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ABSTRACT: The micellization of polystyrenklockpoly(4-vinylpyridine) (PSk-P4VP) in chloroform can be
induced by the interaction between P4VP blocks and HAuBlming micelles with PS as the shell and the
P4VP/HAUC) complex as the core. Subsequent reduction of HAl&2lds to hybrid polymeric micelles (HPMs)
containing gold nanoparticles (GNs) in the core. In this case, protonation of P4VP block by hydrochloride acid
is necessary for the stabilization of HPMs. Further study demonstrates that switching the solvent gradually and
continuously from chloroform to a methanol/chloroform (9/1, v/iv) mixture, where protonated P4VP is soluble
whereas PS is insoluble, leads to a ceshell reversion of the HPMs, forming vesicle-like aggregates with PS

as the wall and protonated P4VP/GNs as the shell. The interaction between GNs and protonated pyridine repeating
units is a necessary driving force for stable attachment of GNs to shell. When the P4VP block is deprotonated,
the GNs will be released from the shell to form precipitates, whereas the vesicles are still stable in the solution.
It is also found that during the coreshell reversion the aggregation of PS chains occurs at first among the shell
of the HPMs, and then the dissociation of the core happens due to the continuous addition of methanol into the
solution, leading to the coreshell reversion. This indicates that there is no intermediate state of the molecularly
dispersed block copolymer existing between the HPMs and the RHPMs.

Introduction of the encapsulated MN&.In addition, the polymeric micelles

or their analogues with MNs attached to the shell (denoted here
as reversed hybrid polymer micelles, RHPMs) are also
attractivé’ 20 because the soluble hairlike shell makes it easier
for the reactants to access to and the products to leave from the
MNs such as in a catalytic reaction. Mayer et al. prepared
RHPMs by in-situ production of MNs in the presence of
amphiphilic block copolymer micelles in water or a polar
were obtained first, and a precursor of the desired MNs was solvent, and thus formed MNs were anchored to the 3fell.

loaded in the core by means of electrostatic interactions betweer/\ccording to Antonietti et al., these RHPMs are weakly

ili 13
the core and the precursor. Subsequent reduction of the precursoptaPilized:> Very recently, Ballauff et al. reported the prepara-

leads to the formation of HPME Because the reduction ton of RHPMs with silver nanoparticles embedded in the
thermosensitive PNIPAM shell, and the catalytic activity of the

reaction is localized in the nanospace of the core, the size and -
size distribution of the MNs can be easily controlféd.In MNs can be controlled by temperati#eln all these studies

several reported approaches, the loading of the precursor and®" the preparation RHPMs, the MNs were formed outside the
the formation of polymeric micelles cantake place simultanedtigy. ~ Micelle core, and thus the function of using the core as a
In these cases, a block copolymer is dissolved in a common nanoreactor to control the size and size distribution of MNs is
solvent, and the inorganic precursor for the targeted MNs is ost.
added, forming complexes with the interacting block. The  ldeally, core-shell reversion of the corresponding HPMs can
complexation induces the micellization, forming polymeric Provide a convenient way to prepare RHPMs and allows facile
micelles with the noninteracting block as the shell and the control over the size and size distribution of the MNs by using
complexes as the core. Subsequent reduction of the inorganiche core as a nanoreactor. In principle, switching the solvent
precursor will lead to the formation of HPMs. In the HPMs from a selective solvent for the shell to a selective solvent for
formed in a common solvent of the block copolymer precursor, the core shall induce coreshell reversion of the HPMs, which
polymeric micelles encapsulating MNs tend to dissociate, when will result in RHPMs provided that the interaction between the
the MNs (whose ability to interact with the interacting block interacting block and the MNs is strong enough so that they
should be quite different from their precursors) interact weakly ¢an transform together into the shell of RHPMs. However, this
or do not interact at all with the interacting block. A facile has not been easy practically. Antonietti et al. reported that
method to stabilize the HPMs is thus desired. adding methanol to &@oluene solution of the HPMs with
HPMs are promising in applications such as catal§stad polystyrene (PS) as the shell and poly(4-vinylpyridine) P4VP/

biological probe¥ based on the catalytic and photoactivities 90ld nanoparticles (GNs) as the core led to precipitates (this
was used to prepare powders of the HPfsg)ithough methanol

* Corresponding author. E-mail: chendy@fudan.edu.cn is a selective solvent for the core. No cehell reversion was
t Fudan University. ' Y R thus obtained in that particular case. We speculate that with
* University of Connecticut. the addition of methanol the PS chains aggregated among the

