NPs were used for the patterning of self-
tum computing:2 Submicrometer-size colloid particles (com- 2asseémbled photonic materidls.
prehensively studied in the past 40 years) have attracted revived The incorporation of preformed inorganic NPs into the interior
interest due to their potential applications in photonic crystals, ©f microspheres generally does not allow one to achieve a high
sensors, immunoassays, and biosepardtidore recently, concentration of NP$;it often leads to the change in NP
systems with structural hierarchy, combining nanometer and Properties; and it may result in aggregation of NPs and/or
submicrometer characteristic length scales, have received con/Nicrobeads:'%In-situ synthesis of nanoparticles in the interior
siderable attention. Polymer microbeads doped with luminescentOf the microspheres (that is, template-based synthesis) is an
NPs were used for biological labelifgPhotonic crystals alternative approach to this procedure. We stress that in-situ
obtained from microspheres coated with semiconductor NPs Synthesis of NPs in microbeads such as ion-exchange résins,
showed coupling of structurally and angularly dependent latex sphere¥ or microgeld®-15 has a two-fold advantage: the
electromagnetic resonances (arising from microscale structuraluse of polymer spheres as the microreactors and the production
periodicity) and optical properties of quantum dots (providing ©f & material with structural hierarchy.
spectral control through the quantum confinement effett)e .
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Figure 1. Schematic of microgel-based synthesis of semiconductor, metal, and magnetic nanoparticles.

While the feasibility of the synthesis of NPs in microbeads response to external stimuli (e.g., temperature, pH, ionic
has been proven, to date, control over NP size, shape, and qualitystrength, or the action of electric field); and (iii) functional
remains a synthetic challenge: in-situ synthesized NPs arespecies other than NPs, for example, small protein or drug
generally polydispersed and/or are present in low quantities; molecules, can be incorporated and then released from the
they have surface defects and peculiar shapes. These drawbacksterior of microgels®
limit potential applications of hybrid microspheres, especially  In general, microgels can serve as the microreactors for a
when NPs show size-dependent properties, such as absorptiowariety of inorganic nanoparticles. Here, we describe the
and luminescenéeor magnetic propertie’$. synthesis of three exemplary types of NPs: semiconductor,

Here, we report the template-based synthesis of various metal, and magnetic nanoparticles. We show that a very delicate
inorganic NPs in the interior of polymer microgels. In contrast balance between the reaction conditions, the composition of
to other polymer templates, such as dendrimérglock microgels, and NP concentration in microgels allows one to
copolymer micelle$® and star block copolymet8, polymer synthesize NPs with predetermined properties. In the case of
microgels have the advantages of simple synthesis and easyemiconductor NPs whose optical properties are size- and
functionalization. In addition, in comparison with other template polydispersity-dependent, we enhanced these characteristics by
systems, microgel particles may have a relatively large size, apostheat treatment of hybrid microgels. For microgels doped
feature important for photonic applications of hybrid microgels. with magnetic NPs, we achieved high nanoparticle mono-
The main advantages of microgels, however, originate from their dispersity and magnetic susceptibility, along with a large NP
network structure: (i) each void can be used for NP nucleation concentration in microgels. To the best of our knowledge, this
and growth; (ii) microgels undergo volume transitions in is the first comprehensive study of the in-situ synthesis of
inorganic NPs in microgel templates, accompanied by the
demonstration of properties of hybrid systems.
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200Q 122, 12886-12887. (c) Scott, R. W. J.; Datye, A. K.; Crooks, R. M. Figure 1 shows a schematic of the synthetic route used in
J. Am. Chem. S0@003 125 3708-3709. the present study. In stage 1, precursor cations were incorporated
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(19) Youk, J. H.; Park, M.; Locklin, J.; Advincula, R.; Yang, J.; Mays, J. Shastri, N.; Frechet, J. M. Proc. Natl. Acad. SclJ.S.A.2003 100, 4995~
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Figure 2. Variation in diameter of poly(NIPAM-AA-HEA) microgel
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particles ©) and in the concentration of CdS NPs in microge) plotted

versus variation in pH. Molar ratio [AAJ/[HEA]/[NIPAM] is 0.36/0.13/1;

[COOH]/[C®/[S2] = 1/0.5/0.5; [BIS]= 4 mol %.

into the poly{(-isopropyl acrylamide-acrylic acid-2-hydroxy-
ethyl acrylate) (poly(NIPAM-AA-HEA)) microgel particles
crosslinked with N,N'-methylene bisacrylamide (BIS). The

