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ABSTRACT: Novel stimuli-responsive polyelectrolyte, poly(N-benzyl-N'-(4-vinylbenzyl)-4,4’-bipyridium
dichloride) or P(BpyCICl), brushes were prepared from the benzyl-chloride-immobilized SiO, nanoparticles
via surface-initiated atom transfer radical polymerization (ATRP). The dicationions (BV>") of the
P(BpyCICl) brushes can be reduced by UV irradiation to become radical monocations (BV*"), which can
oxidize back to the original BV>" state by exposure to air. The fast switching between dicationic and
monocationic states of the P(BpyCICI) brushes on the SiO, nanoparticles can be used as the physically
controllable means for the reduction of metal ions (such as Au, Pt, and bimetallic Au/Pt ions) without the
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need for any added metal reduction agents.

Introduction

Considerable attention has been paid to the manipulation and
control of polyelectrolyte (electronically charged polymer)
brushes because of their relevance and importance to nanotech-
nology, surface engineering, and biotechnology.' Polyelectrolyte
brushes are sensitive to ionic strength, pH, and solvent properties
because they can undergo a transition between the fully stretched
state and the nearly collapsed state.'®* This responsive behavior
has often been used to design smart surfaces and to achieve
control over surface propertles such as wettability. Metal ions
(such as AuCl,~ and PtCls®") can be confined within certain
polyelectrolyte brushes and subsequent reduction by suitable
reagents produces well-defined metal nanoparticles (NPs). ld.g.2¢
It is well known that metal NPs exhibit unique properties
as compared with their bulk counterparts and are of importance
to application in emerging areas of nanoscience and nano-
technology.’

In this work, novel stimuli-responsive polyelectrolyte brushes
of poly(N-benzyl-N'-(4-vinylbenzyl)-4,4'-bipyridium dichloride)
or P(BpyCICI) were prepared via surface-initiated atom transfer
radical polymerization (ATRP) of N-benzyl-N'-(4-vinylbenzyl)-
4 4'-bipyridium dichloride (BpyCICl) (a monomer containing the
light-sensitive viologen moiety) from the benzyl chloride (B g Cl)-
immobilized SiO, (SiO>—BCl) NPs. The dicationions (BV>") of
the P(BpyCICl) brushes can be reduced by UV irradiation to
become radical monocations (BV*"), which readily oxidize back
to BV>" upon air exposure. The fast switching between BV>" and
BV states of the P(BpyCICI) brushes on the SiO, nanaoparti-
cles can be utilized directly, in lieu of metal reducing agents, to
decorate the NPs with metal nanodots ( <5 nm) (Scheme 1).

Experimental Section

Surface-Initiated ATRP of BpyCICI from the SiO,—BCI NPs.
The monomer, N-benzyl-N'-(4-vinylbenzyl)-4,4’-bipyridium
dichloride (BpyCICl), was synthesized according to the method
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reported in the literature.* A mixed solution (20 mL) of
4 4 -bipyridine and benzyl chloride (10 mL) (molar ratio, 1.5:1)
was stirred vigorously in dimethylformamide (DMF) at 70 °C for
24 h. The precipitate was washed thoroughly by repeated extraction
with ether to ensure the complete removal of residual 4,4'-bipyri-
dine and benzyl chloride. About 8 g of the adduct, N-benzyl-4-
(4-pyridyl)pyridium chloride, was obtained. The adduct was then
reacted with 4-vinylbenzyl chloride (VBC) (molar ratio, 1:1.5) in
DMF under continuous stirring at 70 °C for 12 h. The yellow
precipitate was collected, washed thoroughly by repeated extraction
with acetonitrile, and recrystallized from methanol to produce the
desired monomer (~9 g), N-benzyl-N'-(4-vinylbenzyl)-4,4'-bipyri-
dium dichloride (BpyCICl).