Polymeric micelles have attracted considerable attention due
to their wide applications such as collection of organic
compounds in water, controlled delivery of drug3? and
nanoreactors for inorganic compourfdsBy using polymeric
micelles as nanoreactors to produce metallic nanoparticles
(MNs) within the core, hybrid polymeric micelles (HPMs) can
be prepared.’” Usually, to prepare HPMs, polymeric micelles
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Scheme 1. Schematic Description of the Preparation of HPMs, Preparation of HPMs and Core—Shell Reversion.To each
Vesicle-like RHPMs, and Subsequent Release of GNs from the PSh-P4VP/ HAUC} solution, 10-fold hydrazine hydrate was added.
Vesicle-like RHPMs after Deprotonatior? Immediately, a purple red color appeared. After 30 min, concen-

trated hydrochloride acid (38%) with a molar ratio of HCI to
hydrazine hydrate of 4:1 was added. The solution of the HPMs
with PS being the shell and the protonated P4VP/GNs being the
core were thus prepared. In this study, only the solution with a
molar ratio of HAuCl/pyridine of 0.3 was used for the cerghell
reversion. Before the coreshell reversion, the solution was diluted
to a concentration of the block copolymer of 0.1 g/L. The
concentration of HAuGlin the diluted solution is thus 0.25 g/L,
and the solid content is 0.35 g/L. To induce coeshell reversion,
methanol was added dropwise to the solution until a volume ratio
of methanol/chloroform reached 9/1.

Preparation of PS+h-P4VP/HCI Micelles and the Core-Shell
Reversion. After the complete dissolution of Bg-b-P4VPRs;; in

: chloroform [containing 1% (v/v) methanol], the micellization of
RHPMs the block copolymer was induced by addition of excess (the molar

PS-b-P4VPy
HAUCI, NHzNHz HCI
CHCI, * "R

aBlack solid lines represent PS chains, and blue solid lines representratio of HCI to the pyridine units is 10:1) hydrochloric acid (38%)
P4VP chains. under ultrasonic vibration. The corshell reversion of P&-P4VP/

HCI micelles was conducted by adding methanol to the solution in
different HPMs and vitrified before dissolution of the P4vp/ chloroform until a volume ratio of methanol/chloroform reached
GNs cores. The vitrified PS aggregates surrounding the core9/1- ) ) B o
will prohibit the diffusion of the methanol into the core to Laser Light Scattering (LLS). A modified commercial light
dissolve P4VP. To achieve corshell reversion, the dissociation ~ SCALtering spectrometer (ALV/SP-125) equipped with an ALV-5000

. . multi-z digital time correlator and an ADLAS DPY425 Il solid-
and the dissolution of the core need to occur at least before theg, .. |acer (output power 400 MW ati. = 532 nm) was used. In

vitrification of PS blocks. _ dynamic LLS (DLS), the line-width distributiorG(I) can be

In the present study, we report the preparation and the cajcylated from the Laplace reversion of intensitytensity time
stabilization of HPMs containing gold nanoparticles with a correlation functiorG®(q,t). The reversion was carried out by the
narrow size distribution in the core and the coeshell reversion CONTIN program.G(I') can be converted into a transitional
to form RHPMs, as demonstrated in Scheme 1. The HPMs werediffusion coefficient distributionG(D) or a hydrodynamic radius
prepared by addition of tetrachloroauric acid (HAgGb PS- distribution f (R.) via the StokesEinstein equationR, = (ksT/
b-P4VP solution in chloroform, a common solvent of both 677)D~*, wherekg, T, and 5 are the Boltzmann constant, the
blocks, to form PS shell and P4VP/HAuGIore micelles and a_tbsolute temperature in kelvin, and the solvent viscosity, ores.pec-
subsequent reduction of HAUCIThe HPMs were stabilized ~ tvely: All the DLS measurements were performed ati28.1°C

. . - . and at a scattering angle betweerf &xd 150 for the HPMs or
by protonation of the core-forming P4VP block chains, since between 1% and 90 for the RHPMs.No remarkable scattering

the protonated P4VP were insoluble in chloroform and could zngje dependence of the,[was observed. All the micelle solutions

bind sufficiently strongly to GN$? The core-shell reversion \ere measured directly without further diluticand the solutions

of the as-prepared HPMs is realized by continuous addition of were cleaned using a 0.48n Millipore filter before measurements.

methanol into the chloroform solution, leading to formation of In static light scattering (SLS), angular dependence of the excess

vesicle-like RHPMs (PS as the wall and protonated P4VP as absolute time-averaged scattered intensity of a dilute dispersion,

the shell) with GNs anchored to the shell-forming protonated i.e., the Rayleigh rati®(q), can lead to the-averaged root-mean-

P4VP chains. We also demonstrate that the protonation of thesduare radius of gyratioiiR?? whereq is the scattering vector.

