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We describe a new method for the preparation of fluorescent inorganic-nanoparticle composite

microgels. Copolymer microgels with functional pendant groups were transferred via dialysis into

tetrahydrofuran (THF) solution and mixed with colloidal solutions of semiconductor nanocrystals

(quantum dots, QDs). CdSe QDs stabilized with trioctylphosphine oxide (TOPO) became incorporated

into the microgels via ligand exchange of pendant imidazole (Im) groups for TOPO. PbS QDs

stabilized with oleic acid were incorporated into microgels with pendant –COOH groups. This

approach worked equally well with microgels based upon poly(N-isopropylacrylamide) (PNIPAM)

and those based upon an acetoacetylethyl methacrylate-N-vinylcaprolactam copolymer (PVCL). These

composite hybrid materials were colloidally stable in THF, and maintained their colloidal stability

after transfer to water, either via dialysis or by sedimentation–redispersion. In water, the composites

exhibited similar thermal responsiveness to the parent microgels, with a small shift to lower

temperature in the volume phase transition. This approach allows one to use inorganic nanoparticles

synthesized under optimum conditions in organic media at high temperature and to prepare composite

microgels directly by mixing the components in a water-miscible organic solvent.
Introduction

Colloidal microgels have numerous attractive properties such as

defined morphology, high porosity and adjustable dimensions

that can respond to changes in temperature, pH and solvent

quality, and the ability to act as carriers for drugs, biomolecules,

synthetic polymers or inorganic nanocrystals through fluid media.

As a consequence, these materials are becoming increasingly im-

portant for their potential applications in drug and gene delivery,

catalysis, sensing, fabrication of photonic crystals, and separation

and purification technologies.1,2 In such systems, the microgel

particles fulfill several important functions, namely a) stabiliza-

tion and transport of the loaded material in the medium, b) poten-

tial controlled release of the load in response to external stimuli,

and c) easy recovery by separation from the continuous phase.

Two rather distinct approaches have been taken for loading

different substances into microgel particles. The first utilizes
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the microgel as a template for in-situ preparation of nano-scale

materials such as inorganic nanoparticles (NPs). In this case,

the nanoparticles are trapped in the microgel interior by hydro-

phobic forces, hydrogen bonding, or electrostatic interactions.

This approach has been realized for both aqueous microgels2

and microgels dispersed in organic solvents.3,4 The attractive

features of this approach are the effective control of the nano-

particle dimensions within the microgel, and flexibility in control

of the nanoparticle loading. The second approach involves filling

the microgel by diffusion of pre-formed nanoparticles into the

microgel, accompanied by trapping due to the electrostatic

interactions or hydrogen bonding with polymer chains.5 This

technique offers some important advantages in terms of the

simplicity of the process and independent adjustment of the

nanoparticle properties. This approach, however, has been

employed primarily in aqueous media and has limited utility

for incorporating inorganic nanocrystals synthesized in organic

solutions. In both of these approaches, the microgel network

serves not only as a container for transporting the nanoparticles,

but also as a functional unit that can be attached to substrates or

respond to stimuli like changes in temperature or pH. By using

the two methods described above, a variety of composite micro-

gel particles have been prepared, containing NPs of conducting

polymers,6 noble metals,7 metal oxides,8 metal sulfides,9 and

biominerals.10 In most cases, the composite microgels preserve

the colloidal stability and maintain the stimuli responsiveness

of the pure microgels. At the same time, the NPs carried by

the composite exhibit the typical physical and chemical proper-

ties of nano-materials themselves.

The methods for the preparation of composite microgels

described above require the adjustment of the microgel and
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nanoparticles (or their syntheses) to the nature of the medium,

whether water or an organic solvent. The medium in which the

composite microgels are formed using these strategies is normally

the only medium in which they are stable and can be employed.

This limitation can be overcome by the consideration of one

important property of the microgel itself, which has not been

exploited for microgel–NP composites: the ability of many kinds

of microgels to form stable colloidal solutions in solvents of very

different polarity. Some authors have noted the nearly universal

ability of microgels to form emulsions11 or colloidal solutions in

mixed solvents.12 Little attention has been paid, however, to the

possibility of transferring microgels from water to organic solvents

or from organic solvents to aqueous media. Here we show that by

selecting solvents that are both miscible with water and also good

solvents for the microgel network, one can transfer the microgel

from its natural aqueous environment to an organic phase by a

solvent exchange process. If this process is reversible and if the

microgels retain their stability upon transfer, new designs of

composite microgels and their applications become possible.

