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ABSTRACT Dispersion of an aqueous H,PtCl solution into a trifluorotoluene (TFT) solution of a polystyrene-

block-poly(2-vinylpyridine)-block-poly(ethylene oxide) (PS-b-P2VP-b-PEQ) triblock copolymer produced an

emulsion-induced hollow micelle (EIHM), comprising a water nanodroplet stabilized by PEO, H,PtCls/P2VP, and

PS, sequentially. The following addition of an aqueous LiAuCl, solution into the dispersion led to a coordination

of LiAuCl, and PEO. The resulting spherical EIHM structure was transformed to a hollow cylindrical micelle by the

fusion of spherical EIHM with the addition of methanol. This structural transition was reversible by the alternative

addition of methanol and TFT. Oxygen plasma was used to generate Pt/Au concentric spheres and hollow

cylindrical Pt/Au nano-objects.
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lock copolymers (BCPs) can aggre-
B gate into spherical,’ cylindrical,? or

hollow micelles (or vesicles),® or
lamellar phases* depending on the concen-
tration of solvents, the solubility of the
blocks in the solvents, the immiscibility of
the solvents, and the asymmetry of the BCP.
For example, solvation of BCP in a solvent
that is selective to one of blocks can lead to
formation of spherical micelles with an in-
soluble block core and a soluble block shell.
When the core consists of a functional
block, like poly(2-vinylpyridine) (P2VP)> or
poly(ethylene oxide) (PEO),° that can be co-
ordinated with metallic or semiconductor
precursors, these micelles can be used as
templates or scaffolds for preparing metal-
lic, semiconductor nanoparticles (NPs) and
quantum dots. The shape of the micelle, of
course, controls the shape of the resultant
nano-objects, be it a sphere, sheet or rod,
solid or hollow. The shape of the nano-
scopic objects dictate the optical, mag-
netic, electronic, and catalytic
properties.” —° Furthermore, the spatial dis-
tribution of the nanoscopic objects in a film
will also influence the physical and chemi-
cal properties of the nanostructured com-
posite materials.'®""

A“t%\&) VOL.4 = NO.2 = KOH ET AL.

BCPs can be used as a surfactant to
stabilize mixed solvent systems; of par-
ticular interest to our studies are systems
composed of water dispersion in an or-
ganic solvent."?>~'* For example, the dis-
persion of water in toluene can be stabi-
lized with a polystyrene-block-poly(2-
vinylpyridine) (PS-b-P2VP) and, in fact, a
stable emulsion-induced hollow micelle
(EIHM) can form with the BCP at the inter-
face between the two immiscible flu-
ids."> Casting films of such dispersion re-
sults in the formation of a continuous PS
matrix with pores bounded by P2VP. Such
films can be used as microencapsulates
for drugs delivery or as nanoreactors for
synthesizing metallic or semiconductor
NPs and quantum dots.'®"”

Recently, polystyrene-block-poly(2-
vinylpyridine)-block-poly(ethylene oxide)
(PS-b-P2VP-b-PEO) ABC triblock copoly-
mer has been used to synthesize bimetal-
lic NPs because of the ability to coordi-
nate the PVP and PEO with different
metallic precursors.'® 22 Buriak and co-
workers demonstrated that a HAuCl, pre-
cursor was selectively coordinated with
P2VP, while AgNO; was exclusively com-
plexed with the PEO block.?®> Conse-
quently, the Au/Ag bimetallic nanodots
and wire arrays could be fabricated. Sohn
and co-workers also reported the genera-
tion of Fe/Au bimetallic NPs by the coor-
dination of FeCls with P2VP and LiAuCl,
with PEO.?* However, the structure and
size distribution of NPs was irregular and
broad.