P4VP chains is necessary for the stabilization of the GNs in UV —Vis Spectroscopy. UV —vis spectroscopy was carried out

the shell of the RHPMs. Once the protonated P4VP block chains ©" & Perkin-Eimer Lambda 35 UWis absorption spectrometer.

are deprotonated, the GNs can be released from the vesicle QUartz cells were used for the measurements. ,

like aggregates. Transmission Electron Microscopy (TEM). TEM c_)bservatlons

were conducted on a Philips CM120 electron microscope at an

acceleration voltage of 80 kV. The samples for the TEM observa-

tions were prepared by placing a drop of the micelle solution on
Materials. The block copolymer Psp-b-P4VPs; (subscripts carbon-coated copper grids. After solvent evaporation, the sample

indicate the average numbers of the repeat units of the respectivewas observed in TEM without further treatment.

blocks; the molecular weight polydispersit,/M, = 1.13) was H NMR Measurements. 'H NMR measurements were per-

purchased from Polymer Source Inc. Tetrachloroauric acid (HAUCI  formed on a Bruker DMX500 spectrometer with tetramethylsilane

4H;0) (99.9%) was purchased from Shanghai Reagent Co. and(TMS) as an internal reference.

hydrazine hydrate (pHs-H20, >98%) from Aldrich Chemical Co. X-ray Diffraction (XRD) Analysis. Reflection-mode X-ray

Inc. Methanol and chloroform of analytical purity were further gifraction (XRD) was recorded on an X'PertPro diffractometer

purified through desiccation and redistillation. The chloroform used (paNalytic) with an X-ray tube generator, operating at 40 kV and

in the present study was added with 1% (v/v) methanol to improve 40 mA. Cu Ko radiation ¢ = 0.1542 nm) and a graphite

the solubility of the copolymer and HAUL monochromator were used in the experiment. The detector used is
Micellization of PS-b-P4VP/HAUCI,. The block copolymerwas  x'Celerator. The scattering angled Zcanning rate was 0.6/2 in

dissolved in chloroform [containing 1% (v/v) methanol] for atleast 5 range of 26-90°. Thin film sample was prepared by casting the

2 days before use. Dynamic light scattering (DLS) measurement pp\ solution onto a piece of silica wafer.

indicates that the solution with the copolymer being molecularly

dispersed was obtained. Then, HA@spersed in the same solvent  Results and Discussion

was added into the copolymer solution under ultrasonication with . o .

predetermined molar ratios of HAugbyridine. The final concen- I. Formation of Au-Containing PS-b-P4VP Micelles. As

tration of the block copolymer is 1 g/L. The mixed solutions were reported in our previous studiés?> PSb-P4VP can be mo-

stirred vigorously for several hours before the reduction of HAUCI  lecularly dispersed in chloroform/methanol (99/1, v/v). Since

Experimental Section



2136 Hou et al.

Table 1. Dynamic Light Scattering Characterization Data of
PSb-P4VP/HAUCI, Aggregates Formed in Chloroform

MR My Inm? 1o/ T3P
0.1 64 0.129
0.3 68 0.132
05 82 0.207

>05 ND* ND

a Average hydrodynamic diameter of the aggregat@lydispersity
index of the size distributioP® ©Not determined.
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Figure 1. *H NMR spectra of the neat block copolymer (A), BS-
P4VP/HAuUC} complexes at MR of 0.1 (B), 0.3 (C), and 0.5 (D), and
PSb-P4VP/GNs obtained by reduction of B4VP/HAuCl at MR

of 0.3 without further protonation (E) and with protonation (F) in
deuterated chloroform containing 1% (v/v) deuterated methanol using

TMS as an internal standard. The inset shows the chemical structure

of the block copolymer withH assignments,-ac, in the spectra.
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Figure 2. TEM images of (a) P®-P4VP/HAuUC) micelles and (b)
HPMs at a MR of 0.3. The inset in (a) shows aggregates at a higher
magnification. The HPMs for TEM observations were stabilized by
adding hydrochloride acid into the solution 30 min after the addition
of NH>NHo,.

molar ratio of H to Hy in the benzene rings. On the contrary,
the relative intensity of peak b, which is assigned to therH

the presence of 1% methanol has no significant effect on the the benzene rings only, does not change. The disappearance of

physical properties of the solution, for simplicity of description,
the mixed solvent is denoted as chloroform in the text below.
It was reported that addition of formic acid or perfluorooctanoic
acid to PSbk-P4VP solution in chloroform led to polymeric
micelles with PS being the shell and P4VP/formic acid or P4VP/
perfluorooctanoic acid complexes being the cdré.In the
present study, mixing R&-b-P4VPR;11 and HAUC) in chloro-
form also resulted in micellization of the block copolymer. The
aggregates formed at different molar ratios (MRs) of HAUCI
to pyridine were characterized by dynamic light scattering
(DLS).