The method described here for the preparation of inorganic

nanoparticle composite microgels is based on the reversible trans-

fer of microgels between water and tetrahydrofuran as the organic

solvent. We target semiconductor nanocrystals, often referred to

as quantum dots (QDs), which are well known for their unique

optical, electrical, magnetic and catalytic properties,13 recognizing

that the best quality QDs are synthesized by a high temperature

process in organic media, and have their surface covered with

hydrophobic ligands such as trioctylphosphine oxide (TOPO) or

oleic acid (OA) that render the NPs insoluble in aqueous solution.

On the other hand, many of the applications of these particles, for

example in biological systems,14 require colloidal solutions in

water. Our working hypothesis is that appropriately chosen

microgels can be synthesized to contain functional groups that

can serve as surface ligands for the QDs. These microgels can

capture QDs via a ligand exchange process in an organic medium,

where the QDs form colloidal solutions. Then the composite

microgels can be transferred into water, in which the microgel is

also able to provide colloidal stability.

In most of our experiments, we employ the imidazole group as

our amine-based ligand and examine two different polymer micro-

gel compositions as the carriers: poly(N-isopropylacrylamide)

(PNIPAM) and poly(N-vinylcaprolactam-co-acetoacetylethyl

methacrylate) (PVCL/AAEM).1a,15 Both types of microgels were

synthesized in the presence of different amounts of N-vinylimida-

zole (VIm, 1 to 5 mol%) as the functional co-monomer. We refer to

these two types of microgels as PVCL/VIm and PNIPAM/VIm,

respectively. The VIm units allow the microgels in THF solution

to capture CdSe/TOPO QDs via a ligand exchange process.16,17

We also prepared PNIPAM microgels in the presence of 25

mol% acrylic acid (PNIPAM/AA). Here we wished to explore

whether the –COOH groups of these microgels could replace oleic

acid from the surface of oleic acid-stabilized PbS (PbS/OA)

quantum dots. We show that these microgels, synthesized in

water, can be transferred to tetrahydrofuran (THF) solution.

When exposed to solutions of CdSe/TOPO in THF, they incorpo-

rate the QDs into the microgel network, accompanied by loss of

TOPO to the solvent. Afterward, the QD–microgel composites

can be transferred to water where they form stable colloidal

solutions. We believe that this method opens new possibilities
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for the incorporation of a variety of different nanomaterials

into microgels and demonstrates the versatility of the microgel

particles to provide reversible transport of different materials

between organic and aqueous media.

Experimental

Materials

The monomers N-isopropylacrylamide (NIPAM, 99%, Aldrich),

N-vinylcaprolactam (VCL, 99%, Aldrich), acetoacetoxyethyl

methacrylate (AAEM, 97%, Aldrich), acrylic acid (AA, 99%,

Aldrich) and vinylimidazole (VIm, 95%, Aldrich) were used

for microgel synthesis after inhibitor removal. The initiators

2,20-azobis(2-methylpropyonamidine) dihydrochloride (AMPA,

99%, Aldrich) and potassium persulfate (KPS, 99%, Aldrich)

were recrystallized before use. The cross-linker N,N-methylene-

bisacrylamide (BIS, 99%, Aldrich), the stabilizers cetyltrimethyl-

ammonium bromide (CTAB, Aldrich) and sodium dodecyl

sulfate (SDS, 99%, Aldrich), and analytical grade tetrahydro-

furan (THF, Aldrich) were used as received. Deionized water

was obtained from a Millipore Milli-Q water purification system.

The experiment on CdSe quantum dots reported here were

carried out with a single sample of trioctylphosphine oxide-

passivated QDs (CdSe/TOPO) with a band-edge absorption at

588 nm and a mean core diameter of 4.5 � 0.3 nm as determined

by transmission electron microscopy (TEM). A small number of

experiments were carried out with a sample of oleic acid-capped

PbS QDs (PbS/OA) with a band-edge absorption at 1108 nm and

a mean core diameter of 3.5 � 0.5 nm as determined by TEM.