Herein, we report the dispersion of
H,PtCls aqueous solutions into organic
triblock copolymer solutions, followed by
the dispersion of LiAuCl, aqueous
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Figure 1. SFM (left, height; right, phase) image of a PS-b-P2VP-b-PEO spin-coated from TFT polymer solution.

solutions into the Pt-loaded polymer solutions that
leads to the formation of the unique EIHM nano-
structures, a water nanodroplet stabilized by Li-
AuCl,/PEO, H,PtCls/P2VP, and PS. The structural tran-
sition of the spherical EIHMs into the cylindrical
shaped hollow micelles by an intermicellar fusion is
demonstrated. The synthesis of a Pt/Au bimetallic
concentric sphere and a hollow cylindrical nano-
object with regular size and shape is also shown.

RESULTS AND DISCUSSION

Formation of Emulsion-Induced Hollow Micelles (EIHMs). Fig-
ure 1 shows a scanning force microscopic (SFM)
image of a PS-b-P2VP-b-PEO spin-coated from TFT
polymer solution. Even though a selective solvent,
TFT, for PS block, was used, the nano-object formed
was random and irregular with wormlike nanostruc-
ture. The average diameter of this nano-object was
~50 nm.

The addition of metallic precursors such as
HAuCl,, LiAuCl,, and H,PtClg into TFT-based poly-
mer solution led to formation of more distinct nano-
scopic objects having a spherical shape. The adjust-
ment of aqueous metallic solutions, instead of salts
themselves, produced stable EIHM structure with
uniform size and shape. Considering the coordina-
tion preference of the metallic precursors, H,PtClg

PS(45000)-b-P2VP(16000)-b-PEO(8500)
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and LiAuCl,, which resulted in the complexation of
H,PtCl¢/P2VP and LiAuCl,/PEO, the synthetic path-
way of the formation of Pt/Au concentric sphere
nano-objects can be illustrated as shown in Scheme
1. Addition of a predetermined amount of aqueous
H,PtCls solution to the TFT solution of PS-b-P2VP-b-
PEO resulted in stable, well-defined EIHMs with the
H,PtClg/P2VP complex. Here, the H,PtCls metallic
precursor is predominately coordinated by the pyri-
dine group of the P2VP, but not the PEO. The exist-
ence of a dispersed water minor phase in the TFT
major phase plays a key role in the microphase sepa-
ration of PEO and P2VP. Here, the PEO is soluble in
the water, while the PS is soluble in TFT. The com-
plexed P2VP, on the other hand, is insoluble in both
solvents and, as such, is positioned at the middle
layer between PEO and PS. The subsequent addi-
tion of the LiAuCl, metallic precursor allows easy ac-
cess to the PEO block enabling the formation of the
(LiAuCl,/PEO) complex. In this manner, a layered
structure is imparted to the two different complexes
allowing the formation of the Pt/Au bimetallic con-
centric sphere nano-objects.

Pt Concentric Spheres. Figure 2 shows the SFM and
TEM images of a PS-b-H,PtCls/P2VP-b-PEO EIHM
complex. The distinct spherical shape of the EIHMs

..PEO LIAuCI,/l PEO

LIAUCI/H,0

TFT/H,0 =
25/1 (uIv)

* :H,PtCl,

O :LIAuCI,

Scheme 1. Formation of an emulsion-induced hollow micelle (EIHM). Aqueous H,PtCls and LiAuCl, solutions were dispersed
into the TFT solution of PS-b-P2VP-b-PEO, one after the other. First, H,PtClg () coordinates with the pyridine group of the
P2VP, not the PEO, and then LiAuCl, (O) is exclusively coordinated with the PEO block
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Figure 2. (a) SFM, (b) nonstaining, and (c) I,-staining TEM images of
a PS-b-H,PtCls/P2VP-b-PEO EIHM structure. |, selectively stains the
P2VP domains.

was seen with a diameter of ~60 nm. The depres-
sion in the center of the objects results from the
evaporation of water in the center of the spheres

Figure 3. TEM (inset: SFM) image of pure Pt concentric sphere
nano-objects after removing the polymer by O, plasma.
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during drying. Although the TEM specimen was not
stained (Figure 2b), the dark nanorings are clearly
observed due to the huge contrast of electron den-
sity between metal/polymer and air. Again, this is
consistent with the P2VP being complexed with the
Pt precursor forming a layer around the water phase
and, upon drying, the spheres collapse leaving a
ring of the higher electron density Pt. Consequently,
the regularity in size and shape of EIHMs with a di-
ameter of ~60 nm is evidenced by these results. Af-
ter staining the EIHM nanostructure by iodine (I,),
the H,PtCls-coordinated P2VP domain appeared
much darker (Figure 2c). It was well-known that I,
can stain selectively the P2VP domain. It clearly indi-
cated that the H,PtCls precursor was exclusively co-
ordinated with the P2VP block.