Microgels with dimensions from 200 to 600 nm and a
polydispersity of 4+ 1% contained a constant molar fraction
of poly(N-isopropyl acrylamide) at a varying molar ratio poly-
(acrylic acid)/poly(2-hydroxyethyl acrylate). The introduction
of acrylic acid into the microgels was motivated by the need
for ionizable groups interacting with metal cations. Copoly-
merization of N-isopropyl acrylamide with 2-hydroxyethyl
acrylate increased microgel void siZespatially separated the
nucleation sites of NPs, and enhanced the compatibility of hybrid
microgels with a hydrophobic shell (required in fabrication of
photonic crystals}*® We examined three features of the
template-based synthesis of NPs, all controlled by reaction
conditions and the composition of microgels: the doping level
of the microspheres with nanopatrticles, the morphology of NPs
and hybrid microgels, and the properties of NPs localized in
the interior of microgels such as their structure, size distribution,
polydispersity, surface characteristics, and optical and magnetic
properties.

Concentration of Nanoparticles in Microgels. Effect of pH.
Figure 2 shows that the increase in pH in the first step of
nanoparticle synthesis (Figure 1, stage 1) led to a gradual
increase in concentration of CdS NPs in the microgel. Stronger

process was driven by ion exchange between the bulk solutionionization of carboxyl groups of poly(acrylic acid) increased
of water-soluble salts and the interior of microgels. In the first the driving force for the incorporation of cations into the
step of stage 1, carboxyl groups of AA repeat units were microspheres. In addition, microgel size (and hence microgel
deprotonated at an elevated pH. Stage 2 was determined by theroids) increased with increasing pH: in the range 2.pH <

type of NPs to be synthesized and is described in the Supporting9.2, the hydrodynamic radius of microgel particles increased
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Figure 3. Variation in concentration of CdS NPs in microge#)(and in microgel size®) plotted versus (a) fraction of AA in microgels for molar ratio
[HEA)/[NIPAM] = 0.54; [BIS] = 4 mol %,; (b) fraction of HEA in microgels for [AA]J/[NIPAM]= 0.36; [BIS] = 4 mol %; (c) concentration of cross-
linking agent for [AAJ/[HEA]/[NIPAM] = 0.36/0.13/1. Molar ratio [COOH]/[Cd]/[S?"] was 1/0.5/0.5. Microgels were ionized at pH8.3.
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increase in microgel size occurred due to the electrostatic
repulsion between the CO@groups and the change in the
conformation of fragments of poly(acrylic acid) from a highly
compact structure to an expanded coil conformation. The range
6 < pH < 9 was not, however, fully realized in the NP synthesis
due to the formation of insoluble metal hydroxides at elevated
pH. The threshold values of pH in the synthesis of CdS, Ag,
and FgO, NPs were limited by the values of the solubility
products:Ksp.caory = 7.2 x 10715, Kgpagon = 2.0 x 1078,

and Ksp reory = 4.87 x 10717, respectively’® For example,
the upper values of pH were 8.35 for [€d = 1.5 mM, 8.8

for [Ag™] = 3 mM, and 7.1 for [F&] = 1.5 mM.

Effect of Microgel Composition and Stoichiometry.Figure
3a—c shows the variation in concentration of NPs versus the
fraction of AA and HEA fragments and the amount of BIS in
microgels, respectively. The variation in microgel size is given

on the same graphs. Figure 3a,c shows that with an increase in

the amount of AA and BIS in the microgels the variation in
concentration of CdS NPs followed the trend in change of
microgel size. In addition, an increase in the amount of AA in
microgels increased the affinity of €dions to microgels, which

in turn resulted in an increase of CdS concentration. In contrast,
in Figure 3b, an increase in HEA fraction resulted in a decreased
loading of microgels with CdS NPs (despite increasing micro-
sphere size) because of the hydrophobic nature of HEA and a
reduced concentration of COOH groups.

The concentration of CdS nanoparticles in the microgels was
further controlled by changing the molar ratio EH[COOH]
(Figure 4a). The doping level of NPs was, however, lower than
the value estimated from the stoichiometric ratio (([COOH]/
[Cd?t] = 1/0.5): generally, only 77.5- 12.5% of carboxyl
groups reacted with Cd-cations, even when the latter were
added in excess. Therefore, following the introduction of metal
ions in the microgel, the dispersion was dialyzed to remove
free metal ions.