These samples were prepared by the standard methods described

previously.18,19 TEM images of these two samples are presented

in Electronic Supplementary Information (ESI).‡ The nano-

particles were purified by three successive precipitations with

methanol followed by redispersion in toluene to remove free

ligand from the sample.

Microgel synthesis

PNIPAM-based microgels. Appropriate amounts (see Table 1)

of NIPAM, the other monomer (AA or VIm), CTAB and BIS

(3 mol%) were dissolved in deionized water in a 100 mL three-

neck round-bottom flask equipped with a mechanical stirrer, a

reflux condenser, a thermometer and a nitrogen outlet. The mono-

mer mixture was stirred for 30 min at room temperature under a

nitrogen purge. The aqueous solution of initiator (KPS for

PNIPAM/AA, AMPA for PNIPAM/VIm) was slowly added to

the monomer mixture to start the polymerization at 70 �C. The

reaction was continued for 4 h. The dispersion was then purified

by dialysis against deionized water for a week. The amount of

VIm groups in PNIPAM/VIm samples was determined by 1H

NMR with signals at 6.80–7.70 (3H, -NCHNCHCH-) and

3.50–4.10 (1H, -CH(CH3)2). The VIm content in PNIPAM/VIm

microgels is reported in Table 1.

PVCL-based microgels. Appropriate amounts (Table 1) of

VCL, AAEM, VIm and BIS (3 mol%) were dissolved in deionized

water. A double-wall glass reactor equipped with a mechanical

stirrer and a reflux condenser was purged with nitrogen. A

solution of the monomers was placed into the reactor and stirred
This journal is ª The Royal Society of Chemistry 2008



Table 1 Amounts of reagents used in the microgel syntheses and the compositions of the microgels

Samplea Monomerb/g AAEM/g Stabilizerc/mg Comonomerd/mg BIS/mg Initiatore/g Water/g Rh
f/nm

Comonomer
ratiog [mol%]

Solids
contenth

[%]

PNIPAM/AA (25.0%) 0.500 — 10.0 148.0 0.0310 10.0 30 212 �25.0 2.1
PNIPAM/VIm (4.85%) 0.500 — 6.1 20.8 0.0215 10.0 30 113 4.85 1.8
PNIPAM/VIm (2.78%) 0.500 — 6.1 12.5 0.0215 10.0 30 161 2.78 1.7
PNIPAM/VIm (0.87%) 0.500 — 6.1 4.2 0.0215 10.0 30 116 0.87 1.6
PVCL/VIm (4.91%) 1.783 0.3210 — 71.0 0.0600 50.0 150 373 4.91 1.6
PVCL/VIm (2.88%) 1.820 0.3280 — 42.6 0.0600 50.0 150 444 2.88 1.5
PVCL/VIm (0.90%) 1.858 0.3350 — 14.2 0.0600 50.0 150 231 0.90 1.5

a We refer to poly(N-isopropylacrylamide-co-vinylimidazole) microgel as PNIPAM/VIm, poly(N-isopropylacrylamide-co-acrylic acid) microgel as
PNIPAM/AA and poly(N-vinylcaprolactam-co-acetoacetylethyl methacrylate-co-vinylimidazole) microgel as PVCL/VIm. b The amount of NIPAM or
VCL monomer added for the synthesis of each microgel. c The amount of stabilizer (cetyltrimethylammonium bromide (CTAB) for PNIPAM/VIm and
sodium dodecyl sulfate (SDS) for PNIPAM/AA synthesis); no stabilizer for PVCL/VIm synthesis. d The amount of AA or VIm comonomer for each
microgel synthesis. e The amount of initiators (potassium persulfate (KPS) for PNIPAM/AA synthesis and 2,20-azobis(2-methylpropyonamidine)
dihydrochloride (AMPA) for PNIPAM/VIm and PVCL/VIm synthesis). f The hydrodynamic radius (Rh) determined by 90� DLS in water. g The
comonomer (AA or VIm) content (in mol%): the VIm content in PNIPAM/VIm microgels was determined by 1H NMR whereas the VIm content in
PVCL/VIm was measured by potentiometric titration.16 The AA feed ratio was estimated from the amount of monomer added in the synthesis.
h Determined by gravimetry (freeze drying).
for 1 h at 70 �C with continuous purging with nitrogen. The reac-

tion was continued for 8 h. The dispersion was then purified by

dialysis against the deionized water. For these samples, the

amount of VIm incorporated into the microgels was determined

by potentiometric titration. The results are summarized in Table 1.