For the preparation of the SiO,—BCI nanoparticles (NPs),
SiO, NPs (2.0 g) of ~25 nm in diameter, 3.0 g (9.5 mmol) of
trichloro(4-chloromethyphenyl)silane  (97%), triethylamine
(1.2 mL, 8.6 mmol), and 20 mL of dried THF were introduced
to a two-necked flask.’ The reaction mixture was left to stand for
8 h and then exposed to air for another 18 h. After five cycles of
ethanol and THF washing and separation by centrifugation,
~1.8 g of the white benzyl chloride (ATRP initiator) immobi-
lized SiO, (SiO,—BCl) particles was obtained. The chlorine
concentration was ~1.44 wt % determined from elemental
analysis. This chlorine concentration corresponded to ~2.4
benzyl chloride initiators per nm? of the particle surface. Details
of the preparation and characterization of the SiO,—BCl parti-
cles had been previously described.” For the preparation of
BpyCICI polymer (P(BpyCICl)) brushes from the SiO,—BCl
NPs, the reaction was carried out using a [BpyCICl (1.0 g)]/
[CuCl]/[Bpy] molar feed ratio of 30:1:2 in 6 mL of degassed
water at 80 °C in a Pyrex tube containing 0.2 g of the SiO,—BCl
NPs. The reaction was allowed to proceed for 8 h under
continuous stirring to produce the SiO,-g-P(BpyCICl) NPs.
After the polymerization, the silica particles were subjected to
five cycles of dispersion in methanol and centrifugated to
remove catalyst complex, unreacted monomers, and possibly
untethered polymers. About 0.15 g of SiO,-g-P(BpyCICl) NPs
was obtained.

Metal Reduction on the SiO,-g-P(BpyCICl) NP Surfaces.
AuCl,~ and PtCls>~ were selected as the model metal ions to
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Scheme 1. Schematic Diagram Illustrating the Preparation of P(BpyCICl) Brushes via Surface-Initiated ATRP of BpyCICI from the SiO,—BCI NPs
and of Metal Nanodots on the SiO,-g-P(BpyCICl) Surface

H,Cl

Si0,-BC1

produce the Au, Pt, and bimetallic Au/Pt nanodots. Gold(III)
chloride and platinum(IV) chloride solutions (500 ppm) were
obtained by diluting the corresponding standard metal salt
solutions (1000 ppm) with doubly distilled water. We carried
out the reactions of the SiO,-g-P(BpyCICl) NPs with the metal
ions by dispersing 1.0 mg/mL of the NPs in the corresponding
Au, Pt, and bimetallic Au/Pt solutions (500 ppm) in the Pyrex
tubes. The reaction mixtures were purged with argon for 30 min,
sealed with a rubber stopper, and exposed to UV irradiation (in
a Riko rotary photochemical reactor (RH400-10W) at 20 °C)
for 20 min and then exposed to air immediately to produce the
metal nanodots-decorated SiO,-g-P(BpyCICl)-Au, SiO,-g-P-
(BpyCICl)-Pt, and SiO,-g-P(BpyCICIl)-Au/Pt NPs, respectively.
After the metal reduction reaction, purification of NPs by
centrifugation was carried out. Five cycles of NP dispersion in
doubly distilled water, followed by centrifugation, were carried
out.

Characterization. The X-ray photoelectron spectroscopy
(XPS) measurements were performed on a Kratos AXIS HSi
spectrometer using a monochromatized Al Ko X-ray source
(1486.6 eV photons) and procedures similar to those previously
described.® The morphology of nanoparticles was characterized
on a JEOL JEM 2010F field-emission transmission electron
microscope operating at an acceleration voltage of 100 kV. The
particle sizes of SiO,-g-P(BpyCICl) NPs were measured using a
Zetasizer Nano ZS90 (Malvern Instruments, Southborough,
MA) with a laser of 633 nm wavelength at a 173° scattering
angle. The size measurement using 3 mg/mL NP solution was
performed at 25 °C in triplicate. The Z-average hydrodynamic
diameters of the particles were given by the Zetasizer.

