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Well-defined diblock copolymers comprising thermosensitive poly(N-isopropyl acrylamide)
(PNIPAM) and poly(n-butylacrylate) (PBA) blocks were synthesized by macromolecular design
by interchange of xanthates (MADIX)/reversible addition-fragmentation chain transfer polymeri-
zation (RAFT) using a xanthate-type mediating agent. Their behavior in aqueous solution as a
function of temperature was studied by scattering and microscopy techniques. The cloud point
temperature values were strongly correlated to the hydrophobic content of the copolymers. Moreover,
above the cloud point, the block copolymer structure led to the formation of large reversible aggregates
with well-defined sizes. Those polymers were then used to study the synthesis and stability of gold
nanoparticles (AuNPs) dispersions either by coating preformed AuNPs or by in situ preparation. In this
latter case, we showed that the appropriate choice of polymer concentration allows one to control the size
of the AuNPs. Furthermore, the AuNPs were embedded within globules of diblock copolymers, this type
of architecture providing long-term stability as well as a thermosensitivity to the AuNPs.

1. Introduction

Macromolecular engineering by controlled radical poly-
merization (CRP) offers an infinite array of complex poly-
mer architectures with predetermined molecular weights,
molecular weight distributions, compositions, and functio-
nalities.1 Particular attention was paid to designing smart
copolymers that dramatically change their properties by
responding to a variety of external stimuli like temperature,
pH, light, electric field, chemicals, and ionic strength.2

Among them, thermosensitive block copolymers were
widely investigated for their property to reversibly self-
assemble in water, leading to aggregate morphologies like
micelles or vesicles of particular interest for emulsification,
dispersion, encapsulation, and active delivery purposes.
The easiness of access to tailor-made polymers by CRP is
strongly dependent on the choice of the polymerization

technology.Macromolecular design by interchange of xan-
thates (MADIX)3/reversible addition-fragmentation chain
transfer polymerization (RAFT)4 technologies are undoubt-
edly themost facilemethod for preparing controlled polymer
architectures in water or polar organic solvents with the
possibility of including amultitudeof functional groups (e.g.,
-OH, -COOH, -SO3H, -NR2, cationic, zwitterionic
groups, etc.) without resorting to tedious protection che-
mistry.5 Another major advantage of MADIX/RAFT is its
exceptional ability to control the polymerization of acryl-
amidomonomers in contrast to other main CRP processes.6

This opens access to numerouswell-defined copolymerswith
acrylamido-based blocks exhibiting a lower critical solution
temperature (LCST).7

Over the years, the MADIX/RAFT process showed its
great potential for designing hydrophilic-hydrophobic
and double hydrophilic (DHBC) diblock copolymers.3

In particular, many studies were dedicated to the synthesis6,8
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and the physicochemical properties of block copolymers
comprising a weak polyelectrolyte block, e.g., poly-
(acrylic acid) (PAA).9 For instance, anionic-neutral
DHBCs comprising a PAA block and a polyacrylamide
(PAm) block were efficiently converted into hybrid
polyion complex micelles in the presence of positively
charged polymers, surfactants, or metal ions. The mi-
cellar structures were used as efficient nanoreactors for
polymer-templated mineral nanoparticle synthesis.10

Another strategy for obtaining polymer-mineral hybrid
nanomaterials was to control the association of pre-
formed rare earth nanoparticles via the PAA block
whereas the PAm played the role of steric barrier against
particle aggregation.11

The evaluation of the self-assembling properties in
water of PAA-based amphiphilic diblock copolymers
revealed marked differences in behaviors depending on
the nature of the hydrophobic block. Indeed, the micellar
structures evolved from frozen colloids in the case of
polystyrene cores to true macromolecular surfactants in
the case of poly(diethyleneglycol acrylate) (PDEGA).12

An intermediate behavior was obtained in the case
of the soft poly(n-butyl acrylate) (PBA) hydrophobic
block, for whichmicellar aggregates with slow adsorption
properties were characterized. The interesting inter-
facial properties of such amphiphilic diblock copoly-
mers were promoted toward the dispersion and stabiliza-
tion of pigments and most importantly in the field of
emulsion stabilization. For instance, the molecular weight
and hydrophobic-hydrophilic balance of the block
copolymers were finely tuned in order to stabilize or
costabilize either direct or inverse emulsions for various
applications.13

Recently, theMADIX/RAFT process was successfully
implemented to synthesize amphiphilic block copolymers
comprising one hydrophilic block with LCST charac-
teristics.14 PBA and poly(dimethylsiloxane) were chosen
as hydrophobic blocks. As for the hydrophilic block,
N-isopropyl acrylamide (NIPAM) was polymerized
either alone or in combination with acrylamide or a
hydrophobic comonomer. It was demonstrated that the
cloud point of the block copolymer could be efficiently
controlled by the proper choice of the composition of the
thermosensitive block. As a result, these thermoresponsive

amphiphilic block copolymers were evaluated as costabili-
zers for stimulable oil-in-water emulsions. It appeared that
the critical temperature for the reversible precipitation-
redissolution of the emulsion perfectly matches that of the
block copolymer taken alone.14

Besides the self-organizing properties of these amphi-
philic block copolymers in bulk or at interfaces, associa-
tions of thermoresponsivemacromolecules with nanoparti-
cles (NPs) have attracted growing interest in recent years.15

Combining the two systems allows one to build new
“smart” nanocomposites having the quite unique proper-
ties of the NPs (in catalysis, optics, electronics, etc.)16 and
the thermosensitivity related to the copolymer. For exam-
ple, elaboration of thermoresponsive silica NPs,17 palla-
dium NPs,18 iron oxide NPs,19 and quantum dots20 have
been described.
Among all those hybrid systems, AuNPs@PNIPAM

composites have been extensively studied in the past
decade.21 Syntheses were carried out either by growth of
the NPs within PNIPAM particles,22 grafting of the
polymer on preformed NPs,23 trapping of the NPs within
PNIPAM microgels,24 or by simple physical adsorption
of the polymer on the NPs surface.25 Adsorption of
amphiphilic compounds (polymers or surfactants) on
NPs may be more efficient with larger hydrophobic
groups. This has been clearly demonstrated in the case
of Pluronic polymers26 and bolaamphiphiles27 on
AuNPs. Therefore, copolymers comprising a PNIPAM
block and another more hydrophobic blockmay induce a
stronger adsorption on NPs and favor the formation of
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hybrid composites in water. Furthermore, the critical
temperature characteristics of the polymer/NP system
can be easily adjusted by using such a copolymer instead
of the PNIPAM homopolymer. Indeed, the thermal
response of a PNIPAM-based copolymer depends on its
exact composition.28

Herein, we report the synthesis and characterization
of PBA-b-PNIPAM block copolymers, the study of their
thermoresponsive behavior and their use as stabilizing
agent of AuNPs to yield thermosensitive nanohybrids.

2. Materials and methods

2.1. Reagents. Tetrachloroauric acid trihydrate (HAu-
Cl4, 3H2O), sodium borohydride (NaBH4), sodium chlo-
ride (NaCl), sodium hydroxide (NaOH), and 1-hexade-
canethiol were purchased from Aldrich Fine chemicals
and were used without further purification. N-isopropyl-
acrylamide (99%, NIPAM) and n-butyl acrylate (99%,
BA) were supplied from Acros Organics. BA was filtered
over alumina to remove inhibitor prior to polymeriza-
tion. TheO-ethyl-S-(1-methoxycarbonyl) ethyldithiocar-
bonate MADIX/RAFT agent (Rhodixan A1) was
obtained from Rhodia and use as received. The 2,20-
azobis-(isobutyronitrile) initiator (98%, AIBN) was pur-
chased from Janssen Chimica and recrystallized from
ethanol before use. Absolute ethanol (AnalaR normapur
VWR) was used as received. Using a Purite device, water
was purified through a filter and ion-exchange resin
(resistivity ≈16 MΩ cm).
2.2. Characterization. 2.2.1. Size Exclusion Chro-

matography (SEC). Average number molecular weights
(Mn) and polydispersity indexes (PDI) were determined

by SEC on an apparatus equipped with a Waters 2140

refractive index (RI) detector, using a Waters Styragel

HR 4E column (eluent, THF; flow rate, 1 mL min-1).