Figure 4b shows the variation in concentration of CdS NPs
in microgels versus the molar ratio 43/[Cd?"]. For [S$*])/
[Cd?t] =< 1, the microgel doping level linearly increased with
the ratio [S7]/[Cd?'], whereas for [$7]/[Cd?™] > 1, no notable
change in CdS loading was observed, suggesting thaaidons
added in excess did not take part in the formation of CdS NPs.

Morphology of Hybrid Microgel Particles. Figure 5a-c
shows typical TEM images of hybrid microgel particles doped
with CdS, Ag, and F, NPs, respectively. As an example,
we also show a high magnification TEM image of an individual
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Figure 4. Variation in CdS NP concentration in microgel as a function of
(a) molar ratio [C&"/[COOH], (b) molar ratio [$7]/[Cd?*]. Microgel
composition: [AA)/[[HEAJ/[NIPAM] = 0.36/0.13/1, [BISF 4 mol % (#);
[AAJ[HEAJ/NIPAM] = 1.03/0.13/1; [BIS]= 4 mol % (a). Microgel
particles were ionized at pH 8.3.

mol)

observed a small number of free NPs surrounding hybrid
microgels. The dimensions of Ag ands&a NPs in microgel
particles were 3t 1 and 8.5+ 1.0 nm, respectively. To the
best of our knowledge, the size distribution of;8¢ NPs
obtained in the present work is among the best reported in the
literature?*

The dispersions of nanoparticle-doped microgels did not
aggregate for at least 4 months. The properties of NPs such as
X-ray powder diffraction (XRD), photoluminescence, and
nanoparticle distribution in hybrid microgels did not show a

CdS NP-doped microsphere (Figure 5d). The NPs appear assignificant change after long-time storage (see Supporting

the black dots on the lighter background of the microgel beads.
We found that, for all hybrid microgels, the concentration of
NPs had a little effect on the stability to aggregation and
polydispersity of hybrid microspheres and the distribution of
NPs in the interior of microgels. However, when NPs were
synthesized in a lower concentration, their polydispersity
reduced. The average size of CdS NPs varied from 3 to 5 nm,
consistent with NP dimensions obtained from absorption spectra
and X-ray powder diffraction experiments (see below). We also

(21) Breulmann, M.; Davis, S. A.; Mann, S.; Hentze, H.-P.; Antonietti Adw.
Mater. 200Q 12, 502-507.

(22) Encyclopedia Polym. Sci. En@nd ed.; Kroschwitz, J. I., Ed.; John Wiley
and Sons: New York, 1985; p 212.

(23) Lang's Handbook of Chemistrit5th ed.; Dean, J. A., Ed.; McGraw-Hill:
New York, 1999; Section 8.

Information). Hybrid microgel particles remained stimuli-
responsive after 6 months of storage: poly(NIPAM-AA-HEA)
underwent volume transitions in response to the variation in
temperature.

Properties of in-Situ Synthesized Nanoparticles. Crystal-
line Structure of NPs. The structures of CdS and & NPs
synthesized in the interior of microgels were characterized using
XRD. In Figure 6, the top XRD pattern of CdS NPs exhibits
characteristic peaks at scattering angleg) @ 26.4, 43.9,
and 51.9, corresponding to scattering from the (111), (220),

(24) (a) Rabelo, D.; Lima, E. C. D.; Reis, A. C.; Nunes, W. C.; Nivak, M. A.;
Garg, V. K.; Oliveira, A. C.; Morais, P. QNano Lett 2001, 1, 105-108.
(b) Wormuth, K.J. Colloid Interface Sci2001, 241, 366—-377. (c) Lindlar,
B.; Boldt, M.; Eiden-Assmann, S.; Maret, @dv. Mater. 2002 14, 1656—
1858.
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Figure 5. TEM images of hybrid poly(NIPAM-AA-HEA) microgels carrying (a) CdS; NP concentration is 0.027 g/g polymer; (b) Ag, NP concentration

is 0.23 g/g polymer, (c) R©4, NP concentration is 0.618 g/g polymer. Scale bar is 150 nm. (d) Single microgel particle doped with CdS nanocrystals. Scale
bar is 50 nm.

43.06 (20), 56.93 (25), and 62.64(34)) to the (220), (311),
(400), (511), and (440) planes of #&& lattice, respectively.
The mean crystallite size was 8.1 #hin agreement with TEM
image analysis.