Results and Discussion

P(BpyCICl) Brushes via Surface-Initiated ATRP from the
SiO,—BCl NPs. The BpyCICl monomer contains the light-
sensitive viologen moiety.”® Figure SI of the Supporting
Information shows the UV—visible absorption spectra of
aqueous BpyCICl solution (before irradiation, after 20 min
irradiation, and 1 min bleaching in air). No absorption bands
were observed in the wavelength range from 400 to 800 nm
before irradiation. However, upon photoirradiation of the
degassed suspension for 20 min, the solution turned faint
blue from pale yellow. Two obvious absorption bands
appear at ~503 and 610 nm, with the one at 503 nm attri-
butable to the dimer form being more intense than the band
at 610 nm. The emergence of the typical bands confirms the
formation of viologen radical cations (BV'"). The above
characteristics are consistent with the BV"" of benzyl vio-
logen.” The formation of BV'" is caused by the transfer of an
electron from the counteranion to the viologen dication
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Figure 1. Cl 2p, C 1s, and N Is core-level spectra of the (a,b,b’)
SiO,—BCl and (c,d,d’) SiO,-g-P(BpyCICI) NPs.

(BV*"). The viologen BV readily oxidizes back to BV>"
when exposed to air (Scheme S1, Supporting Information).”®
Therefore, the blue coloration and typical absorption bands
of the BpyCICl solution faded immediately upon exposure to
air for 1 min.

The poly(N-benzyl-N'-(4-vinylbenzyl)-4,4'-bipyridium
dichloride) or P(BpyCICI) brushes were prepared via sur-
face-initiated ATRP of BpyCICI from the benzyl chloride
(BCl)-immobilized SiO, NPs (SiO,—BCI NPs). The SiO,—
BCI NPs were obtained through the coupling reactions of the
chlorosilyl groups of trichloro(4-chloromethyphenyl)silane
with the silanol groups of the silica particles of ~25 nm in
diameter. The field emission scanning electron micro-
scopy (FESEM) image (Figure S2, Supporting Information)
of the resultant SiO,—BCl NPs shows that the initiator-
immobilized silica NPs still remain segregated or unagglom-
erated. The XPS CI 2p core-level spectrum (binding energy
(BE) of ~200 ¢V’ Figure 1a) of the SiO,—BCI NPs indicates
that the BCl ATRP initiators have been successfully immo-
bilized on the silica surfaces. The corresponding C 1s core-
level spectrum (Figure 1b) can be curve-fitted with three peak
components having BEs at about 283.9, 284.6, and 286.3 ¢V,
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attributable to the C-Si, C-H, and C-Cl species, respec-
tively.*? The m—n* shakeup satellite associated with
the aromatic ring of BCl is also discernible at the BE of
~291eV. The appearance of the C-Si and C-Cl species as well
as the 7—x* shakeup satellite further confirms the presence
of BCI ATRP initiators on the SiO, NPs. A chlorine content
of ~1.44 wt % for the SiO,—BCl nanospheres from elemen-
tal analysis has been reported in our previous work.’ The
corresponding surface benzyl chloride initiator concen-
tration is ~2.4 initiators/nm? (F). On the basis of the average
cross-sectional area (4) of ~2 nm? for the vinyl and styrene
polymer brushes prepared via ATRP,*>!? the surface ini-
tiator efficiency of the present system (1/FA) is estimated
to be ~21%.

The SiO,-g-P(BpyCICl)) NPs were prepared via surface-
initiated ATRP of BpyCICI from the SiO,—BCI NPs in water
at 80 °C for 8 h. The presence of the grafted P(BpyCICl)
brushes was confirmed by the XPS CI 2p, C 1s,and N 1s core-
level spectra (Figure 1c,d,d’) of the SiO,-g-P(BpyCICl)) NPs.
The peak components at the BE of about 197 and 402 eV’
are attributable to the negatively charged chloride (C1™7) and
positively charged nitrogen (N) species, respectively. No
nitrogen signal was observed on the preceding SiO,—BCl
NPs (Figure 1b'). The C s core-level spectrum (Figure 1d) of
the SiO,-g-P(BpyCICl)) NPs can be curve-fitted with four
peak components having BEs at about 283.9, 284.6, 285.8,
and 286.3 eV, attributable to the C-Si, C-H, C-N, and C-CI
species, respectively.® The minor peak component of the
covalent chloride species in the Cl 2p core-level spectrum (at
the BE of about 200 eV, Figure 1¢) and the C-Cl species in the
C 1s core-level spectrum are associated with the dormant
alkyl halide groups preserved throughout the ATRP process.
On the basis of the XPS sampling depth of ~7.5 nm (at the
photoelectron takeoff angle of 90°) in an organic matrix and
the [N]/[Si] ratio (determined from the sensitivity-factor
corrected N Is and Si 2p core-level spectral area ratio),’®
the thickness of the P(BpyCICl) brushes was estimated to be
~5 nm in the dry state. On the basis of the hydrodynamic
radius of particles from dynamic light scattering measure-
ments, the thickness of the P(BpyCICl) brushes was ~6.5 nm
in the wet state.

