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ABSTRACT

We report in this Account the design of chromophore-functional-
ized metal nanoparticles and the detailed investigation of the
ground- and excited-state interactions between the metal nano-
particles and the photoactive molecules. The methodologies
adopted for organizing chromophore-functionalized gold nano-
particles on two-dimensional surfaces and the mechanistic details
of various deactivation channels of the photoexcited chromophores,
such as energy and electron transfer to the metal nanoparticle, are
presented. The possible applications of such chromophore-func-
tionalized gold nanoparticles in photovoltaics, light-mediated
binding and release of biologically important molecules such as
amino acid derivatives, and fluorescent display devices are de-
scribed.

Introduction

Design of nanostructured materials, with novel physical
properties, has emerged as one of the most exciting areas
of scientific endeavor in this decade in which chemical
research is playing a dominant role. In the nanoscale size
regime (1—100 nm), materials show interesting quantum
effects. For example, metal and semiconductor nanopar-
ticles possess novel size- and shape-dependent optical,
electrical, magnetic, and catalytic properties. The strong
plasmon absorption bands observed for metal nanopar-
ticles, arising from the collective oscillation of “roving”
electrons on the particle surface, often serves as a probe
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to monitor the interaction with surface-bound molecules.
The multifaceted characters of inorganic nanomaterials
offer a wide range of research and development possibili-
ties in diverse areas of photonics, electronics, material
science, catalysis, and biology. (See, for example, refs 1—-10
for comprehensive reviews on metal nanoparticles.)
Organized inorganic-organic nanohybrids can be de-
veloped by assembling monolayers of organic molecules
containing functional groups, such as amines, thiols,
isothiocyanates, and silanes, on the three-dimensional
surface of metal nanoparticles (Figure 1). Such monolayer-
protected metal clusters (MPCs), prepared by adopting the
“two-phase extraction” procedure,™ its modifications by
“place exchange reactions”,® design of lipid-nanoparticle
conjugate materials through electrostatic interaction,® and
the use of nanoparticle arrays and superstructures as
building blocks for the creation of nanocomposite materi-
als'® and for sensory applications® have been reviewed.

Tailoring the optoelectronic properties of metal nano-
particles by organizing chromophores of specific proper-
ties and functions on gold nanoparticles can yield pho-
toresponsive organic-inorganic nanohybrid materials. The
organization of the densely packed photoresponsive shell
encapsulating the nanoparticle core offers exciting op-
portunities for the design of novel photon-based devices
for sensing, switching, and drug delivery. Metal hybrids
of organic molecules assembled as two- or three-dimen-
sional architectures provide routes to the design of
materials with novel electrical, optical, and photochemical
properties. Gold nanoparticles are widely used for bimo-
lecular labeling and as immunoprobes.t213

In this Account we present our recent efforts to
understand the surface binding properties of photore-
sponsive molecules on Au nanoparticles and their excited-
state interactions. Possible applications of such systems
for the electrochemical modulation of fluorescence, light-
mediated binding, and release of biologically important
molecules such as amino acid derivatives and as sensitiz-
ers for light energy harvesting are also presented.

Surface Binding Properties of Capped Au
Nanoparticles

Surface modification of metal nanoparticles with organic
molecules yields highly ordered structures'** and super-
structures.'® The chemical interactions alter the electron
density of the metal nanoparticles, thereby directly af-
fecting the absorption of the surface-bound organic
moiety as well as the surface plasmon absorption band.*’~%
We have investigated the complexation ability of organic
molecules containing functional groups such as amines
and isothiocyanates with tetraoctylammonium bromide
(TOAB)-capped spherical Au nanoparticles (diameter from
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(a) polymer coated (b) TOAB capped (c) alkyl thiol capped
metal nanoparticles metal nanoparticle metal nanoparticle

FIGURE 1. Surface functionalization of gold nanoclusters using (a) organic molecules or polymers, (b) quaternary ammonium salts, and
(c) alkanethiols.
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FIGURE 2. (A) Interaction between PITC and gold nanoparticles as probed from the changes in the surface plasmon absorption: (a) 0,
(b) 20, (c) 40, and (d) 80 «M PITC. (B) Binding of *N-benzylamine with gold nanoparticles as probed by NMR spectroscopy. (C) The effect of
binding to gold surface on the emission spectra of 1-methylaminopyrene: (a) no Au and (b) 47 «M gold in toluene. Adapted with permission
from refs 20 and 21.