Optical Properties of CdS and Ag NPs.We studied the
optical properties of CdS and Ag nanopatrticles synthesized in
the interior of microgels with a two-fold purpose. First, we
examined the absorption and photoluminescence of NPs to
characterize their size and polydispersity. Second, with an eye
on photonic applications of particles with structural hierarchy,
26 we tested the optical properties of hybrid microgels.

Figure 6. X-ray powder diffraction patterns of microgels doped with CdS F'Q“re 7a §hows the absorption speptra of C,dS NPs m, the
(top) and FeO, (bottom) NPs. Microgel compositions: [AAJ/[HEA]/ interior of microgels. Increased loading of microgels with
[NIPAM] = 0.36/0.13/1, [BIS}= 4 mol %; [COOH]/[Cd*]/[S*] = 1/0.5/ nanoparticles led to the red-shift in absorption onset from 430

0.5. CdS concentration in microgel is 0.027 g/g polymerCzeconcen- g 500 nm, indicating an increase in NP size. Nevertheless, in
tration in microgel is 0.724 g/g polymer. ' . '
all samples, the onset of absorption was below 510 nm

and (311) planes, respectively, of a cubic CdS crystal lattice (measured for bulk CdS), suggesting that the quantum confine-

(the standard card JCPDS file # 10-0454). The average Ment effect was preserved. On the basis of the NP size-
nanocrystal size calculated using the Scherrer equitioas absorptl_on onset relatidi¥;26the size of the CdS nanoparticles
3.1 nm, consistent with the results obtained for the same sampleV/@S €stimated to vary from 3.0 t0 5.9 nm, similar to the results
from TEM image analysis. Broadening of the diffraction peaks °f TEM image analysis.

occurred due to the small NP size. The bottom pattern in Figure  The dispersions of hybrid microgels doped with CdS NPs
6 shows the XRD spectrum for §& NPs. Because the XRD ~ Were refluxed for 12 h to refine the crystalline structure of NPs
patterns of magnetite (@, JCPDS file #88-0315) and and to improve their size distributidi. In Figure 7a, the
maghemite ¢-Fe;0s, JCPDS file #39-1346) are similar, they corresponding absorption spectra (dotted lines) measured after
can be identified by comparing relative peak intensities. The heat processing show a sharper onset of absorption and the
data suggested that the nanocrystals synthesized in microgeRPpearance of absorption peaks. Both effects indicated an
templates were B®4; NPs. We assigned the measured peak
positions at their relative intensities (30°0(28), 35.44 (100), (26) fg’;’%%ﬂ&-gég%ase' M.; Weller, H.; Henglein, AAm. Chem. Sod.987
(27) Vossmeyer, T.;‘Katsikas, L.; Giersig, M.; Popovic, I. G.; Diesner, K,;

(25) X-ray Diffraction ProceduresKlug, H. P., Alexander, L. E., Eds.; John Chemseddine, A.; Eychmuller, A.; Weller, H. Phys. Chem1994 98,
Wiley: New York, 1959. 7665-7673.

Intensity (a.u.)
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Figure 7. (a) UV—visible absorbance and (b) photoluminescence spectra of CdS NPs synthesized in microgelsfefme gfter heat processing
(----- ). [AA)/[HEA)/[NIPAM] = 0.36/0.13/1, [BIS}= 4 mol %; [COOH]/[Cd]/[S?"] = 1/0.5/0.5. From top to bottom, CdS concentration in microgels
is 0.027 (A), 0.054 (B), and 0.08 (C) g/g polymer. A rising baseline characteristic of semiconductor nanoparticles obscures absorption datagtisvavel
significantly lower than the absorption maximux = 380 nm.

enhanced NP size distribution caused by Ostwald ripening of 084
smaller nanoparticles during heat processing of the system. We
note that such an enhancement was stronger for hybrid microgels
doped with a lower amount of CdS NPs.

Figure 7b shows the photoluminescence (PL) spectra of CdS
NPs in the interior of the microgels. The PL emission bands
(bottom to top, solid lines) red-shifted, and their intensity
increased with increasing NP concentration in microgels. For
higher NP doping levels, each PL spectrum featured two well-
resolved peaks. The shorter wavelength emission bands were

Absorption
(a.u.)
o
w

o

N

R
..

ascribed to band gap PL of CdS NPs, because they coincided 01

with absorption onset of the corresponding samples in Figure 0

7a. The emission peaks measured at longer wavelengths resulted ' ' '
300 400 500 600

from the interstitial sulfur or cadmium vacancf&s he relative

intensity of the two peaks changed with an increase in NP Wavelength (nm)

concentration and size. The width of the PL bands of ca—100 Figure 8. UV-visible absorbance spectra of Ag NPs synthesized in the