Figure 3 shows the TEM (inset: SFM) image of the
dried films after O, plasma treatment which re-
moves all the organics. In keeping with the results
discussed above, the plasma treatment led to the
formation of Pt concentric spheres with an average
size of ~30 and thickness of ~10 nm. The reduction
in the size of the nanorings arises from a loss of the
organics and the formation of Pt metal.

Pt/Au Bimetallic Concentric Spheres. A predetermined
amount of an aqueous LiAuCl, solution was added
to the TFT-based solution of PS-b-H,PtCls/P2VP-b-
PEO. Since the H,PtCls metallic precursor was already
coordinated with the P2VP block, the LiAuCl, was ex-
clusively coordinated with the PEO block. This
formed EIHMs of PS-b-H,PtCls/P2VP-b-LiAuCl4/PEO.
SFM and TEM images of the dried EIHMS are shown
in Figure 4. The SFM image (Figure 4a) closely re-
sembles the structures seen when only the P2VP
was complexed where the collapse of a metal/poly-
mer concentric nano-object forms a ringlike struc-
ture.>®> However, the TEM image (Figure 4b), on the
other hand, shows an electron dense Pt nanoring, as
discussed above, but with a much darker, more elec-
tron dense, region in the center, due to the Au com-
plexed with the PEO core inside Pt/P2VP. It should be
noted that the shape of the Au in the center is ir-
regular, sometimes with a line forming in the cen-
ter. This is fully consistent with the collapse of a
spherical object within another spherical object
where folds in the interior sphere can easily form.

Studies were also performed with the TFT:H,0
volume ratio (v/v) changed from 50:1 (PS-b-H,PtCls/
P2VP-b-PEO) to 25:1 (PS-b-H,PtCle/P2VP-b-LiAuCl,/
PEO). With increasing the H,O content, the sizes of
EIHMs also increased. The average size of PS-b-
H,PtCls/P2VP-b-LiAuCl,/PEO EIHMs was ~90 nm
from 25:1 (TFT:H,0, v/v), while that of PS-b-H,PtCls/
P2VP-b-PEO EIHMs from 50:1 (TFT:H,0, v/v) was ~60
nm (Figure 2).

Figure 5 shows the TEM (inset: SFM) image of the
Pt/Au bimetallic concentric sphere nano-object. The
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plexed dispersion, casting onto quartz cells,
and followed by an O, plasma treatment. It
was well-known that a maximum absorption
wavelength consistent with the SPR of Au
NPs was seen from 500—550 nm, where the
intrinsic SPR absorption band for Pt NPs was
absent. It was also recently reported that no
SPR absorption characteristic of Pt/Au bime-
tallic NPs was observed regardless of Au:Pt ra-

~90 nm

tio while a Au SPR maximum wavelength of

HoPtClg/P 2P

SRS

LiAuCI,/PEO

Figure 4. (a) SFM and (b) TEM images (without staining) of a PS-b-
H,PtCl¢/P2VP-b-LiAuCl,/PEO.

PS-b-H,PtCl¢/P2VP-b-LiAuCl,/PEO EIHM complex de-
posited on the substrate was treated with O, plasma
to remove the polymer and to reduce both metal
cations to pure metal. The average size of Pt/Au bi-
metallic nanorings was ~60 nm with a thickness of
~15 nm, approximately 5 nm thicker than that seen
with the Pt monometallic concentric sphere.