Molecular weights were calculated on the basis of poly-

styrene standards. Typically, samples at a concentration

of ca. 10 mg mL-1 in THF were injected. Alternatively,

samples were analyzed with a SEC apparatus comprising

a Varian ProStar 325 UV detector (dual wavelength

analysis) and aWaters 410 refractive index detector, using

two Shodex K-805 L columns (8 mm �300 mm, 13 μm)

andDMFþLiCl (0.1 N) as the eluent at 40 �C (flow rate,

1 mL min-1). This system was calibrated using narrow

poly(methyl methacrylate) standards ranging from 900 to

625 000 g mol-1.
2.2.2. Differential Scanning Calorimetry (DSC). The

glass transition temperatures of the polymers were deter-
mined with a temperature increase rate of 10 �C min-1

using a Perkin-Elmer PYRIS 1 calorimeter.
1H and 13C NMR spectra were recorded on a Bruker

ARX 400 at 400.13MHz and at 100.61MHz, respectively.

2.2.3. Interfacial Tension. Measurements of the sur-
face tension were performed at 25 �C using the Wilhelmy
plate method with a tensiometer (Kruss K20 Easy Dyne).

2.2.4. Determination ofCloudPoints.Transmittance of
polymer aqueous solutions was recorded with a HP
8452A diode array spectrophotometer with increasing
temperature at different heating rates. The cloud points
were then calculated by the extrapolation to 0 �Cmin-1 of
the cloud points obtained from the inflection point of
each transmittance curve. Three independent measure-
ments were performed for each sample.

2.2.5. Dynamic Light ScatteringMeasurements (DLS).
DLSmeasurements were carried out at different tempera-
tures with aMalvern Instrument Nano-ZS equipped with
a He-Ne laser (λ=633 nm). Samples were introduced
into cells (pathway: 10 mm) after filtration through
0.45 μm PTFE microfilters. The correlation function
was analyzed via the general purpose method (NNLS)
to obtain the distribution of diffusion coefficients (D)
of the solutes, and then the apparent equivalent hy-
drodynamic diameter (ÆDhæ) was determined using the
Stokes-Einstein equation. Mean diameter values were
obtained from three different runs. Standard devi-
ations were evaluated from hydrodynamic diameter
distribution.

2.2.6. Transmission Electron Microscopy (TEM). A
drop of the aqueous dispersion was placed on a carbon-
coated copper TEM grid and left to dry under air. For
samples needing negative staining, the TEM grid was
successively placed on a drop of the sample solution for
2 min, on a drop of an aqueous solution of uranyl acetate
(2 wt %, 2 min) and finally on a drop of distilled water,
after which the grid was then air-dried before introduc-
tion into the electron microscope. To visualize mesoglo-
bules, we heated polymer solutions (45 �C) for 1 h prior to
the deposit. The previously described procedure for pre-
paration of TEMgrids was then employed; however, they
were dried in an oven at 45 �C. The samples were viewed
with a HITACHI HU12 operating at 70 kV. Size dis-
tribution was determined by manual counting on ca. 150
particles, using WCIF Image J software.

2.2.7. Small-Angle Neutron Scattering (SANS). SANS
experiments were performed with the PACE spectro-
meter at the Orph�ee reactor (LLB, Saclay). Polymer
solutions in D2O solvent were put inside quartz cells of
2 mm gap and measured at 20 and 40 �C. Different
spectrometer configurations were used: a neutron wave-
length (λ) of 7 Å with a sample to detector distance of 3 m
to obtain intermediate q value range, a wavelength of 7 Å
with a distance of 1 m to reach high q values and a
wavelength of 17 Å and 4.8 m to reach low q values
required to observe large objects. The neutron wave-
length distribution Δλ/λ was 0.11. The incident collima-
tionwas obtained from two circular holes, one close to the
sample with a 7mmdiameter and the second one of either
16 mm diameter, 2.5 m apart from the sample diaphragm
for the two highest q domains, or of 12 mm diameter,
5 m apart from the sample diaphragm for the smallest q
range. The scattering vector range thus reached was

(28) (a) Soutar, I.; Swanson, L.; Adamson, P. G.; Flint, N. J. Macro-
molecules 2009, 42(22), 9153–9160. (b) Vieira, N. A. B.; Neto, J. R.;
Tiera, M. J. Colloids Surf., A 2005, 262(1-3), 251–259. (c) Chee,
C. K.; Rimmer, S.; Shaw, D. A.; Soutar, I.; Swanson, L. Macromole-
cules 2001, 34(21), 7544–7549.
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0.0025 < q (Å-1) < 0.35. Scattering intensities have also
been normalized by the incoherent signal delivered by a
1 mm gap water sample in order to account for efficiency
of detector cells.29 Absolute values of the scattering inten-
sity, I(q) in cm-1, were obtained from the direct deter-
mination of the number of neutrons in the incident beam
and the detector cell solid angle.30 No background was
subtracted to the copolymer sample scattering, thus a flat
incoherent signal is observed at high q values. The scatter-
ing curves of diluted copolymer solutions have been fitted
to the model of polydisperse spheres (diameter D) by
using a Gaussian distribution of diameter (σD), and tak-
ing into account for each spectrometer configuration
the convolution with the corresponding resolution
function.31

2.3. Synthesis. 2.3.1. Block Copolymers Synthesis.A
typical procedure for synthesizing block copolymers of
BA and NIPAM is as follows: 51 mg of AIBN, 0.521 g of
Rhodixan A1, 4.994 g of BA, and 3.39 g of ethanol are
placed in a two-neck, round-bottomed flask equipped
with a magnetic stirrer and a reflux condenser. The
solution is then degassed for 15 min by bubbling argon.
It is then heated at 75 �C for 3 h, keeping a slow stream of
argon in the reactor. After this period of time, the solution
is cooled to ambient temperature and the polymer is
analyzed. BA conversion >99% (1H NMR); Mn=2250
gmol-1, PDI=1.55 (given by SEC inTHF); 3.873 g of the
obtained PBA is mixed with 187 mg of AIBN, 15.56 g of
NIPAM, and 16.45 g of ethanol. The solution is then
degassed for 15min by bubbling argon. It is then heated at
75 �C during nine hours, keeping a slow stream of argon
in the reactor. The reaction mixture is then cooled
down to ambient temperature and the polymer is ana-
lyzed. NIPAM conversion>99% (1HNMR);Mn=7350
g mol-1, PDI=1.29 (given by SEC in THF).

2.3.2. Micelle Formation. Concentrated solutions
(20 wt %) of amphiphilic block copolymers were pre-
pared in ethanol or in methanol-d4, which are good
solvents for both blocks. Then, these solutions were
added dropwise to an adequate amount of water or
D2O with vigorous stirring. The final content in ethanol
or in methanol-d4 was equal to or less than 1% v/v, and it
was accepted as negligible.

2.3.3. AuNP Formation. Preformed NPs were synthe-
sized as previously described.27,32 Briefly, to 5 mL of a 1 �
10-2 mol L-1 HAuCl4 solution were added 94 mL of
distilled water and 250 μL of a 1 mol L-1 aqueous solution
of sodium hydroxide. The pH was then adjusted (if
necessary) around 7.5-8 and 500 μL of a fresh NaBH4

solution (0.1 mol L-1) were subsequently added under
manual stirring. The solution color immediately turned
into dark red, indicating the formation of AuNPs. Typical

TEManalysis of theseNPs is given as Supporting Informa-
tion (Figure S4).