As shown in Table 1, when MR< 0.5, the average
hydrodynamic diameter®pof the aggregates are between 64

pyridine signals indicates a complete loss of mobility of the
P4VP blocks, suggesting P4VP aggregation into a core. On the
other hand, the invariant relative intensities of thedtd H:
signals in the benzene rings reflect good solubility of the PS
blocks. These results confirm the cerghell structure of PS-
b-P4VP/HAuUC} aggregates with PS blocks being the shell and
P4VP/HAUCk complexes being the cofé?> On the basis of
previous studies, complexation can occur between pyridine in
the P4VP blocks and HAug#*25 The resultant pyridine/
HAuCl, complex has a high polarity and thus becomes insoluble
in low-polarity solvents such as chloroform, leading to micel-
lization of the block copolymer. Therefore, the complexation
between HAuC} and P4VP blocks is the driving force for

and 82 nm. These aggregates are quite stable because no obviousicellization of PSs-P4VP in chloroform. The block copolymer

changes are detected by DLS during the storage for weeks
However, the aggregates formed at MRD.5 are unstable and

.micellization in such a mechanism also encapsulates the

complexed HAuC] molecules within the core. When MR is

precipitate from the solution several hours after preparation. The 0.1, peak a is still visible in spectrum B of Figure 1, although

as-prepared PB-P4VP/HAuUC) aggregates are further charac-
terized by'H NMR.

The 'H NMR spectra of P$-P4VP/HAuUCkL complexes at
the MRs of 0.0, 0.1, 0.3, and 0.5 in deuterated chloroform
containing 1.0% (v/v) deuterated methanol are shown in Figure
1A—D. For clarity, only the spectra from 6.0 to 9.0 ppm are

its relative intensity decreases as compared with that of the pure
PSb-P4VP (spectrum A in Figure 1). This can be attributed to
either uncomplexed soluble pyridine units in the core (i.e., the
core is swollen by the solvent; the micelles with a swollen core
were confirmed previousk) or some molecularly solubilized
copolymer chains in the solution, or both.

presented with peak assignments denoted as a, b, and c. Peak b A TEM image of PSb-P4VP/HAuUC}, aggregates at a MR

is assigned to the hydrogen atomgiklthe benzene rings, and
peaks a and c are associated withit pyridine rings and K

in both the pyridine and benzene rings, respectiéiyn the
spectrum of the neat block copolymer (spectrum A in Figure

of 0.3 is shown in Figure 2a. They are spherical aggregates.
The core-shell structure is visible in the TEM image with a
higher magnification (the inset in Figure 2a). From the inset in
Figure 2a, we can see that the cores appear darker, indicating

1), the signals from both the benzene and pyridine rings can bethe encapsulation of HAuglin the core. The cores are

clearly seen. However, in the spectra of B84VP/HAUC) at
MR of 0.3 and 0.5 (spectra C and D), peak a associated with
the pyridine rings disappears, and the signal assigned io H

surrounded by a faint gray peripheral layer, which can be
attributed to a PS shell. The average diameter of the particles
is about 60 nm, close to the size measured by DLS. Experi-

the pyridine rings must also disappear because the intensity ratiomental results also show that when MR is 0.5, thebtFHS4VP/
of peak c to peak b decreases to ca. 2/3, corresponding to theHAuCl, aggregates are irregular; when MR is 0.1, the irregular
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Figure 3. UV —vis spectra for the HPMs at MR 0.3 measured (a)  Ejgure 4. X-ray diffraction profile of the GNs in P®-P4VP micelles.