160 nm was similar or only slightly broader than that measured |rt1)ter|or of microgels. Ag N/P colncentratlon in mlcrogel:_ 0.23 Ig/g polym_er

for the CdS NPs syntht_afs,ized using dendrintérinear and_ i(s?at;oir: E%eucrtéu?), 0.39 g/g polymer (top spectrum). Microgel composition

branched polymer stabilizet&2® and block copolymer mi-

celles” (but inferior to the properties of CdS NPs synthesized _ o

using a TOPO/TOP method. orange or red. Thus, by changing the NP concentration in
The PL emission bands of CdS NPs showed a notable red-microgels and by using postheat treatment, we obtained hybrid

shift after heat treatment of hybrid microgels (Figure 7b, dotted microgels with PL properties tunable in the entir.e visible spect.ral
spectra). For microgels with a low concentration of NPs, the "@nge. We note that no changes occurred in the crystalline
PL peak shifted from 485 to 566 nm and the color of microgel structure of CdS NPs and their dlstrlbut_lon in hybrid micro-
changed from blue to yellow. The PL emission bands of hybrid 9€Is: the XRD spectrum and the TEM image of CdS-doped
microgels with a higher concentration of CdS NPs after heat Microgels were similar to those given in Figures 5 and 6,
processing each featured a single broad PL peak (at ca. 620 €SPectively.

and 690 nm). Because postheat processing of hybrid microgels Figure 8 shows the absorption spectra of Ag NPs in the
improved NP size distribution (Figure 7a), we ascribe these interior of the microgels. A well-defined surface plasmon
emission bands to the recombination of electrons trapped in aresonance was measured at 411 nm (bottom spectrum), similar
sulfur vacancy with a hole in the valence band of G#$he to that measured for ca. 2.5 nm-size Ag NPs by Asher & al.

color of these microgels after refluxing turned from blue to In microspheres with a lower concentration of Ag NPs (or
smaller NP size), the absorption peak broadened due to the
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40 concentration as high as 0.724 g/g polymer, the nanoparticles
had an average size of ca. 8.1 nm, low polydispersity, and
showed excellent magnetic properties, while the microspheres
carrying these NPs remained stimuli-responsive.

In conclusion, we showed that semiconductor, metal, and
magnetic NPs with predetermined size, polydispersity, and
optical and magnetic properties can be successfully synthesized
using polymer microgels as a template. The properties of

N
o

R
=]

Magnetization (emu/g)
o

nanoparticles are controlled by the composition and the structure
__‘_,._._.J of microgels and the preparation conditions. We showed that
40 L e ‘ ‘ subsequent heat treatment of microgels doped with semiconduc-
40 30 20 10 0 10 20 30 40 tor NPs enhances nanoparticle size distribution and allows one
H (kOe) to tune their PL emission over the entire visible spectral range.
Figure 9. Magnetic properties of &, NPs in the interior of dried poly- ~ USINg microgels as the templates, we synthesized very small
(NIPAM-AA-HEA) microgel. NP concentration is 0.724 g/g polymér= and monodisperse E@, NPs with superparamagnetic properties.
300 K. Microgel composition is as in Figure 7. Hybrid microspheres reported in the present study have promis-
] ) ) ) ing applications in catalysis, biolabeling, chemical and biological
Magnetic Properties of FeO, NP-Doped Microgels.Figure separation, and the fabrication of polymer-based materials for

9 demonstrates the magnetic properties af0zeNPs synthe-  yhotonic applicationd34

sized in the interior of 500 nm-size poly(NIPAM-AA-HEA)

microgels. No hysteresis was observed in these measurements; Acknowledgment. We gratefully acknowledge the financial
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superparamagnetic properties of magnetite NPs with a diameterCanada Research Chair funding and the Premier Research
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magnetic saturation momentigs = 32.4 emul/g, corresponding  University) for his initial assistance in microgel synthesis.

to a magnetic susceptibility of = 3.24 x 10-3 emu/(g Oe) or

x = 0.07 (calculated from the density of bulk magnetite of 5.18
g/c?).16 Using Ms = 92 emu/g of the bulk magnetit€,we
estimated the magnetic saturation moment tMse= 38.6 emu/

g, higher than the experimental valueM$ = 32.4 emu/g. The JA031523K
decrease in the magnetic saturation moment was due to the small
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