Incorporating QDs into microgels

To prepare QD–microgel hybrid composites, aqueous microgel

solutions (0.5 mL, 17.0 mg mL�1 for PNIPAM/VIm; 16.0 mg

ml�1 for PVCL/VIm) were mixed with THF (2 mL). Each

mixture was placed into a dialysis bag (Spectra/Por@ Dialysis

Membrane, vol ¼ 2.5 mL cm�1, molecular weight range:

>50 000) and dialyzed against THF for 24 h. The microgel solu-

tion in THF obtained (0.5 mL) was mixed with a CdSe/TOPO

solution in THF (0.5 mL, 0.4 mg mL�1) and then diluted with

2 mL of THF. The mixture was stirred for 24 h at room tempera-

ture to ensure complete ligand exchange and incorporation of

QD into microgels. The mixture was placed in dialysis bags

and dialyzed against THF for 24 h to remove the TOPO

molecules replaced by ligand associated with the microgel.

Finally the mixture was dialyzed against water for 4 days to

ensure complete removal of THF.

Subsequently, we found that the microgel hybrids could be

purified and then transferred into water (or other solvents) by

centrifugation followed by redispersion in fresh solvent. Once

the inorganic particles were incorporated into the microgels,

relatively mild centrifugation conditions (6000 rpm for 10 min)

were sufficient to sediment the sample.

Characterization

Hydrodynamic radii (Rh) were determined by dynamic light

scattering (DLS) using a commercial instrument (ALV/SP-125)

equipped with an ALV-5000 multi-tau digital time correlator

and a He–Ne laser (Uniphase, 32 mW at l ¼ 632.8 nm) was

used. In DLS, the Laplace inversion of each measured intensity–

intensity time correlation function G(2)(t, q) in the self-beating

mode can result in a line-width distribution G(G). For a pure

diffusive relaxation, G is related to the translational diffusion
This journal is ª The Royal Society of Chemistry 2008
coefficient D by G/q2 ¼D at q/ 0 and C/ 0 or a hydrodynamic

radius Rh ¼ kBT/6phD with kB, T and h being the Boltzmann

constant, the absolute temperature, and the solvent viscosity,

respectively. The samples were all measured at an angle of 90�.

Dark field transmission electron microscopy (TEM) images

were taken using a Hitachi HD-2000 STEM instrument opera-

ting at 200 kV and 13 mA current. Photoluminescence (PL) spec-

tra were taken at room temperature using a SPEX Fluorolog-3

instrument with lex ¼ 500 nm. 31P NMR spectra were obtained

at 25 �C with a Varian System 400 NMR. The samples were

held in a capillary tube placed inside the 5 mm NMR tube filled

with phosphoric acid–D2O solution. The QD content of the

hybrid microgels were determined by inductively coupled plasma

atomic emission spectroscopy (ICP-AES) (Optima 3000 DV

equipped with AS-90 autosampler). The instrument was

calibrated by using standard aqueous Cd and Se solutions with

known concentrations (0.100 mg L�1 and 4.00 mg L�1).

Results and discussion

Many of the applications of quantum dots in chemistry and

biology depend sensitively on the particular ligands bound to

the nanoparticle surface. These ligands serve three main func-

tions. First, they passivate the surface to minimize the formation

of trap states. Second, they provide colloidal stability and

determine the range of solvents with which the QDs are compa-

tible. Finally, for ligand molecules that also contain reactive

functional groups, they permit covalent attachment to device

components or to biomolecules.

Ligand exchange

Many research groups have used ligand exchange to modify the

surface properties of colloidal nanocrystals. In many cases, one

replaces the ligands associated with the particle synthesis (e.g.,

TOPO from CdSe or oleic acid (OA) from PbS) with other

monodentate ligands. Recent reports demonstrate use of multi-

dentate ligands such as dendrimers,20 organic dendrons,21 and

polyelectrolytes22 to replace ligands bound to the surface of

QDs. In many of these systems, amine groups attached to the
J. Mater. Chem., 2008, 18, 763–770 | 765



Fig. 1 Loading CdSe/TOPO nanoparticles (QD) into microgels by the

reversible transfer from water to THF and back: 1) transfer of the aque-

ous microgel to THF by solvent exchange; 2) addition of CdSe/TOPO

followed by partial TOPO replacement by imidazole units (ligand

exchange) and loading of CdSe into the microgel; 3) dialysis (or centrifu-

gation) in THF to remove free TOPO molecules; 4) transfer of the

microgel containing CdSe to the aqueous phase by solvent exchange.