30 min and (b) 24 h after addition of hydrazine hydrate. (c) Measure- Thg yertical lines at the bottom are the reference data for the bulk Au
ment is taken 24 h after addition of hydrochloric acid, which is added crystals taken from the powder diffraction file JCPDS Card, No
30 min after the addition of hydrazine hydrate. 89-3697. ' '

aggregates of a low contrast, attributed to molecularly dispersed
uncomplexed copolymer chains that aggregate together after thd CTAB) can be used as a phase-transfer agent to transfer GNs
drying, coexist with the P®-P4VP/HAUC aggregates (data 7O an aqueous phase into a hydrophobic pRése. o

not shown). The solution of PBP4VP/HAUCK aggregates at The stabilized HPMs were measured by DLS. In principle,

the MR of 0.3 was selected for further study. considering a P®-P4VP/HAuUC}k micelle, the reduction will
For a complete and rapid reduction of the HAw€hcapsu- lead to the transformation of HAugolecules into Au atoms

lated in the core, 10-fold of hydrazine hydrate was added into that coagulate to form an Au nanoparticle in the core. This

the chloroform solution containing ARSP4VP/HAUC at a MR should result in a slight shrink of the micelle. However, in the

of 0.3. On the basis of previous studies, a reaction time of 30 Present study, théDn[lof the resultant HPMs increases to 116
min is enoughfor the reduction reactio??. The HPMs are thus "M (thelDyLof the PSb-P4VP/HAUCH micelles is 68 nm; Table
produced. The UV-vis spectrum of the HPMs measured 30 1). Our explanation is: for the reduction of HAuGind the
min after the addition of Nk-NH, is shown as curve a in stabilization of the HPMs, in the present study, the amounts of
Figure 3. However, we found that the UWis spectrum of the hydrazine hydrate, the aqueous solution of HCI (containing 72%
solution after the complete reduction still changed with time. Water) added to a chloroform solution containing 2.6 mg of the
As shown in spectrum b, the absorption peak red-shifts PSP-P4VP/HAUCE micelles, are 0.56 and 1.6 mg, respectively.
considerably 24 h after the addition of MHNH,, as compared These materials should mostly exist in the core of the HPMs
with spectrum a. The red shift in absorption should result from thatis with a high polarity formed by the protonated P4VP block
the aggregation among the GNs. It is noted that excess hydrazinechains. The entrance of water molecules into the polar core of
hydrate leads to deprotonation of the pyridine units in P4vP Polymeric micelles dispersed in a low-polarity solvent was
chains, which eventually become soluble in the solution. After reported by Eisenberg et #The existence of these materials
deprotonation, the micelles tend to dissociate. This is verified in the core certainly increases thBn[lof the resultant HPMs

by the fact that the signals of PAVP chains appear again in theemarkably. We failed to measure them by the ligtitNMR

1H NMR spectrum of the HPMs after the addition of excess Measurements since the core is rigfid.

hydrazine hydrate (spectrum E, Figure 1). Naturally, without ~ The stabilized HPMs were observed using TEM as well. The
further protection by the surrounding polymeric micelles, the reduction of PSs-P4VP/HAuC at a MR of 0.3 by hydrazine
GNs will aggregate together and are observed to precipitate outhydrate leads to the GNs with an average diameter of 15 nm
of the solution in less than 3 days after the preparation. We (Figure 2b). From Figure 2b, the GNs are localized in the center
found that the dissociation of the micelles and the aggregation of the polymeric micelles, and without staining the polymeric
between the GNs could be effectively prohibited by a timely micelles show a low contrast in the TEM image. In Figure 4
addition of hydrochloric acid into the solution (HCI/NNH, the XRD profile of the HPMs exhibits five Bragg diffraction

= 4:1). Spectrum c in Figure 3 shows the same absorption peakpeaks at 38.35 44.45, 64.62, 77.84, and 81.86, correspond-

as that in spectrum a, indicating that the addition of hydrochloric ing to the (111), (200), (220), (311), and (222) diffractions of
acid into the solution 30 min after the introduction of NH a conventional cubic phase of Au, respectivéijAs expected,
NH; stabilizes the micellar aggregates, and no GN aggregationthe XRD peaks of nanocrystallites were considerably broadened,
was detectedH NMR characterization (spectrum F, Figure 1) compared to those of the bulk Au, because of the small size of
confirms that after the addition of excess hydrochloric acid all the Au crystallites. The average sizes of the Au particles
the pyridine signals are undetectable because the P4VP chaingroduced in the core of P&P4VP/HAUC)K micelles are
are protonated and then aggregated together. Furthermore, TEMestimated to be 13.5 nm according to the Deb$eherrer
observations show no aggregation among the GNs (Figure 2b).equation! which are close to the value observed by TEM. These
It was mentioned by Mossmer et&lithat in the system of PS-  results suggest that each of the HPMs contains a single gold
b-P2VP/GNs in toluene the protonation is necessary for the hanoparticle in the core. In other words, cherry-like HPMs are
stabilization of GNs within the core, although the core formed produced?32