2.3.4. Coating of the Preformed Nanoparticles. Typi-
cally, for a final polymer concentration of 0.1 wt %, 0.9
mL of desionized water and 0.1 mL of a 1 wt % aqueous
stock solution of polymer were added to 1 mL of a 5 �
10-4 mol L-1 aqueous Au NPs stock solution to yield
coated NPs.

2.3.5. In situ Synthesis of AuNPs.33 The amount of
PBA2k-b-PNIPAM8k was adjusted as a function of the
final desired polymer concentration. Typically, 380 μL of
deionized water was added to 1.5 mL of 0.2 wt% PBA2k-
b-PNIPAM8k aqueous solution followed by the addition
of 100 μL of 0.01 mol L-1 HAuCl4 aqueous solution.
Then, NaOH aqueous solution was added to adjust the
pH to 8 and the mixture was heated in an oven at 20 or
45 �C for 15 min. Finally, 10 μL of freshly prepared
0.1 mol L-1 NaBH4 solution was added. The mixture
color turned into brown, red, or light orange, at different
rates, depending on PBA2k-b-PNIPAM8k concentration.

3. Results and Discussion

3.1. Synthesis and Characterization of Block Co-

polymers. MADIX/RAFT block copolymers of BA and
NIPAM were synthesized via two-step polymerizations
initiated by 2,20-azobis(isobutyronitrile) in ethanol at
75 �C in the presence of the O-ethyl-S-(1-methoxycarbo-
nyl)ethyldithiocarbonate MADIX agent (Rhodixan A1),
without purification of the intermediate PBA block
(Scheme 1).
PBA-b-PNIPAM copolymers with targeted structures

corresponding to PBA2k-b-PNIPAM8k and PBA5k-b-
PNIPAM5k (2k and 5k for a theoretical Mn of the PBA
block equal to 2000 and 5000 g mol-1 respectively) were
selected. Reaction conditions were chosen so that the 1H
NMR analysis confirmed that the BA and NIPAM
conversions were greater than 99% for each polymeriza-
tion step and for the two block copolymers. The transfer
constant to xanthate (CX) and interchain transfer con-
stant (Cex) respectively influence theMn evolution profile
and polydispersity index during polymerization.34 Jacquin
et al. determined aCX value equal to 2.7 for RhodixanA1
in BA polymerization in ethanol.9b We determined experi-
mentally a transfer constant to Rhodixan A1 (CX) equal
to 3.3 ( 0.5 for NIPAM polymerization in ethanol by
plotting the monomer concentration vs transfer agent
concentration with a double log scale,35 after both con-
centrations were followed by high performance liquid
chromatography. In MADIX/RAFT polymerizations
for which the contribution of initiator-derived chains
and side reactions like transfer to solvent are negligible,
the control ofMn at the end of the polymerization (∼99%
monomer conversion) is obtained if CX is greater than 1.

(29) Brulet, A.; Lairez, D.; Lapp, A.; Cotton, J. P. J. Appl. Crystallogr.
2007, 40, 165–177.

(30) Cotton, J. P. In Neutron, X-ray and Light Scattering; Lindler, P.,
Zemb, T., Eds.; North-Holland: Amsterdam, 1991; p 19.

(31) (a) Pedersen, J. S. J. Phys. IV 1993, 3(C8), 491–498. (b) Lairez, D. J.
Phys. IV 1999, 9(P1), 67–81.

(32) Keilitz, J.; Radowski, M. R.; Marty, J. D.; Haag, R.; Gauffre, F.;
Mingotaud, C. Chem. Mater. 2008, 20(7), 2423–2425.

(33) Perignon, N.; Mingotaud, A. F.; Marty, J. D.; Rico-Lattes, I.;
Mingotaud, C. Chem. Mater. 2004, 16(24), 4856–4858.

(34) Chong, Y. K.; Krstina, J.; Le, T. P. T.; Moad, G.; Postma, A.;
Rizzardo, E.; Thang, S.H.Macromolecules 2003, 36(7), 2256–2272.
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This is confirmed for PBA as shown in Table 1 (entries 3
and 5) when Mn is determined by SEC in THF. The Mn

values of PBA samples could not be determined by SEC in
DMFbecause their elution volumewas out of the PMMA
calibration range, in the region typical of low molecular
weight molecules, which means that the hydrodynamic
volume of PBA is smaller than that of PMMA in the
DMF eluent. The Mn of PNIPAM synthesized in the
presence of Rhodixan A1 in ethanol was nearly twice as
high as the theoretical Mn value (entries 1 and 2 of
Table 1) when SEC was performed in DMF. We attri-
buted these differences in Mn to differences in hydrody-
namic volumes between PMMA and PNIPAM in the
DMF eluent, as the CX value of 3.3 for NIPAM rules out
the possibility for the xanthate to be partially reacted at
the end of the polymerization. The PDIs reported in
Table 1 lie in the 1.5-1.6 range for PBA and are close
to 1.3 for PNIPAM. As PDI can be approximated to 1þ
1/Cex at the end of the polymerization,36 it can be
estimated that the xanthate interchain transfer is rela-
tively slow in both cases, and faster in the case of NIPAM
than for BA. The experimental Mn values of the copoly-
mers are slightly lower than theoretical estimations when
SEC is performed in THF. For a given theoretical Mn of
10k for the two block copolymers of entries 4 and 6 in
Table 1, it appears that theMn value determined by SEC

in DMFwith PMMA standards is strongly dependent on
the composition of the copolymer. This can again be
explained by the significant differences in hydrodynamic
volumes of PBA and PNIPAM in the DMF eluent. The
PDIs of the block copolymers tend to slightly decrease
compared to that of the PBA block after NIPAM poly-
merization (1.20 < PDI < 1.53). Most importantly, the
overlay of SEC chromatograms in THF of the PBA pre-
cursor and resulting diblock copolymers show that in
both cases, the PBA was fully incorporated in the final
copolymer (Figure 1). Differential scanning calorimetry
(DSC) analysis was performed for all homopolymers and
diblock copolymers. The thermograms showed glass
transition temperatures at around 108.9 �C for PBA2k-
b-PNIPAM8k and -48.0 and 106.7 �C for PBA5k-b-
PNIPAM5k. These transitions were attributed to the
glass transition temperature of PBA (-50.7 �C) and
PNIPAM (127.9 �C), which suggests that phase separa-
tion of the two blocks is occurring in the solid state.
Because the PBA content is very low in the case of the
first block copolymer, the transition corresponding to the
PBA could not be observed on DSC analysis.
3.2. Properties of Aqueous Solutions of Block Copoly-

mers. 3.2.1. Self-Assembly in Water at 20 �C. When
amphiphilic block copolymers are dissolved in water,
they tend to aggregate in order to decrease the free energy
of the system by the formation of an “interface” between
“oily” cores and water (the so-called hydrophobic
effect).37 However, the self-assembly in regular spherical
micelles is not always observed and, sometimes, none-
quilibrium nanostructures are obtained.38 Indeed, the
preparation method has an important influence on the
aggregate nanostructure.39 When the block copolymers
PBA2k-b-PNIPAM8k and PBA5k-b-PNIPAM5k were di-
rectly solubilized in water, micellar aggregates with a
relatively large distribution of sizes could be observed

Scheme 1. Synthesis of Poly(n-butyl acrylate)-b-poly(N-isopropyl acrylamide), PBA-b-PNIPAM, by MADIX/RAFT Polymerization,

Self-Assembly in Aqueous Solutions, and Thermoinduced Aggregation

Table 1. Characteristics of Polymer Samples:Mn, Polydispersity Indexes,

and Glass Transition Temperatures (Tg)

Mn (g mol-1) PDI Tg (�C) ΔCp (J g
-1)

PNIPAM8k 17600a 1.27a 127.9 0.4
PNIPAM10k 21 300a 1.31a n.d. n.d .
PBA2k 2300b 1.55b -50.7 0.5
PBA2k-b-PNIPAM8k 15 300a 1.30a 108.9 0.2

7400b 1.29b

PBA5k 5100b 1.58b n.d. n.d.
PBA5k-b-PNIPAM5k 8400a 1.20a -48.0 0.1

6100b 1.53b 106.7 0.2

a SEC in DMF; calibration PMMA. b SEC in THF; calibration PS.