The surface plasmon resonances (SPRs) of Au, Pt,
and Pt/Au concentric sphere nano-objects on quartz
cells were characterized by UV—Vis absorption. Au
concentric spheres were prepared by dispersing the
aqueous HAuCl, solution into H,PtCls/P2VP com-

plasma.
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Figure 5. TEM (inset: SFM) image of Pt/Au bimetallic concentric
sphere nano-objects after removing the polymer by adjusting O,

an absorption band was seen at 500—550 nm
for physical mixtures of Pt and Au NPs, where
the absorption intensity is proportional to
the concentration of Au NPs.?® As shown in
Figure 6, the Au nanoring-like objects
showed the SPR absorption peak at 520 nm,
while no absorption characteristic of Pt was
evident. In the case of Pt/Au nanoring-like
objects, the Au-based SPR absorption bands
were not observed, regardless of Au:Pt ratio.
Au/Pt-1 contained more Au (from 0.6 molar
ratio LiAuCl, per PEO unit) in comparison to
Au/Pt-2 (from 0.3 molar ratio LiAuCl4 per PEO
unit) relative to the Pt content. This strongly
indicates that the concentric sphere nano-
objects are Au/Pt hybrids and not a simple
physical mixture of the two.

Structural Transition of a Spherical to a Cylindrical EIHM
Structure. Synthesis of Cylindrically Hollow Pt/Au. Recently,
Gohy and co-workers demonstrated that core cross-
linked spherical BCP micelles were structurally trans-
formed into the rodlike micellar structures by con-
trolling solvent composition.?” Core-cross-linking
was used for structural stability in the presence of
external stimuli, like pH, temperature, and solvent
composition.

The complexation of H,PtCls/P2VP and LiAuCl,/PEO
in EIHM nanostructure also stabilizes the P2VP (corona)
and PEO (core) domains. The complexation served
a similar function to the core-cross-linking. The ad-
dition of methanol into the TFT-based solution of
a PS-b-H,PtCls/P2VP-b-LiAuCl,/PEO EIHM complex
can induce an expansion of complexed H,PtClg/
P2VP and LiAuCl,/PEO, and consequently the
spherical EIHMs can be transformed into hollow
cylindrical shapes by an intermicellar fusion, as il-
lustrated in Scheme 2. Figure 7 panels a and b
show SFM and TEM images (no staining) of hol-
low cylindrical EIHMs, though hollow spherical mi-
celles are also evident. The widths and lengths of
the hollow cylindrical EIHMs were estimated to be
~90 nm (consistent with the diameter of spheri-
cal EIHMs) and ~300 nm, respectively, by AFM and
TEM. The structural transition between spherical
and cylindrical EIHMs was reversible by the alter-
nate addition of methanol (1 mL) and TFT (5 mL)
into the TFT solutions of hollow cylindrical EIHMs

VOL. 4 = NO.2 = 1124-1130 = 2010 ACN\JANI)

110114

1127



P2VP/HAUCI,
£

-

204 b -PEO
+ Au
= Au/Pt-1
~  Au/Pt-2
1.5
« Pt Au
@ H,PtC|,/P2VP LiAuCLIFEO
= N i
m 1.0 \
Q
L=
=]
A
]
0.5
0.0 T T T T T
400 450 500 550 800

wavelength (nm)

Figure 6. UV—Vis absorption spectrum of Au, Pt/Au, and Pt concentric sphere nano-objects prepared on quartz

substrate.

MeOH

TFT

Scheme 2. Schematic illustration of a reversible transformation between a spherical and a cylindrical EIHM by the alterna-

tive addition of methanol and TFT to the EHIM solution.

(0.5 wt % concentration, 5 mL). The sizes and shapes
of spherical and cylindrical EIHMs could be confirmed
by a triple repetition of methanol/TFT addition. With
more repetition, this procedure produced undistin-
guished nano-objects instead of spherical and cylindri-
cal EIHMs due to the low polymer concentrations and
insufficient water minor phase for constructing EIHMs in
the TFT/methanol major phase.

When a PS-b-H,PtCls/P2VP-b-LiAuCl,/PEO cylindrical
EIHM complex was spin-coated onto a substrate and
treated with an O, plasma, hollow cylindrical Pt/Au
nano-objects were observed with a small amount of
hollow spherical nano-objects (Figure 7c). The expo-
sure to an O, plasma results in the uncontrolled fusion
of hierarchically hollow cylindrical Pt/Au nano-objects
(Figure 7d) with an average diameter of ~60 nm and
thickness of ~15 nm.