by P2VP in toluene without protonation is already in an Il. Core —Shell Reversion of HPMs To Form RHPMs with
aggregated state. We believe that there is a binding interactiona Vesicle-like Morphology.As mentioned before, the RHPMs
between protonated pyridine groups and naked GNs, which ishaving GNs in the shell may have unique properties, especially
helpful to stabilize GNs in the cores of the HPMs. This is when they are used as homogeneous catal§$€%n addition,
consistent with the fact that cetyltrimethylammonium bromide if we prepare RHPMs via coreshell reversion of HPMs, the
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size and size distribution of the targeted MNs can be well- Figure 6. 'H NMR spectra of P§-b-P4VRy.; block copolymer (A),
controlled because they are produced in the core of the HPMs.the hybrid polymeric micelles (HPMs) with PS as the shell and

In our further effort to realize the corsshell reversion of the protonated P4VP encapsulating GNs as the core (B), and the aggregates
HPMs, methanol, a selective solvent for the core, was used. after the core-shell reversion (C). The assignments for spectra A and
When the addition of methanol into the HPMs (with protonated gs:ir;ngq“éﬁ?s a}irtzgégt?ﬁ?n'nc'_:'ﬁlur;;c‘tgﬁ 'c'],sfrfe";iéhr:;@?gﬁras the
P4VP blocks) in chloroform reached a volume ratio (VR) of and G, are attributed to & Hei, Hy, and Hy in the inset structure,
methanol/chloroform between 1:3 and 1:1, the solution becomesrespectively.
slightly turbid. However, continuous addition of methanol leads
to the disappearance of the turbidity. The solution at a VR of that measured by DLS. This implies that the aggregates are
9:1 is very stable, and no precipitation was observed during somewhat swollen in the mixed solution because of the existence
storage for months. This solution was characterized by-UV  of 10% (v/v) chloroform, while the dried aggregates have a
vis spectroscopy. The absorption peak of GNs is at 538 nm, remarkably contracted size.
indicating a remarkable change in the medium surrounding the  As mentioned beforéH NMR characterization can give us
GNs, and does not change during the storage for weeks. Ourinformation concerning the coreshell structure of the block
control experiments indicate that BSRP4VP will self-assemble  copolymer micelles. For théH NMR characterization, the
in the mixed solvent, forming micelles with PS being the core original solution of the RHPMs was dried and subsequently
and P4VP being the shell, no matter whether P4VP block is dissolved by deuterated methanol/deuterated chloroform mixture
protonated or not, indicating that the mixed solvent is a selective (9/1, v/v) to a block copolymer concentration of 1 g/L. Thé
solvent for either P4VP or protonated P4VP blocks. As a result, NMR spectrum for the RHPMs is presented in Figure 6 as
RHPMs are produced with the protonated P4VP/GNs being the spectrum C. For comparison, the spectra of the pure-P8VP
shell and PS being the core or wall of vesicle-like aggregates. (spectrum A) and the HPMs in deuterated chloroform (spectrum
This conclusion is supported by the results of the TEM B) are also presented in Figure 6. Spectrum C exhibits signals
observations and th#d NMR characterization below. of protonated pyridine rings (peaks &d G;) and the benzene
The aggregates formed at a VR of 9:1 were observed by rings (peaks ¢and G). Compared with spectrum B, signals
TEM. A typical TEM image is shown in Figure 5. Vesicle-like  from protonated P4VP chains are still visible (the assignments
morphology is seen. The location of the GNs observed by TEM for spectrum C are presented as an inset in Figure 6), indicating
suggests that the GNs are mostly anchored to the shell of thethat the protonated P4VP chains are solubilized by the mixed
vesicle-like aggregates. In the TEM image of the RHPMs, the solvent. Although the signals attributed to PS chains (pegks C
average size of GNs seems larger than that observed in the TEMand G, assigned to the jHand H, in the benzene rings,
image of the HPMs and that determined by XRD. It is possible respectively) are still visible, the intensity ratio of peak @
that some of GNs may aggregate together to form larger Au peak G; is only 0.22:1, much less than the actual molar ratio
nanoparticles during the corshell reversion. In the cherry-  of Hep to Heo (see the inset in Figure 6) in the R8b-P4VRs;;,
like HPMs containing one Au nanoparticle each, the Au which should be (891*2)/(311*2F 2.86. Assuming that all
nanoparticles were isolated and cannot aggregate with eachthe pyridine rings are protonated and contribute to the signals
other. However, during the corehell reversion, the Au in the spectrum C, only 7.6% of benzene rings are detectable
nanoparticles have chances to meet and aggregate with eacin the IH NMR measurement. This indicates that most of
other. The vesicle-like morphology of the aggregates is further benzene rings of PS chains are aggregated. We speculate that

supported by light scattering measurements. TRg(the the existence of 10% (v/v) chloroform in the solution should
average diameter of gyration) af®,[{measured at a scattering be responsible for the signals from the wall-forming PS chains.
angle of 18) are 329 and 280 nm, respectively, and Rg] We can thus conclude that the vesicle-like aggregates in