(36) Muller, A. H. E.; Zhuang, R. G.; Yan, D. Y.; Litvinenko, G.
Macromolecules 1995, 28(12), 4326–4333.

(37) Chandler, D. Nature 2005, 437(7059), 640–647.
(38) Yu, K.; Zhang, L. F.; Eisenberg, A. Langmuir 1996, 12(25), 5980–

5984.
(39) Riess, G. Prog. Polym. Sci. 2003, 28(7), 1107–1170.
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by DLS. So, a solvent-assisted method was employed in
which the block copolymers were first solubilized in
ethanol and then transferred to water. It is worth to note
that the micelles were prepared with a slightly different
procedure than usually described in the literature. Inmost
works, water is slowly added to the solution of block
copolymer in an organic solvent, gradually changing the
quality of the solvent. Though, in our case, this method
leaded to micelles that were largely distributed.
Because ethanol is a good solvent for both blocks, the

block copolymers are molecularly dissolved as random coils
in ethanol solutions, presenting average hydrodynamic dia-
meters (ÆDhæ) on the order of 4-5 nm, exactly as PNIPAM
homopolymers (Table 2). When these block copolymers
were transferred from organic solvent into aqueous solu-
tions, a significant increase in the diameters was observed by
DLS, whereas only a slight change was seen for homopoly-
mers (Table 2), suggesting that they self-assembled in mi-
celles. In fact, TEM images of dried aqueous solutions show
very regular monodisperse spherical micelles (Figure 2) with
diameters agreeing with DLS results. As expected, the
diameters measured by TEM are slightly lower than those
observed by DLS because they correspond to gyration dia-
meters rather than hydrodynamic diameters. These results
were further confirmedbySANSmeasurementspresented in
Figure 3. These SANS curves were well-fitted to the simple
model of polydisperse sphere, which gave us the mean
micelle diameter and its distribution (Table 2).
At 20 �C, the micelles sizes of PBA5k-b-PNIPAM5k are

more than twice those of PBA2k-b-PNIPAM8k: this ratio

roughly corresponds to the ratio of hydrophobic block
lengths of these two copolymers. Such an increase ofmicelle
size, proportional to the length of the hydrophobic block,
would correspond to the strong aggregation limit case
predicted for the aggregation of diblock copolymer, which
has been observed in various diblock copolymers.40 In such
systems, the core contains practically only the hydrophobic
blocks. Thus, when the hydrophobic block is longer, the
formed micelles will have a higher aggregation number,
leading to an increase in the micelle size.
In this case, the corona (the PNIPAM blocks) sur-

rounding the core (the PBA blocks) is also swollen by the
solvent. Its contribution to the SANS signal is very weak.
Thus, with this assumption, the micelle diameter deduced
from SANS is the diameter of the hydrophobic PBA core
alone. The average aggregation number Nagg in the
micelles can be determined from the size of the core
(Rcore), the mean average molar mass in weight of the
core block (Mcore) and the block density inside the core
(Fcore =1.1 g cm-3, assuming a dense and solvent ex-
cluded core) using the following expression:

Nagg ¼ 4πFcoreR
3
coreNAv=3Mcore

With Mcore=MPBA and NAv = Avogadro’s number, we
obtain Nagg=710 and 4800, respectively, for copolymer
micelles from PBA2k-b-PNIPAM8k and PBA5k-b-PNI-
PAM5k, in agreement with the expected scaling law Nagg �
NA

2 (NA being the number of monomers of the hydro-
phobic block). The surface area per chain Ac=4πRcore

2 /
Nagg calculated for the two micellar systems gives values
of 1.13 and 1.10 nm2, respectively, which are also in good
agreement with the estimated surface occupied by one
NIPAM monomer. Critical aggregation concentration
were determined from interfacial tension measurements
and found around 3 � 10-4 wt % for both copolymers
(see the Supporting Information, Figure S1).

3.2.2. Thermosensitive Behavior. Cloud points (Tc) of
aqueous solutions of PNIPAMhomopolymers and PBA-
b-PNIPAM block copolymers were determined by turbi-
dimetry. A hysteresis between the heating process and
the cooling process could be observed for all solutions,
which was accentuated for higher heating/cooling rates
(see the Supporting Information, Figure S2). At a heating/
cooling rate of 0.1 �C min-1, the cloud points obtained
while cooling were 2-3 �C lower than the cloud points
observed while heating. This phenomenon had already
been observed for PNIPAM polymers, even in very dilute
solutions, and can be explained by the fact that the swelling
of the compact aggregates formed at higher temperatures
is relatively difficult because of the intrachain entangle-
ment.41 Cloud point temperature was found at 36.5 �C,
which is close to cloudpoints values observed for PNIPAM

Figure 1. Size exclusion chromatograms (RI response) in THF of (A)
PBA2k (dotted line) and PBA2k-b-PNIPAM8k (solid line) and (B) PBA5k

(dotted line) and PBA5k-b-PNIPAM5k (solid line).

(40) Forster, S.; Zisenis, M.; Wenz, E.; Antonietti, M. J. Chem. Phys.
1996, 104(24), 9956–9970.

(41) Wang,X.H.; Qiu,X. P.;Wu,C.Macromolecules 1998, 31(9), 2972–
2976.

(42) Xia,Y.; Burke,N.A.D.; Stover,H.D.H.Macromolecules 2006, 39
(6), 2275–2283.
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with similar molecular weights obtained by controlled
radical polymerization techniques.42

It is known that the incorporation of hydrophobicmono-
mers on PNIPAM polymers modifies the hydrophilic/
hydrophobic balance of the system, shifting the cloud
point to lower temperature values.28c Here, we were able
to modulate the cloud point of PNIPAM by the pre-
paration of block copolymers with BA. Hence, PBA2k-b-
PNIPAM8k and PBA5k-b-PNIPAM5k have cloud point
values ca. 6 �C lower than PNIPAM homopolymers
(Table 2 and Figure 4). In addition, the latter block

copolymer exhibits a lower cloud point value (Tc =
28.1 �C) than the former (Tc= 29.9 �C) because of its
greater BA content.
Another possibility for tuning the cloud points of these

polymers is increasing the ionic strength of the polymer
aqueous solutions. Salts are known to disrupt the hydra-
tion structure around the polymer, causing a decrease of
the demixing temperature.43 Indeed, a linear decrease in
the cloud points of both PNIPAM10k and PBA2k-b-
PNIPAM8k was observed with increasing NaCl concen-
tration (Figure 5). The influence in the salt concentration
showed to be similar for both samples, leading to a
decrease of more than 10 �C on the cloud point values
at high NaCl concentration. Besides, the difference bet-
ween the Tc values of these two polymers remains practi-
cally constant up to aNaCl concentration of 0.5 mol L-1.