Chart 1 Chemical structures of the microgel polymers.

Fig. 2 Hydrodynamic radius distributions f(Rh) of different microgel

samples following each step of the preparation microgel/QD composite

particles. Left-hand column: PNIPAM/VIm (2.78% VIm) at 1.7 � 10�5

g mL�1 with a final content of 1.1 mg QDs (g polymer)�1; right-hand

column: PVCL/VIm (2.88% VIm) at 1.6 � 10�5 g mL�1 with a final

content of 1.5 mg QDs (g polymer)�1.
macromolecule serve as the ligands to displace TOPO,16,17 and

this observation played a key role in our experimental design.

Here we consider the microgel interior as the carrier of multiple

imidazole ligands to replace TOPO from the surface of CdSe

quantum dots.

Our general strategy for hybrid microgel synthesis is presented

in Fig. 1. In the first step, microgels synthesized in water are

transferred to THF by dialysis. Then a THF solution of CdSe/

TOPO is added to the microgel dispersion in THF. The diffusion

of QDs into the swollen microgel particles is followed by the

replacement of TOPO with imidazole groups present in the

microgel network. This process leads to essentially irreversible

incorporation of the QDs in the microgel and the release of

TOPO molecules to the organic solvent. At this point, free

TOPO molecules can be removed by dialysis against THF or

by centrifugation and re-suspension of the microgels. The com-

posite microgels are easily sedimented by normal centrifugation

and can be re-suspended in either THF or any THF-miscible sol-

vent. Thus either by dialysis or by centrifugation–redispersion,

the microgel particles loaded with QDs can be transferred back

to the aqueous phase. We believe that this method opens new

possibilities for the incorporation of different nanomaterials

into microgels and demonstrates the versatility of the microgel

particles to provide reversible transport of different materials

between organic and aqueous media.

We synthesized two different types of microgels. One, based

upon poly(N-isopropyl acrylamide) (PNIPAM), has an open,

porous structure in water at temperatures below the volume phase

transition temperature.1a The second, based upon a copolymer of

N-vinylcaprolactam (VCL) and acetoacetylethyl methacrylate

(AAEM), has a core–shell structure.15 The reactivity ratio mis-

match between these two monomers leads to formation of a

water-insoluble AAEM-rich core surrounded by a VCL-rich

water-swollen corona. Both microgels undergo a collapse transi-

tion when their solutions in water are heated above 30–35 �C. The

chemical structures of these microgels are presented in Chart 1.

Right angle dynamic light scattering measurements were

employed to monitor the effect of loading QDs into microgels
766 | J. Mater. Chem., 2008, 18, 763–770
on the microgel size and size distribution. Fig. 2 shows size

distribution curves of PNIPAM/VIm and PVCL/VIm microgels

containing similar amount of VIm units. The four sets of

measurements correspond to the four steps of the QDs loading

process shown in Fig. 1. Light scattering results presented in

Fig. 2 indicate that no aggregation of the microgel particles

occurs during any of the steps of the transfer or loading process.

The changes in the magnitude of the hydrodynamic radius (Rh)

indicate that the microgels shrink after transfer to THF due to

the elimination of the hydrogen bonds which are responsible

for the swelling of the microgels in water below the volume phase

transition temperature. The Rh values, however, are much larger

than those of the collapsed microgel particles in water at

temperatures above the volume phase transition. Thus the

microgels remain extensively swollen by solvent and porous to

the penetration of CdSe/TOPO QDs into the interior, where

they can interact with the VIm ligands

The experimental data in Fig. 2 indicate that after addition of

QDs, the microgel sizes become slightly smaller and the size

distribution remains unaltered. After the final transfer of the
This journal is ª The Royal Society of Chemistry 2008



CdSe-containing microgel particles into the aqueous phase, the

hydrodynamic radii increased. The additional swelling reflects

the fact that water is a better solvent for the polymer than

THF. Note that the final size of the microgels loaded with QDs

in water is smaller than that of the original QD-free samples.