EXPERIMENTAL SECTION

Materials. Polystyrene-block-poly(2-vinylpyridine)-block-poly
(ethylene oxide) (PS-b-P2VP-b-PEO) ABC triblock copolymers with
molecular weight (M,) of PS (45 kg/mol), P2VP (16 kg/mol), and PEO

AMCNTA N ) )
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CONCLUSIONS

We have demonstrated that the sequential addition
of an aqueous H,PtCls and LiAuCl, solutions to a TFT-
based PS-b-P2VP-b-PEO solution formed a complexed
EIHM structure encasing a water nanodroplet. Compari-
son of an aqueous H,PtCl solution (TFT/H,O = 50:1, v/v)
with an aqueous LiAuCl, (TFT/H,O = 25:1, v/v) solution,
showed that the size of EIHM structures can be varied
from ~60 nm to ~90 nm with inner diameters of ~20
nm to ~40 nm, respectively. Well-defined Pt and Pt/Au
nanoring-like objects were formed by an O, plasma treat-
ment. Spherical H,PtCls/LiAuCl;-coordinated EIHMs could
be transformed into cylindrical structures, by fusion when
methanol was added into the solution, that were used as
templates to generate hollow cylindrical Pt/Au nanostruc-
tures. The methodology demonstrated here extends the
use of triblock copolymers to synthesize and control the
shape and complexity of NPs.

(1.6 kg/mol) and its polydispersity with 1.06 was purchased from

Polymer Source. o,a,a-trifluorotoluene (TFT) (99.9%, from Aldrich),
which is a selective solvent for the majority of PS block, was used to
solvate the triblock copolymer. Hydrogen hexachloroplatinate (IV)

www.acsnano.org
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Figure 7. SFM (left) and TEM (right) images of (a,b) a cylindrical EIHM structure obtained by adding methanol into the TFT
solution of spherical PS-b-H,PtCls/P2VP-b-LiAuCl,/PEO EIHMs and (c,d) hollow cylindrical Pt/Au nano-objects after remov-

ing the polymer by O, plasma treatment.

(H,PtClg) hydrate (from Fluka) and lithium tetrachloroaurate (Ill) (Li-
AuCl,) (from Aldrich) were used as metallic precursors.

Preparation of EIHMs and Synthesis of Pt/Au Concentric Spheres. PS-b-
P2VP-b-PEO was dissolved in TFT to make 0.5 wt % polymer solu-
tion at room temperature. The polymer solution was heated to 60
°Cfor 1 h and cooled slowly to room temperature. This process was
repeated several times. Then, an aqueous H,PtCl solution was
added into the polymer solution (molar ratio of H,PtCls and pyri-
dine units was 1:1, volume ratio of water/TFT was 1/50) and the
mixed solution was stirred for 24 h at room temperature. Here, note
that addition of an aqueous precursor solution enhances the coor-
dination with the P2VP compared with the case of a solid salt, it-
self. Then an aqueous LiAuCl, solution was dispersed into the EIHM
solution with H,PtClg/P2VP (molar ratio of LiAuCl; and EO units
was 0.3:1, volume ratio of water/TFT was 1/25). The resulting solu-
tion was also stirred for 1 h and filtrated with membrane filter hav-
ing 0.45 pum pores. The EIHM solution with H,PtCle/P2VP and Li-
AuCl,/PEO was spin-coated on Si-water or quartz substrate at 3000
rpm for 60 s. The resulting substrate was treated with O, plasma
to remove the polymer and to obtain Pt/Au pure metals.

Characterization. The solutions were drop-coated on silicon ni-
tride (SisN,4) windows for investigation by transmission electron mi-
croscope (JEOL-1200EX). The TEM analysis was operated at an ac-
celerating voltage of 100 kV. The surface topography of various
nanostructures was imaged by SFM (Digital Instruments, Nano-
scope lll) in the tapping mode.
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