Table 2. Cloud Points (Tc) and DLS, TEM, and SANS Data on Polymer Aqueous Solutions at 20 and 40 �C (0.2 wt %)a

20 �C 40 �C

polymer Tc (�C)
ÆDhæEtOH (nm)
(20 wt %) ÆDhæwater (nm) ÆDæTEM (nm)

ÆDæSANS (nm)
(PBA core) ÆDhæwater (nm) ÆDæTEM (nm) ÆDæSANS (nm)

PNIPAM10k 36.5 4.7( 0.9 6( 4 486( 194
PBA2k-b-PNIPAM8k 29.9 4.6( 2.3 28 ( 6 22( 3 16 ( 2 114( 5 104( 15
PBA5k-b-PNIPAM5k 28.1 4.6( 0.6 62 ( 12 41( 10 41 ( 7 132( 1 106( 17

aNote: Errors in DLS measurements were calculated by multiplying polydispersity values by the mean hydrodynamic diameter values.

Figure 2. TEM images and distribution of aggregates of PBA2k-b-PNI-
PAM8k (top) and PBA5k-b-PNIPAM5k (bottom).

Figure 3. Scattering intensity in absolute units (cm-1) of D2O solutions
of (A) PBA2k-b-PNIPAM8k (0.2 wt %) and (B) PBA5k-b-PNIPAM5k,
measured at 20 �C (blue þ, blue �) and at 40 �C (red O, red b). Lines
are the best fits to a model of polydisperse sphere (mean diameter D,
standard deviation σD) taking into account the resolution function of the
spectrometer.

(43) (a) Baltes, T.; Garret-Flaudy, F.; Freitag, R. J. Polym. Sci., Part A:
Polym. Chem. 1999, 37(15), 2977–2989. (b) Van Durme, K.; Rahier,
H.; Van Mele, B. Macromolecules 2005, 38(24), 10155–10163.
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3.2.3. Formation of Mesoglobules.When the block co-
polymers solutions were heated above their cloud point
temperature, monodisperse aggregates of PBA2k-b-PNI-
PAM8k and PBA5k-b-PNIPAM5k with hydrodynamic
diameters of 114 ( 5 nm and 132 ( 1 nm were detected
by DLS, suggesting that stable dispersions of mesoglo-
bules were formed (Table 2). An increase in copolymer
concentration induces the formation of larger mesoglo-
bules with quite a narrow distribution (see the Supporting
Information, Figure S3a). Their formation was further
confirmed by TEM experiments (negative staining) and
SANS measurements. Indeed, when TEM deposit was
performed above Tc, TEM images of PBA2k-b-PNI-
PAM8k polymer solution showed spherical objects with
a mean diameter of ca. 100( 40 nm (Figure 6). The large
distribution observed by TEMmight be caused by drying
and/or the staining process, which leads to local over-
concentration and, consequently, induces the formation
of objects of different sizes. However, samples that were
prepared using the same procedure at room temperature
did not show such objects.
Because the mesoglobules appear to be spherical, it was

consistent to fit the SANSdata (see Figure 3) at 40 �Cwith
the polydisperse hard sphere model, which gave a mean
diameter of 104 ( 15 nm for PBA2k-b-PNIPAM8k and
106 ( 17 nm for PBA5k-b-PNIPAM5k. At this tempera-
ture, PNIPAM was poorly solvated and both blocks
contribute to scattering signal. This leads to similar
mesoglobule sizes and an average Nagg around 41 000
for both copolymers.

Mesoglobules of PNIPAM homopolymers44 as well as
of hydrophobically modified PNIPAM polymers45 have
previously been observed. However, as far as we know,
this is the first time that mesoglobules of PNIPAM-based
amphiphilic block copolymers are detected. Although the
reasons for the actual stability of these mesoglobules
aggregates are still under debate, it is believed that it is
due to the general features of the spinodal decomposi-
tion of polymer solutions and to the low probability of
Brownian collisions in dilute solutions, which avoids the
formation of larger aggregates that would precipitate in
aqueous solutions.44a When the temperature is raised
above the cloud point, polymer chains simultaneously
undergo intrachain contraction and interchain associa-
tion, giving rise to large aggregates that are loosely
solvated by water molecules. These molecules are then
ejected to bulk water, leading to the formation of very
dense and rigid mesoglobules that cannot merge because
of the very short contact time between two mesoglobules
during a collision. Another explanation that has been
suggested is that partial vitrification may take place
within dense mesoglobules, decreasing the probability
of merging.46

3.3. Stabilization of AuNPs.When a PNIPAM layer is
physically or chemically attached to the surface of a Au
NP, not only a steric stability is acquired for the NPs, but
also the properties of the NPs can be controlled to some
extent in response to any change in temperature. More-
over, incorporating well-defined polymers with desired
molecular weight using the precision of MADIX/RAFT
technology may be essential to better understand such
modifications. Hence, coating of AuNPs using PNIPAM
(or PNIPAM-based block copolymers) obtained by
RAFT polymerization was extensively studied. Those

Figure 4. Transmittance vs temperature for 0.1 wt % aqueous solutions
of PNIPAM10k (b), PBA2k-b-PNIPAM8k (9), and 0.01 wt % aqueous
solutions of PBA5k-b-PNIPAM5k (() for a heating rate of 0.1 �C min-1.

Figure 5. Cloud points of 0.1wt%aqueous solutions of PNIPAM10k (b)
and PBA2k-b-PNIPAM8k (9) as a function of NaCl concentration.

Figure 6. TEM images (negative stain) of mesoglobules formed above
the cloud point temperature for PBA2k-b-PNIPAM8k.

(44) (a) Kujawa, P.; Aseyev, V.; Tenhu, H.; Winnik, F. M. Macromo-
lecules 2006, 39(22), 7686–7693. (b) Ye, J.; Xu, J.; Hu, J.; Wang, X.;
Zhang, G.; Liu, S.; Wu, C. Macromolecules 2008, 41, 4416–4422.

(45) Kujawa, P.; Tanaka, F.; Winnik, F. M. Macromolecules 2006, 39,
3048–3055.

(46) Van Durme, K.; Verbrugghe, S.; Du Prez, F. E.; Van Mele, B.
Macromolecules 2004, 37, 1054–1061.
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nanohybrids were made either by a “grafting from”47 or a
“grafting to”48 approach, or by direct growth of the NPs
within PNIPAM particles.49 Here, PBA2k-b-PNIPAM8k

and PBA5k-b-PNIPAM5k amphiphilic block copolymers
were adsorbed on the surface of preformed AuNPs.
Properties of the obtained nanohybrids were compared
to those of Au@PNIPAM with a similar molecular
weight, allowing a better description of the nanohybrids
formed. Those results were then compared to those
obtained by in situ preparation of AuNPs. Lastly, stabi-
lization properties of the nanohybrids were described.

3.3.1. Coating of Preformed NPs. To avoid any chemi-
cal modification of the polymers and to allow direct
comparison of their stabilization properties, we sepa-
rately synthesized AuNPs and subsequently mixed them
with the polymer. AuNPs were synthesized by reduction
of HAuCl4 by NaBH4.