Due to the fixation of the QDs in the microgel network, the poly-

mer chains lose some of their mobility and are not able to swell to

their original size in water. Such behaviour is reasonable if we

consider that every QD can interact with several ligand units,

effectively acting as a multifunctional ‘‘crosslink’’ within the

microgel particles. The major conclusion drawn from Fig. 2 is

that the microgel particles preserve their colloidal stability during

solvent exchange followed by QD loading and can be effectively

transferred back to the aqueous phase.

To test whether QD uptake by the microgels involves ligand

exchange, we used 31P NMR to monitor the release of free

TOPO into the THF solution.16,17 As reported originally by

Emrick and coworkers16 and confirmed by us,17 31P NMR

spectra of purified TOPO-passivated QDs do not exhibit

a peak for free TOPO, but this peak appears at 44 ppm as other

ligands displace TOPO groups from the QDs surface. This is the

result that we obtain here as shown in Fig. 3(a), demonstrating

that ligand replacement occurred. We could follow the amount
Fig. 3 a) 31P NMR spectrum of CdSe (QDs) in THF the presence of

PVCL/VIm (4.91%) microgel with phosphoric acid as an internal

standard. b) The increase of the 44 ppm 31P peak area in the 31P NMR

spectrum after mixing solutions of CdSe/TOPO QDs with THF solutions

of PVCL/VIm microgels containing different amounts of VIm ligand: 1)

0.90 mol%; 2) 2.88 mol%; 3) 4.91 mol% (the concentrations of QDs and

microgel are 17.8 mg mL�1 and 16.0 mg mL�1 respectively).

This journal is ª The Royal Society of Chemistry 2008
of TOPO released by carrying out the 31P-NMR experiments in

the presence of phosphoric acid as an internal standard (peak

at 0 ppm). As shown in Fig. 3(b), the intensity of the TOPO

signal increased with the interaction time between the microgel

and the QDs, and the integrated area of this peak increased

when similar amounts of CdSe/TOPO were added to solutions

in THF of microgels containing increasing amounts of imidazole

groups. The release of the TOPO molecules appears to be a fast

process, and the intensity of the peak reached its maximum level

after about 20 min. If the amount of TOPO released is a measure

of the amount of QDs incorporated into the microgels, we would

conclude that over this range, the amount of QDs taken up by

the microgels increases with the pendant ligand content.

Nature of the hybrid structures

One can control the QD content of the microgel by varying the

amount or concentration of QDs added to the microgel solution

in THF. In Fig. 4, we compare the amount of CdSe/TOPO taken

up by the microgels with the amount of QDs added to the micro-

gel solution in THF.

For these experiments, we employed two microgel samples.

The PVCL sample contained 2.88 mol% VIm groups, whereas

the PNIPAM sample contained 2.78 mol% VIm. As shown in

Fig. 4, we found a nearly linear increase in the QD content of

the microgels with an increase in the QD concentration in the

THF solution. The QD uptake was far from quantitative, and

the QD content, as measured as g (or mg) QDs per g polymer

was about a factor of three smaller than that of the solution in

which QD incorporation took place. Thus the efficiency of QD

loading into the microgels in these experiments is about 30%.

The small difference in QD loading efficiency for the two

different microgels is related to their internal structures. Since

the diffusion process of the QDs inside microgels is an important

step before ligand exchange can take place, the localization of the

VIm ligands will play an important role. PVCL/VIm microgels

have a core–shell structure that derives from the fact that in

the microgel synthesis, AAEM is more reactive than VCL,15a

leading to a morphology with an AAEM-rich core and a VCL-

rich shell.15b We imagine that in these microgels, the VIm ligands

accumulate in the loosely crosslinked VCL-rich shell, providing

a higher local concentration of VIm groups and better access
Fig. 4 The relationship between the added amount of QDs vs.QD content

in hybrid microgels for PVCL/VIm (2.88 mol% VIm) and for PNIPAM/

VIm (2.78 mol% VIm). The microgel concentration was 0.6 mg mL�1.