R,Ois 1.17. Theoretically, for a uniform nondraining solid methanol/chloroform have protonated P4VP chains as the shell
sphere, a nondraining thin shell vesicle, and a random coil, theand PS as the wall. The anchoring of GNs to the protonated
ratios of (Ry[R.Uare 0.774, 1.0, and 1-5..8, respectively? P4VP chains as the shell of the RHPMs is reasonable since
Experimentally [RyI[R:Is often less than 0.774 for a polymeric  they can interact with the protonated pyridine rings but cannot
micelle, since the density of the core is remarkably higher than interact with PS chains. We also demonstrate that when the
that of the shell. For a polymeric vesicle or a hollow sphere, solution of the RHPMs is added with hydrazine hydrate to
RyIMR,Omay be less or greater than 1.0, depending on the deprotonate the PAVP chains, the solution becomes colorless
thickness and the density of the w#lIThe fact thatRyZR,[ in a short time, indicating that all the GNs have been released
is 1.17 is consistent with the vesicle-like morphology of the from the shell and precipitate out of solution. This is because
aggregates observed by TEMNote that the average size of the driving force for the attachment of Au nanopatrticles in the
the RHPMs observed by TEM (ca. 250 nm) is much less than shell of the RHPMs is the binding interaction between the
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protonatedpyridine units and Au nanoparticl@sOn the basis

of present study and the results obtained by Mossmer &t al.,
the interaction between (unprotonated) pyridine groups and Au
nanoparticles is not strong enough to keep the attachment of
Au nanoparticles with unprotonated P4VP chains. After addition
of hydrazine hydrate into the solution of the RHPMs, the
protonated pyridine groups in the shell are changed to unpro-
tonated ones, and the Au nanoparticles are released from the
shell of the RHPMs formed by unprotonated P4VP blocks. Once
the Au nanoparticles are released, they will aggregate with each } rors .
other and precipitate out of the solution. After the release of oo 10om  200em nm oo z2gem 450om nm
the gold nanoparticles, the vesicle-like aggregates are still [ [
stabilized in the solution. We measured the size of the RHPMs
after the deprotonation and the release of the GNs by DLS and
found that théDy[increases to 351 nm. Our TEM observation
found some irregular aggregates with a size larger than that of
the RHPMs. It seems that the deprotonation and the release of
GNs have complicated effects on the size and the shape of the
RHPMs. It is confirmed that protonation of the P4VP blocks is
necessary for the stable attachment of GNs in the shell of the
vesicle-like aggregates.

Polymer concentration has a pronounced effect on successful
core=shell reversion. In fact, the corashell reversion can be _ o
realized only when the concentration of thesR®-P4VPs11 is Figure 7. AFM height images of the HPMs prepared from P387-
lower than or equal to 0.1 g/L. Otherwise, the addition of the PAVP112 ata MR of 0.3 (a), the 2D phase image (b), and the 3D

. . - . . phase image (c) of the RHPMs prepared via eaieell reversion of
methanol into the solution of the HPMs will result in precipita-  the HPMs.

tion.

200

100

can decrease the speed of aggregation and vitrification of PS

It is noted in the present study that when the methanol is -hains. When P®-P4VP with a higher molecular weight PS
added to the HPMs in chloroform at a low VR of methanol to 5k is used, as in the case of Eb-P4VPs, the core-