32 Although no additional stabili-
zing agent was added, experimental conditions such as
pH and gold precursor concentration have to be chosen
carefully to obtain well-controlled AuNPs with good
stabilization properties. First, the pH value of the HAu-
Cl4 needs to be adjusted around 8.0 before addition of
NaBH4 solution; in such conditions, HAuCl4 was present
mainly as Au(OH)4

- in solution50 whose reduction fa-
vored the formation of AuNPs as single colloids. In
addition, gold concentration need to be kept below 5 �
10-4 mol L-1 to avoid further aggregation of AuNPs
(Supporting Information, Figure S4). The NPs disper-
sions obtained by this procedure exhibited a broad ab-
sorption band around 516 nm, resulting in a pink-red
color of the dispersions. TEM measurements showed
isolated AuNPs with an average diameter of approxi-
mately 8( 2 nm (see the Supporting Information, Figure
S5). In addition, their hydrodynamic radius was found at
7.3 ( 0.7 nm, so they are present mainly as single colloid
in aqueous solutions. Those NPs are negatively charged
(due to the presence of chlorate and borate ions and hydro-
xyl derivatives at the surface of the NPs) with a zeta

potential around -30 ( 2 mV. Moreover, these AuNPs
are stable in water with no significant change of optical
properties over a month period (see the Supporting
Information, Figure S6). Nevertheless, they are sensitive
to any increase in ionic strength or change in pH, which
induces a charge neutralization and subsequent aggrega-
tion. To stabilize these NPs, an adequate amount of
polymer solution was added to AuNPs solutions to reach
the final desired polymer concentration. These solutions
were then analyzed to study the morphology and pro-
perties in solution of the obtained nanohybrids by UV-
visible spectroscopy, DLS, and TEM measurements.
Amphiphilic polymers formmicelles and other types of

aggregates at concentrations higher than a critical value
(critical aggregation concentration, CAC). The adsorp-
tion of polymers at the water/gas or water/solid inter-
faces, including the amount of adsorbed material as well
as the structure of the adsorbed layer, is expected to be
dependent on the types and amount of aggregates in
solution. Micelles embedding NPs in their inner core are
the most common systems described in literature.51 Sev-
eral examples of raspberry-like aggregates, with many
particles in the corona region, are also described.52

We then investigated the effect of polymer concentra-
tion upon stabilization of the AuNPs. Dispersions of
AuNPs stabilized by the diblock copolymers or the
homopolymer PNIPAM10k were prepared at various
polymer concentrations below and above the CAC. De-
stabilization was then induced by increasing the ionic
strength of these solutions. Whereas non coated NPs
solutions led to the formation of a dark precipitate,
solutions ofNPs stabilized by block copolymers remained
unchanged even for polymer concentrations 10 orders of
magnitude below theCAC. This result suggests that the sta-
bilizing effect is not promoted by the bulkmicelles forma-
tion. To probe the interactions of the different polymers
with the AuNPs, we followed themaximum of the surface
plasmon band (SPB) as a function of diblock copolymer
concentration. For the bareAuNPs, its valuewas ca. 516 nm
at 25 �C.When coatedwith PBA2k-b-PNIPAM8k, this value
increased to ca. 520 nm and remained practically constant
regardless of the copolymer concentration. This bathochro-
mic shift of the maximumwavelength demonstrates the effi-
ciency of copolymers to interact with the surface of AuNPs.
Here, the block copolymers (Scheme 1) bear the xanthate
group at the PNIPAM block chain end. The chemisorption
of thiocarbonylthio groups to the surface of AuNPs was
previously demonstrated and could be involved in the inter-
action between the polymer and the NPs surface.53 Never-
theless, no changes in the SPB maximum wavelength of the
nanohybrids were observed when the xanthate group of
PBA2k-b-PNIPAM8k was reduced to thiol before coating
the AuNPs or when the reduction was carried out in the

(47) (a) Raula, J.; Shan, J.; Nuopponen, M.; Niskanen, A.; Jiang, H.;
Kauppinen, E. I.; Tenhu, H. Langmuir 2003, 19(8), 3499–3504. (b)
Zhang, W. A.; Liu, L.; Zhuang, X. D.; Li, X. H.; Bai, J. R.; Chen, Y. J.
Polym. Sci. A: Polym. Chem. 2008, 46(21), 7049–7061. (c) Zhao, Y.;
Perrier, S. Macromolecules 2007, 40(25), 9116–9124.

(48) (a) Boyer, C.; Bulmus, V.; Priyanto, P.; Teoh, W. Y.; Amal, R.;
Davis, T. P. J. Mater. Chem. 2009, 19(1), 111–123. (b) Huang, Y. K.;
Liu, Q.; Zhou, X. D.; Perrier, S.; Zhao, Y. L.Macromolecules 2009, 42
(15), 5509–5517. (c) Liang, M.; Lin, I. C.; Whittaker, M. R.; Minchin,
R. F.; Monteiro, M. J.; Toth, I. ACS Nano 2010, 4(1), 403–413. (d)
Narain, R.; Gonzales, M.; Hoffman, A. S.; Stayton, P. S.; Krishnan, K.
M. Langmuir 2007, 23(11), 6299–6304. (e) Yusa, S. I.; Fukuda, K.;
Yamamoto, T.; Iwasaki, Y.; Watanabe, A.; Akiyoshi, K.; Morishima, Y.
Langmuir 2007, 23(26), 12842–12848. (f) Zhao, J.; Shan, J.; Van
Assche, G.; Tenhu, H.; Van Mele, B. Macromolecules 2009, 42(14),
5317–5327. (g) Zhu, M. Q.;Wang, L. Q.; Exarhos, G. J.; Li, A. D. Q. J.
Am. Chem. Soc. 2004, 126(9), 2656–2657. (h) Boyer, C.; Whittaker,
M. R.; Luzon, M.; Davis, T. P. Macromolecules 2009, 42(18), 6917–
6926.

(49) (a) Aqil, A.; Qiu, H. J.; Greisch, J. F.; Jerome, R.; De Pauw, E.;
Jerome, C. Polymer 2008, 49(5), 1145–1153. (b) Rezende, C. A.;
Shan, J.; Lee, L. T.; Zalczer, G.; Tenhu, H. J. Phys. Chem. B 2009, 113
(29), 9786–9794. (c) Shan, J.; Nuopponen, M.; Jiang, H.; Kauppinen,
E.; Tenhu, H.Macromolecules 2003, 36(12), 4526–4533. (d) Shan, J.;
Zhao, Y. M.; Granqvist, N.; Tenhu, H. Macromolecules 2009, 42(7),
2696–2701.

(50) Ivanova, S.; Petit, C.; Pitchon, V. Appl. Catal., A 2004, 267(1-2),
191–201.

(51) Sidorov, S. N.; Bronstein, L. M.; Kabachii, Y. A.; Valetsky, P. M.;
Soo, P. L.; Maysinger, D.; Eisenberg, A. Langmuir 2004, 20(9),
3543–3550.

(52) Zheng, P.; Jiang, X.; Zhang, X.; Zhang,W.; Shi, L.Langmuir 2006,
22(22), 9393–9396.

(53) Duwez, A. S.; Guillet, P.; Colard, C.; Gohy, J. F.; Fustin, C. A.
Macromolecules 2006, 39(8), 2729–2731.



Article Chem. Mater., Vol. 22, No. 12, 2010 3721

presence of AuNPs. A similar result was also obtainedwhen
a block copolymer synthesized in the reverse order, i.e.,
PNIPAM-b-PBA, was used as stabilizer. Besides, the solu-
bilities of the obtained nanohybrids in different solvents
(vide infra) corresponds mainly to the one of PNIPAM
homopolymer. On the other hand, when NPs were coated
with PNIPAM10k the SPB maximum wavelength appeared
at higher value ca. 528 nm. Therefore, in the case of homo-
polymer, the stabilization mechanism strongly differs from
the one of diblock polymer. This result was further con-
firmedby following the changes in the surface plasmonband
of AuNPs as a function of temperature. The influence of
turbidity of the solutionwas removedby first subtracting the
increase in absorbance at 800 nm, then by normalizing the
curves at 400 nm and multiplying by a factor in a way that
these absorbances vary from 1 to 0. Indeed, the surface plas-
monband ofAuNPswas sensitive tomany factors including
the refractive index in the surroundings of the NPs. The
collapse of PNIPAM at LCST due to the dehydratation of
the polymer chains usually induced a significant decrease in
Imax and a slightmodification of λmax.