J. Mater. Chem., 2008, 18, 763–770 | 767



for the diffusion of QDs to the active sites. In contrast, PNIPAM/

VIm microgels have a more uniform structure, with a more

random distribution of VIm groups.1a Here we speculate that

initial binding of CdSe QDs to the microgel structure may hinder

subsequent diffusion of particles to the interior of the network.

Thus we rationalize how PVCL/VIm microgels with a similar

VIm content can load more QDs than PNIPAM/VIm microgels.

Fig. 5 presents dark field STEM images of PVCL and

PNIPAM microgels loaded with different amounts of CdSe

QDs. In these images for PVCL/VIm hybrid microgels, the QDs

appear as bright spots, and one can see that the QDs are relatively

uniformly distributed in the corona region of the microgels. In

contrast to the PVCL/VIm hybrid microgels, the CdSe QDs

distribute uniformly inside the PNIPAM microgels because of

a more uniform microgel structure. In addition, one can see

some local aggregation of the QDs, particularly at higher levels

of loading. This aggregation may take place during drying, but

it may also occur during the final dialysis step and microgel
Fig. 5 (a–d) TEM images of individual PVCL/VIm (2.88%) microgel

particles filled with different amounts of CdSe QDs (mg QD (g poly-

mer)�1): a) 0.5; b) 2.5; c) 10.5; d) 21.0. In each image, the dense white

object is the PAAEM-rich core of the microgel. The QDs are attached

to the PVCL/VIm-rich corona. (e, f) TEM images of individual

PNIPAM/VIm (2.78%) microgel particles filled with different amounts

of CdSe QDs (mg QD (g polymer)�1): e) 0.5; f) 2.3. In each image, the

QDs are distributed uniformly inside the microgel. (g, h) TEM images

of PbS1108 QDs incorporated into g) PNIPAM/AA (25.0%) microgel

particles and h) PVCL/AAEM/VIm (2.88%) microgel particles.

Fig. 6 The hydrodynamic radii (Rh) of (a) PVCL/VIm (2.88%) hybrid

microgels and (b) PNIPAAm/VIm (2.78%) hybrid microgels as a function

of CdSe QD content.
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transfer to the aqueous phase. TOPO groups remaining on the

QDs surface will render portions of the surface hydrophobic,17b

and aggregation would provide a means to minimize the total

surface area in contact with water molecules. When the QD

content of the microgel is low, the QDs are well separated by

hydrophilic polymer chains, and no aggregation occurs.

At higher loading (up to 5 mg (g polymer)�1), the hydrodynamic

radii decrease substantially, as shown in Fig. 6. A greater extent

of cross-linking (and perhaps hydrophobic interactions between

the QDs) restricts the swelling of the microgels. Even higher levels

of loading (above 20 mg (g polymer)�1) lead to a decrease in

colloidal stability as inferred from the increase in Rh values mea-

sured by DLS, accompanied by an increase in the breadth of the

Rh distribution. This increase is almost certainly due to the forma-

tion of dimers and small aggregates of microgels in the aqueous

solution. In this case, hydrophobic attraction forces will dominate,

leading to formation of aggregates. This result leads to the conclu-

sion that at high QD loadings, the QDs accumulate preferably in

the microgel shell reducing the efficiency of the steric stabilization

provided by the hydrophilic microgel outer layer.

As a test of the generality of this approach, we carried out a few

additional experiments with a sample of oleic acid-stabilized PbS

quantum dots prepared by the method of Hines and Scholes.19

These nanocrystals (PbS1108) have a mean diameter of ca. 3.5 �
0.5 nm (TEM) and an absorption peak at 1108 nm (see Electronic

Supplementary Information (ESI)‡). Solutions of these QDs in

THF could be captured effectively by the PVCL/AAEM/VIm

microgels, and even more effectively by the carboxyl groups of

PNIPAM/AA microgels. Both samples could then be transferred

into water. Dark field TEM images of these composite particles

are shown in Fig. 5g and h. We can see that all the PbS QDs

are captured in the AAEM core of PVCL/AAEM/VIm microgels,

which suggests that the b-ketoester groups of AAEM rather than

the VIm groups displace oleic acid on PbS QDs. We conclude that
This journal is ª The Royal Society of Chemistry 2008



this microgel exchange method works well for a variety of QDs

insoluble in aqueous solution.
Fig. 8 Temperature dependence of emission spectra of CdSe/PVCL/