Figure 2 shows the UV—visible absorption spectra of an
aqueous dispersion of the SiO,-g-P(BpyCICl) NPs before
irradiation, after 20 min of UV irradiation, and after 1 min of
bleaching in air. No absorption bands were observed in the
400—800 nm wavelength range before irradiation. Upon
photoirradiation for 20 min, the dispersion turns faint blue,
and two obvious absorption bands have appeared at about
503 and 610 nm. After the irradiation period, the dispersion
was exposed to air and allowed to bleach for 1 min. The blue
coloration and typical absorption bands disappeared imme-
diately. These characteristics are consistent with those of the
BpyCICl monomers (Figure S1, Supporting Information).
The color and typical absorption changes resulted from the
reversible conversion of dications (BV>") of the viologen
moieties to radical monocations (BV*"). Upon UV irradia-
tion, viologen BV>" can be readily reduced to radical BV
via the transfer of an electron from the counteranion. The
resultant BV oxidizes readily to the BV>" again by O,
because of the strong reductive ability of BV*" (Scheme S1,
Supporting Information). Therefore, the P(BpyCICl)
brushes with BV>" can be “unlocked” by UV irradiation to
the BV state, whereas the resultant P(BpyCICl) brushes in
the BV'" state can be “locked” again to the original BV>*
state by exposure to air. The rapid response of the
P(BpyCICl) brushes to several cycles of UV irradiation and
bleaching in air is shown in the inset of Figure 2. The brushes
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Figure 2. UV—visible absorption spectra of aqueous dispersion of the
SiO,-g-P(BpyCICl) NPs (before irradiation, after 20 min irradiation,
and 1 min bleaching in air), and the response (inset) of the SiO,-g-
P(BpyCICl) NPs subjected to cyclic UV irradiation by monitoring the
absorbance at 503 nm.

exhibit a high degree of stability, and after five cycles, the
maximum absorbance at 503 nm does not change signifi-
cantly (<1%).

Metal Reduction on the SiO,-g-P(BpyCICl) NP Surfaces.
Our previous work ' has shown that the BV radical cations
reduce metal ions in solution without the addition of any
metal reducing agents, with the concomitant oxidation of
BV'" back to BV>". Therefore, it is possible to couple the
reduction of metal salts to the interconvertible reduction-
oxidiation states of the P(BpyCICl) brushes. Here the
P(BpyCICl) brushes on the SiO, nanospheres were used as
the UV/air-mediated metal reduction agents for the prepara-
tion of metal nanodots: (i) the reduction process of the metal
ions was actuated by activating the P(BpyCICI) brushes with
BV?" via UV irradiation in degassed metal salt solutions and
(ii) after a predetermined period, the reduction process was
terminated through the introduction of air to produce the
metal nanodots (SiO,-g-P(BpyCICl)-metal NPs) (Scheme 1).
AuCl,~ and PtCl¢> were selected as the model metal ions
to produce the Au, Pt, and bimetallic Au/Pt nanodots.
The Si0,-g-P(BpyCICl) NPs dispersed in the respective Au,
Pt, and Au/Pt ion solutions were exposed to UV irradiation
for 20 min and then to air immediately to produce the
corresponding SiO,-g-P(BpyCICl)-Au, SiO,-g-P(BpyCICl)-
Pt, and SiO,-g-P(BpyCICIl)-Au/Pt NPs.