47a,49a Effectively, such
modifications were observed for Au@PNIPAM hybrids
(see the Supporting Information, Figure S7). Whereas this
effect was still observed in the case of Au@PBA2k-b-PNI-
PAM8k, its amplitude decreased significantly as shown in
panels A and B in Figure 7. Interestingly, almost no modifi-
cationwas observed in the case ofAu@PBA5k-b-PNIPAM5k

(Figure 7B). The change in the surface plasmon band was
observed to be reversible as the temperature was lowered
back to 25 �C. Such discrepancies may arise from the
nature of the polymer in direct interaction with the sur-
face of the NPs. All results tend to demonstrate that the
gold core was surrounded by an inner layer mainly made
of PBA segments and an outer layer made of PNIPAM.
Nevertheless, the precise nature of interaction with the
gold surface might rely on a more complex mechanism
that has yet to be elucidated.
Another interesting feature arose from the observation

by UV-visible spectroscopy of nanohybrids containing
high levels of polymer (see the Supporting Information,
Figures S8-S10). When increasing amounts of polymer,
the solution of nanohybrids based on the homopolymer
PNIPAM solution turns to slightly red-purple, whereas
copolymer solutions remained unchanged. In UV-visible
spectra, this change was linked to an increase of full width
at half-maximum intensity of SPB with PNIPAM con-
centration. As the NPs size remained the same in all
experiments, this observation was mainly related to the
aggregation state of the NPs in a single nanohybrid.26a

Indeed, it was observed by TEM measurements (see the
Supporting Information, Figure S11) that several NPs
were associated inside the same Au@PNIPAM hybrid.
Although stability remains the same for all nanohybrids,
copolymer structures were demonstrated to be more
efficient than the homopolymer at obtaining nanohybrids
composed of isolated/noninteracting AuNPs.
The morphology and size of the nanohybrids obtained

with PBA2k-b-PNIPAM8k and PBA5k-b-PNIPAM5k,
including the distribution of the particles within the

polymer matrix was further investigated by diffusion
andmicroscopymeasurements. For comparison purpose,
the corresponding PNIPAM homopolymer was also in-
vestigated. The hydrodynamic radius in aqueous solu-
tions of the different NP/polymer composites was first
studied by DLS. Figure 8 shows the hydrodynamic
diameter of PBA2k-b-PNIPAM8k or PNIPAM10k-coated
and bare NPs as a function of temperature.
At 25 �C, bare NPs have a hydrodynamic radius around

10 nm. The coating of these NPs with PNIPAM10k

increased its value up to 24 nm, far from the one corre-
sponding to PNIPAM10k alone (5.9 nm). Interestingly,
AuNPs coated with PBA2k-b-PNIPAM8k have a hydro-
dynamic diameter around 30 nm comparable to the one
observed for PBA2k-b-PNIPAM8k aggregates. Similar
trends were observed for PBA5k-b-PNIPAM5k-coated
NPs. TEM experiments were then performed to better
understand those results and to investigate the location
of AuNPs within polymer aggregates. Figure 9 displays
a typical set of images obtained after negative staining
from Au@PNIPAM10k, Au@PBA2k-b-PNIPAM8k or
Au@PBA5k-b-PNIPAM5k dispersions preparedwith a poly-
mer concentration of 0.1 wt %. No bare AuNPs were
observed. For all systems, the hybrid Au/polymer particles

Figure 7. (A)Changes inabsorption spectraofAu@PBA2k-b-PNIPAM8k

with increasing temperature. The absorbance at 800 nm was subtracted
from the spectra, and then normalized at 400 nm to remove scattering con-
tribution and multiplied by a factor in a way that absorbances vary from
0 to1. [AuNPs]=2.5� 10-4molL-1 and [polymer]=0.01wt%. (B)Rela-
tiveabsorbanceat 520nmasa functionof temperature forAu@PNIPAM10k,
Au@PBA2k-b-PNIPAM8k and Au@PBA5k-b-PNIPAM5k. The two first
curves were shifted by 0.1 and 0.2 for clarity reasons.
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clearly showed to have a core-shell morphology, the dark
cores corresponding to the electron-dense Au atom em-
bedded into a more or less circular brighter polymer shell.
The overall sizes of those composites were, respectively,
13 ( 6, 16 ( 4, and 20 ( 9 nm. Although NPs core size
remains roughly constant, the shell size increaseswith larger
hydrophobic content. Numerous free polymer globules
were also present in the case of copolymer coated NPs,
whereas such structures were not seen with PNIPAM10k.
Indeed, the polymer concentration in the copolymer dis-
persion was kept above the CAC. The presence of such
aggregates could explain results from DLS measurements
as they participate to the whole signal, inducing larger
dispersity and hindering signal from nanohybrids.
Experimental results obtained above the cloud point

temperature showed similar trends. In the case of PNI-
PAM-coated AuNPs, hydrodynamic radii were signifi-
cantly different from the one of PNIPAM mesoglobules
(50 and 100 nm, respectively), while for PBA2k-b-PNI-
PAM8k and PBA5k-b-PNIPAM5k coated AuNPs, hydro-
dynamic radii remain the same in the presence of NPs but
with larger distribution. Once again, as observed by TEM,
the presence in solution of numerous free mesoglobules, in
addition to coated AuNPs explains this result.
The data collected byDLS,UV-visible, andTEMexperi-

ments all demonstrate that the copolymers were adsorbed on
the surface of AuNPs to form nonmicellar aggregates that
can be significantly smaller than the size of micelles or
mesoglobules. A mechanism involving an equilibrium be-
tween polymer forming aggregates and coated around NPs
may be involved. This is in good agreement with literature

results:when the radiusof theparticle is larger than the radius
of gyration of the polymer (8 ( 2 nm and 5 ( 2 nm for
AuNPs andPBA2k-b-PNIPAM8k, respectively), the polymer
adsorbs upon each individual particle as on a flat surface.54

Figure 8. Variation in hydrodynamic diameter of (A) AuNPs (black),
PNIPAM10k (blue), and Au@PNIPAM10k (red) and (B) AuNPs (black),
PBA2k-b-PNIPAM8k (blue), and Au@PBA2k-b-PNIPAM8k (red) with
temperature. [AuNPs]= 5� 10-4 mol L-1 and [polymer]= 0.025 wt%.
The lines are guides for the eye.

Figure 9. TEM images (negative stain) and distribution of (A)
AuNPs@PNIPAM10k; (B) AuNPs@PBA2k-b-PNIPAM8k and (C)
AuNPs@PBA5k-b-PNIPAM5k nanohybrids (scale bar =100 nm).
[AuNPs] = 5 � 10-4 mol L-1 and [polymer] = 0.1 wt %.