chloroform between 1:3 and 1:1, the solution becomes turbid, ghe|| reversion can only be conducted at a lower concentration
indicating the PS chains begin to aggregate. Standing thesess the plock copolymer. When PSP4VP with a lower
solutions for several hours leads to precipitation. Once the molecular weight PS block is used, the ceshell reversion
precipitate is formed, it cannot be redissolved by further addition gpqyid be able to be carried out at a higher concentration of the
of methanol. This is because the aggregated PS chains arg)ock copolymer. On the basis of this consideration, we also
vitrified during the standing, and the vitrified PS chains sed pg-b-PAVR;, (Polymer Source IncM/Mp = 1.09) for
surrounding the core prohibit the diffusion of methanol into the the core-shell reversion study. The HPMs at a MR of HAYCI
core to_d|ssolve the prot_onated P4VP. Nevertheless, the PS pyridine of 0.3 (Figure 7a) were prepared on the basis of the
vitrification takes place in at least several hours after the gme procedures. The cerghell reversion can be achieved at
aggregation. Continuous addition of methanol (i.e., without 5 pjock copolymer concentration of 1 g/L via an almost identical
standing over hours) from the VR 0 to 9:1 will lead to the  rqcedures. We also observe that when methanol is added to
core-shell reversion. We speculate that before vitrification PS e HPMs in chloroform at a low VR of methanol to chloroform
chains should be loosely associated in the normal HPMs, andapoyt 1:1), the solution becomes turbid. Standing this solution
thus diffusion of methanol into the cores to solubilize protonated 5, several hours leads to the formation of precipitates. Once
P4VP is still possible. Therefore, continuous addition of the precipitates are formed, they cannot be redissolved by further
methanol into the solutions can cause the eafieell reversion  5qdition of methanol. The turbidity should result from a loose
to form RHPMs. As the PS chains aggregate before the gggregation of PS chains because continuous addition (i.e.,
dissolution of the core-forming protonated P4VP chains, there \yithout the standing for hours) of methanol into the solution
should be no intermediate state that the block copolymer is -5 |ead to the coreshell reversion. Different from the case
molecularly dispersed in the solution between the HPMs and of pg,o.-b-P4VR; 4, the core-shell reversed aggregates (Figure
the RHPMs during the coreshell reversion (this phenomenon 7b) have a size close to that of the HPMs (Figure 7a). The
has not been reported before, to our knowledge) although the|gcations of GNs in the RHPMs derived from PD-PAVP 1,
state of the aggregates at a VR between 1:3 and 1:1 can beye identified by the remarkable difference in the modulus
thought as one of the intermediate states during the-csivell between GNs and their surrounding polymeric components, as
revision. is indicated in the 3D AFM phase image of the RHPMs (Figure
We think that whether the coreshell reversion can be  7c). However, the GNs are unevenly distributed, and in either
realized by adding methanol into the solution of PS shell and the AFM images of the HPMs or these of the RHPMs, polymer
protonated P4VP/GN core micelles (HPMs) in chloroform is chains with a low contrast are observed (Figure 7a,b), which
determined by the competition between the aggregation andshould be related to the relatively short P4VP block. Because
vitrification of the PS chains and the dissolution of the core. when P4VP chains are short, at the MR of 0.3, some polymer
Generally speaking, the speed of the aggregation and vitrification chains complexed with a small quantity of HAuG@holecules
of PS chains depends on the molecular weight of the PS chainsmay either molecularly disperse or form loosely aggregated
and the concentration of the block copolymer (the precursor of complexes. It seems that the relatively long P4VP block chains
the HPMs and the RHPMSs). Decreasing the molecular weight are necessary for the cetshell reversion to form regular
of PS block and/or the concentration of the block copolymer RHPMs.
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Antonietti et al?? reported the preparation of powders (or
precipitates) of P®-P4VP/GNs micelles by addition of metha-
nol into the solution of P®-P4VP/GNs micelles in toluene.
However, in the present study, the addition of methanol into
PSb-protonated P4VP/GNs micelles in chloroform leads to the
core—shell reversion instead of precipitation. We think that such
a difference may mainly arise from the difference in the nature
of the cores and the shells in different media: PS shell and
protonated P4VP/GNs core in chloroform vs PS shell P4VP/
GNs core in toluene. The difference in the nature of the core is
particularly notable. It is reported that the cores of polymeric
micelles are quite different for different polymeric micelfés.
On the basis of our previous studies, we found that in some
cases the core of polymeric micelles formed in a common
solvent of a block copolymer stabilized by noncovalent interac-
tion is loosely aggregate®l Experimentally, the density of core
of polymeric micelles can be approximately evaluated by the
value of D4y The values of DyDyOfor PSh-P4VP/
HAuCIl,; micelles was measured by static and dynamic light
scattering to be 0.91, indicating that the density of the core is
relatively low34 However, theDgDyVvalue for the HPMs is
0.667, which is close to that of block copolymer micelles formed
in a selective solvent. Considering that the density of gold (19.6
g/c?) is much higher than that of the core of a normal
polymeric micelle, encapsulation of a 15 nm GN in the cente
of the core should decrease thiy[DOvalue remarkably#
On the other hand, the contribution by the polymeric compo-
nents (i.e., the HPMs except for GNs) to tii,/DyCshould
be considerably higher than 0.667. In other words, the protonated
P4VP chains surrounding the GNs should be relatively loosely

r
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