VIm (2.88%) hybrid microgel (10.5 mg QD (g polymer)�1) in water

(0.2 mg mL�1).
Temperature sensitivity

The microgels loaded with QDs preserve their temperature-

sensitive properties. Fig. 7a shows the variation of hydro-

dynamic radius with temperature for two PVCL/VIm(2.88%)

microgel samples. The microgel sample containing QDs exhibits

a similar temperature-response behavior to that of the as-

prepared microgel. Increase of the temperature induces collapse

of the microgel due to the destruction of the hydrogen bonds that

oppose the hydrophobic attraction forces between polymer

chains. Both the original microgel and the microgel filled with

QDs collapse to similar size, which indicates that QDs do not

influence strongly the mobility of the polymer chains above

volume phase transition temperature. A similar response is

found for a PNIPAM/VIm microgel sample at a similar QDs

loading. The volume phase transition temperature is shifted to

lower temperatures due to the hydrophobic nature of the QDs.

In this case, the QDs provoke faster deswelling of the microgel

by enhancing the hydrophobic attraction forces within microgel.

After transfer to the microgel, the CdSe QDs remain photo-

luminescent (PL). As seen in Fig. 7b, the PVCL/VIm/CdSe

composite in THF has a nearly identical PL spectrum to that

of CdSe/TOPO. The emission in water is substantially weaker,

and blue shifted,23 as is shown in Fig. 7b for PVCL/VIm/CdSe.

The dramatic reduction of the quantum yield of QDs occurs

not during the ligand exchange step but during microgel transfer

to the aqueous phase. (It is difficult to compare quantum yields

because light scattering from the microgel composite masks the
Fig. 7 a) Temperature dependence of Rh for PVCL/VIm (2.88%) micro-

gel in water with (10.5 mg QD (g polymer)�1) and without QDs. b) norma-

lized emission spectra of CdSe/TOPO in THF and CdSe/PVCL/VIm

(2.88%) hybrid microgel (10.5 mg QD (g polymer)�1) in THF and in water.

This journal is ª The Royal Society of Chemistry 2008
UV-Vis absorption spectrum of the QDs.) A similar reduction

in PL intensity has been reported for CdSe nanoparticles coated

with poly(N,N-dimethylaminoethyl methacrylate), following

transfer from toluene to water.17b Fig. 8 shows the temperature

dependence of the PL emission spectrum of PVCL/VIm/CdSe

composite (10.5 mg QD (g polymer�1) in water. The PL intensi-

ties decreased as the temperature increased,24 and the effect was

reversible. A slight blue shift of the PL maximum wavelength

associated with small changes in peak shape accompanied this

increase in temperature.
Conclusions

We demonstrate a new approach for the preparation of hybrid

microgels containing inorganic nanoparticles, using TOPO-

passivated CdSe QDs and oleic acid capped PbS QDs as examples.

In this method, nanoparticles prepared by traditional high

temperature methods in organic solvents, and covered with a layer

of organic ligands at their surface, are incorporated into the

microgel in a water-miscible organic solvent such as THF. Func-

tional groups introduced as part of the microgel structure

exchange with ligands from the nanoparticle synthesis, and the

nanoparticles become irreversibly incorporated into the polymer

network. These hybrid structures can then be transferred back

to water.

Our experimental results demonstrate that the microgels,

synthesized in water, retained their colloidal stability during

the transfer from water to THF; and the QD–microgel hybrid

particles retained their colloidal stability in THF and during

transfer from THF to water. We were able to show that QD

binding to the microgel took place by a ligand exchange process.

This approach worked well for polymer microgels of two differ-

ent compositions, one based upon PNIPAM, and the other on

a copolymer of AAEM with N-vinylcaprolactam. Small differ-

ences in behavior were noted and attributed to the different

internal morphologies of these microgels. The QDs incorporated

into the microgels remained photoluminescent, both in THF

and in water. The hybrid microgels retained their temperature-

sensitive properties in aqueous solution, but the presence of

the QDs shifted the volume phase transition to lower tempera-

tures. We believe that this new approach can be used to incorpo-

rate a broad range of nanoparticles into microgels and can also

lead to the design of novel multifunctional materials.
J. Mater. Chem., 2008, 18, 763–770 | 769
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