(54) Hershkovits, E.; Tannenbaum, A.; Tannenbaum, R. J. Phys.
Chem. B 2008, 112(17), 5317–5326.
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It can be seen in Figure 7B, that the cloud point tem-
perature of the thermoresponsive copolymers were not
modified by the presence of AuNPs (29.9 �C vs 30.0 �C
for Au@PBA2k-b-PNIPAM8k). However, in previous
works on Au@PNIPAM nanohybrids, when a linkage
between NPs and PNIPAM was created by the “grafting
to” or the “grafting from” methods, a change in the tran-
sition temperature was observed.48g Indeed, when a poly-
merbound toaNPundergoes a transition fromanextended
hydrophilic chain to a globular hydrophobic structure, it
will collapse in only one direction, that is, toward the NP.
Moreover, a NP effectively confines a cluster of thermo-
sensitive polymer chainswithin a limited space, favoring the
hydrophilic to hydrophobic transition.Hence, a decrease of
cloud temperature from 33.5 to 28.4 �C was observed for
nanohybrids with a PNIPAM shell (Mn=4600 g mol-1)
attachedbya thiol to the gold surface,whereas no effectwas
observed with polymer bearing no thiol terminal group.48g

It was also observed that by decreasing the molar mass
of brush chain from ca. 3300 to 700 g mol-1, the phase
transition temperature shifted from 31 to 15 �C for nano-
hybrids, whereas this temperature increase for free poly-
mer chain shows in solution.49d In our case, the absence of
such effect could be explained in part by the relative “high”
Mn value of the PNIPAM sample (10 000 g mol-1) and by
the weak interactions of polymer chains with the surface of
AuNPs (comparatively to the one obtained by the “grafting
from” approach).
Maintaining the AuNPs solution above Tc for several

hours results in the formation of a red precipitate that
could be redispersed rapidly by cooling the solution
below Tc. UV-visible measurements showed no change
in their spectroscopic properties after several heating-
cooling cycles (see the Supporting Information, Figure
S13) and so confirmed the complete reversible nature of
the transition at Tc.
Hence, TEM images obtained from sample above Tc

showed small aggregates of particles with corona that
does not differ significantly from the one observed below
Tc in addition to some particle inside or in interac-
tion with mesoglobules (see the Supporting Information,
Figure S8 and Figure 3).

3.3.2. In situ Formation of AuNPs. An additional con-
trol over size and shape of inorganic core could be
obtained by addition of the polymer during the growing
stage of AuNPs as described for other systems.55 Thus, in
situ formation of AuNPs below and above Tc was then
investigated by carrying out the reduction by NaBH4 of
theHAuCl4 sol in the presence of PBA2k-b-PNIPAM8k at
block copolymer concentrations ranging from 6.5� 10-4

to 1.5 � 10-1 wt %.
First, we studied the effect of polymer concentration on

the kinetics of AuNPs formation at room temperature.
The reduction was slower when the amount of polymer

added was higher, as could be observed by the rate of
increase of the optical density at 520 nm (Figure 10A).
Besides, the final solution color (related to the SPB
wavelength) varied from dark brown to light orange
depending on the polymer concentration (see the Sup-
porting Information, Figure S12). TEM images of the so-
obtained Au@PBA2k-b-PNIPAM8k NPs showed that
the concentration of block copolymer had a strong in-
fluence on the final size and polydispersity of particles
(Figure 10B). Indeed, in the absence of polymer, themean
size of particles was 6 ( 3 nm. For a low polymer
concentration (typically 2.5 � 10-3 wt %), it was found
around 8 ( 6 nm, corresponding to highly polydisperse
particles, whereas for a high polymer concentration (like
1.5 wt %), the mean diameter dramatically decreased to
1.6( 0.4 nm. This could be correlated to the kinetic effect
previously described: the slower the kinetics of reduction,
the more nuclei can be formed, leading to an increasing
number of smaller particles with a better control of
polydispersity. Therefore, the in situ formation app-
ears as a very straightforward way to control the size of
Au@PBA2k-b-PNIPAM8k NPs by simply adjusting the
initial polymer concentration as already observed for
other polymeric systems.55b,56 For the experiments car-
ried out above Tc, at 45 �C, similar results were obtained,
leading to the formation of nanohybrids with a quite
similar size control.

Figure 10. (A) Kinetics of appearance of SPB (followed at 520 nm) for a
PBA2k-b-PNIPAM8k concentration of 1 � 10-3 wt % (solid line), 1 �
10-2 wt% (dashed line) and 1� 10-1 wt% (dotted line). The absorbance
values were normalized by dividing by the corresponding absorbance at
60 s. (B) Effect of the initial polymer concentration on the mean diameter
of NPs (determined by TEMmeasurements).

(55) (a) Kramer, M.; Perignon, N.; Haag, R.; Marty, J. D.; Thomann,
R.; Lauth-deViguerie,N.;Mingotaud, C.Macromolecules 2005, 38
(20), 8308–8315. (b) Perignon, N.; Marty, J. D.; Mingotaud, A. F.;
Dumont, M.; Rico-Lattes, I.; Mingotaud, C.Macromolecules 2007, 40
(9), 3034–3041.

(56) Marty, J. D.; Martinez-Aripe, E.; Mingotaud, A. F.; Mingotaud,
C. J. Colloid Interface Sci. 2008, 326(1), 51–54.
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On the other hand, the maxima of the surface plasmon
band of the nanohybrids prepared in situ at polymer
concentrations lower than 0.05 wt % appeared at longer
wavelengths than those obtained by coating of preformed
AuNPs. This suggests that probably another mechanism
of stabilization is involved.

3.3.3. Stabilization Properties. The initial bare hydro-
philic AuNPs were poorly stable over time when increas-
ing initial ionic strength or changing initial pH value (i.e.,
8) conditions. As already mentioned, the coating of bare
AuNPs with PBA2k-b-PNIPAM8k and PBA5k-b-PNI-
PAM5k dramatically increased their stability: no evolu-
tion of the UV spectra was observed for a wide range
of pH values (1-13) (see the Supporting Information,
Figure S12) and for increasing ionic strengthup to1molL-1.
Moreover, after drying, the resulting red powder could
be easily redispersed in a wide range of concentrations
(up to 1 wt %) and polar or chlorinated solvents (water,
methanol, ethanol, acetonitrile, DMSO, DMF, dichloro-
methane, chloroform, and THF). However, as expected,
they could not be redispersed in apolar solvents such
as toluene and cyclohexane (Figure 11). Slight diffe-
rences in color were attributed to the change of the
refractive index of the surrounding medium, which has
influence on the position of the SPB (shift to red from 2 to
6 nm for theDMSO). Similar results were obtained for the
nanohybrids obtained by in situ formation.

4. Conclusions

PNIPAM-based amphiphilic block copolymers were
prepared with different hydrophobic content using the
MADIX/RAFT process, and their properties were stu-
died in aqueous solutions at different temperatures.At 20 �C,
both PBA2k-b-PNIPAM8k and PBA5k-b-PNIPAM5k

block copolymers self-assembled forming spherical

micelles with a diameter of, respectively, ca. 28 and 60 nm,
as evidenced by DLS, SANS, and TEM. When these
aqueous solutions were heated, a cloud point was ob-
served that was lower for the block copolymer with the
longer PBAblock (28.1 �Cvs. 29.9 �C). Besides, instead of
forming irregular large aggregates upon temperature
increase, mesoglobules with defined sizes appeared in
both cases. These polymers were then employed as stabi-
lizers of AuNPs dispersions by either a posteriori adsorp-
tion on AuNPs or in situ formation. Both approaches
were successful for stabilization and reversibility of the
thermostimulable precipitation process was demon-
strated. Moreover, we showed that in the first method,
the stabilization mechanism was neither based on the
adsorption of micelles nor on the chemisorption of the
xanthate group. Instead, it is probable that the polymer
aggregates play the role of a reservoir of polymer chains,
which adsorb individually onto the NP. In the second
method, it was observed that the size of Au nanohybrids
could be tuned by the amount of polymer that was added.
In both cases, stable NPs in a wide range of solvents and
ionic strength were obtained. This strategy should be
easily applied to other type of metal NPs, and should
lead to useful “smart” materials for a range of applica-
tions including drug delivery and catalysis.48h
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Figure 11. Redispersion of dried AuNPs@PBA2k-b-PNIPAM8k nanohybrids in different solvents: 1, water; 2, methanol; 3, ethanol; 4, acetonitrile;
5, DMSO; 6, DMF; 7, acetone; 8, dichloromethane; 9, chloroform; 10, THF; 11, toluene; 12, cyclohexane.