The presence of the reduced metallic Au, Pt, and Au/Pt
species was confirmed by the transmission electron micro-
scopy (TEM) images (Figure 3). In comparison with the
smooth surfaces of the SiO,-g-P(BpyCICl) NPs, numerous
metal dots (<5 nm) are discernible on these NP surfaces
after the metal reduction process. The fact that the nanodots
formed on the surfaces cannot be removed during the
centrifugation and washing cycles indicate the presence
of strong interactions between the nanodots and the
P(BpyCICl) brushes. Control experiments using the SiO,
and SiO,—BCl NPs were also carried out by the same
procedures as the SiO,-g-P(BpyCICl) NPs. No nanodots
were observed in the TEM images of the control NPs. In
addition, the XPS results of these NPs with nanodots also
indicated the successful reduction of the Au and Pt ions and
the presence of the reduced metal nanodots.

Figure 4 shows the Au 4f core-level spectrum of (a) the
Si0,-g-P(BpyCICl)-Au NPs, Pt 4f core-level spectrum of (b)
the SiO,-g-P(BpyCICI)-Pt NPs, and Au 4f and Pt 4f core-
level spectra of (c,d) the SiO,-g-P(BpyCICI)-Au/Pt NPs. The
Au 4f core-level spectra can be curve-fitted with a dominant
spin—orbit split doublet, having BEs at about 84.0 (4f;,) and
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Figure 3. TEM images of the (a) SiO,-g-P(BpyCICl), (b) SiO,-g-P-
(BpyCICl)-Au, (c) SiO,-g-P(BpyCICIl)-Pt, and (d) SiO,-g-P(BpyCICI)-
Au/Pt NPs.
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Figure 4. Au 4f core-level spectrum of (a) the SiO,-g-P(BpyCICIl)-Au
NPs, Pt 4f core-level spectrum of (b) the SiO,-g-P(BpyCICIl)-Pt NPs,
and Au 4f and Pt 4f core-level spectra of (c,d) the SiO,-g-P(BpyCICI)-
Au/Pt NPs.

87.7 (4fs),) eV for the Au’species and a mmor doublet at 86.1
(4f7)>) and 89.8 (4f5)5) eV for the Au™ spe01es ? The Pt 4f core-
level spectra can be curve-fitted with a major spin—orbit split
doublet, havmg BEs at about 71.2 (4f7),) and 84.5 (4f5,) eV
for the Pt” species, and a minor doublet at 73.6 (4f7,) and
76.9 (4fsp) eV for the Pt*" species.” For the SiO,-g-P-
(BpyCICI)-Au/Pt NPs, the [Au]/[Pt] ratio of ~1.2 is slightly
higher than that (~1.0) of the initial metal ions. This
phenomenon is consistent with the reduction mechanisms
and st01ch10metry involved: AuCl; +4e” —Au+4Cl™ and
PtCls> 4 6e~ — Pt + 6CI . In the control experiments, the
pristine SiO», and SiO,—BCIl NPs were used instead of the
SlOz-g-P(BgyClCl) NPs. No obvious signals associated with
Au® and Pt’ species were observed on the NPs after they had
been extracted by doubly distilled water and subjected to
surface analysis by XPS. These results are thus consistent
with the successful reduction of the metal ions on the SiO,-g-
P(BpyCICl) NPs.
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Conclusions

In summary, novel stimuli-responsive P(BpyCICl) brushes on
Si0, nanospheres were prepared. The dicationions (BV>") of the
P(BpyCICI) brushes can be reduced upon UV irradiation to
become radical monocations (BV*"), which revert readily to
BV*" by exposure to air. The chemical interconversion of the
P(BpyCICl) brushes can be coupled to the metal reduction process
for the preparation of metal nanodots-decorated NPs without the
addition of any reducing agents. These smart P(BpyCIClI) brushes
may offer a simple route and added flexibility in the design and
preparation of high-surface-area substrates (potential candidates
for catalyst) with well-dispersed metal or bimetal species.
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