5 to 8 nm). Two model compounds, namely, phenyl properties of gold nanoparticles; i.e., dampening and
isothiocyanate (PITC) and benzylamine, were used to broadening of the surface plasmon band were observed,
probe the interaction with Au nanoparticles.?® Both of indicative of surface complexation (Figure 2). The high
these compounds were found to alter the absorption apparent association constant (~10* M) indicates strong
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association of these molecules on the surfaces of Au
nanoparticles. Binding of molecules on nanoparticle
surfaces can influence the chemical shifts of the nuclei,
and detailed NMR spectroscopic investigations were car-
ried using PITC and **N-labeled benzylamine (Figure 2).2°
Complexation of Au nanoparticles with *N-labeled ben-
zylamine showed a new signal with a downfield shift of
~290 ppm, indicating a strong interaction of the non-
bonding electron of the amino group with the surface of
the gold nanoparticle. The binding of the amino group to
the surfaces of gold nanoparticles was further established
by using a fluorescent probe, 1-aminomethylpyrene (Py-
CH,NH,) (Figure 2).2! 1-Aminomethylpyrene is weakly
fluorescent when dissolved in an organic solvent such as
THF, which is attributed to the intramolecular quenching
of the singlet excited state via an electron transfer from
the lone pair of the nitrogen to the pyrene moiety.
However, Py-CH,NH, bound to gold nanoparticles showed
prominent blue emission (¢ = 0.48) upon illumination
with UV light. Binding of the amine group to the gold
surface suppresses the intramolecular photoinduced elec-
tron-transfer process from the lone pair of the amine to
the chromophore, leading to an increase in the efficiency
of radiative deactivation of the singlet excited state.
Similarly, Katz and co-workers? have investigated thioester
and thiocarbonate binding to gold using pyrene emission
as a probe, and they demonstrated the role of gold in
catalyzing thioester and thiocarbonate hydrolysis. Surface-
enhanced Raman scattering (SERS) is another sensitive
spectroscopic technique, widely used for understanding
the interactions between organic molecules and metal
nanoclusters?®=2¢ and widely used in single-molecule
detection.?:28

Dye-Capped Metal Nanoclusters. Noncovalent bond-
ing, such as electrostatic interaction, often leads to close
packing of dye molecules on a charged particle surface.?®=3!
For silver particles coated with a cationic dye such as
Rhodamine 6G, a blue shift was observed for both the
silver surface plasmon band and the visible absorption
band of the dye.®* Interestingly, we have observed an
H-type aggregation for Rhodamine 6G, when bound to Au
nanoparticles with ~2 nm diameter.®® The absorption
spectral changes of Rhodamine 6G were investigated in
agueous solution by varying [Au]/[dye] ratios at constant
dye concentration (4.35 uM) (Figure 3). With increasing
[Au]/[dye] ratio, the monomer dye absorption at 525 nm
decreased and completely disappeared at a ratio of >11.
Two new bands, corresponding to the dye aggregation
band and surface plasmon band of the gold nanoparticles,
were observed at 507 and 537 nm (spectra e—g in Figure
3). Although gold nanoparticles of ~2 nm diameter do not
exhibit any prominent surface plasmon absorption band
in the visible region, the clustered aggregates exhibit
properties similar to those observed for larger particles
(diameter >5 nm). The gold—dye assemblies coalesce to
form larger clusters, due to charge neutralization, resulting
in the formation of the dye aggregation band and the gold
surface plasmon band. Similarly, surface complexation
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FIGURE 3. Absorption spectra of Rhodamine 6G (4.35 uM) in
aqueous solution containing different concentrations of AU@SCN.
The [Au]/[dye] ratio was maintained at values of (a) 0, (b) 0.8,(c) 3.75,
(d) 6.0, () 11.7, (f) 26.7, and (g) 32.0. Adapted with permission from
ref 33.

followed by particle aggregation has been observed for
thionicotinamide-capped gold nanoparticles.®

Excited-State Interactions

Close vicinity of a metal nanocore alters the excited
deactivation pathways of the surface-bound molecules.
For example, Drexhage and co-workers have observed a
distance-dependent quenching of excited states of chro-
mophores on metal surfaces.** One of the noticeable
properties of the fluorophore molecules when bound to
metal surfaces is the decreased singlet lifetime as a result
of energy transfer from excited dye molecules to bulk
metal films.%>=37 Total quenching of the singlet excited
states of the chromophores can limit the application of
chromophore-labeled metal nanoparticles in optoelec-
tronic devices and photonic materials. Interestingly, recent
studies on the photophysical properties of chromophore-
linked gold nanoparticle by our group®2° and others*0-4
have suggested a dramatic suppression in the quenching
of the singlet excited state when these chromophores are
densely packed on Au nanoparticle surfaces. A better
understanding of the excited-state processes will enable
effective utilization of chromophore-functionalized metal
nanostructures for light-harvesting and other specialized
applications. Possible deactivation pathways of the pho-
toexcited fluorophore bound to a gold nanoparticle, viz.,
(A) intermolecular interactions, (B) energy transfer, (C)
electron transfer, and (D) emission from the chromphores
bound on the metal nanoparticles, are summarized in
Figure 4. We have examined the possible deactivation
pathways of the photoexcited fluorophore bound to Au
nanoparticle in detail, and specific examples, which
illustrate the excited-state deactivation processes, are
discussed below.

Inter- and Intramolecular Interactions. To probe the
excited-state interactions, we have varied the coverage of
the photoresponsive molecule around Au nanoparticle by
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FIGURE 5. (a) Emission spectrum of Au—S—R;—Py in THF (lexc =
325 nm). (b,c) Excitation spectra of Au—S—R;—Py in tetrahydro-
furan at monitoring wavelengths 390 and 500 nm, respectively.
Adapted with permission from ref 38.

co-binding alkanethiols and thiol derivatives of photore-
sponsive molecules in different proportions. This enabled
us to fix the desired number of photoactive molecules
around the metal nanoparticle. In a typical preparation,
gold nanoparticles capped with thiol derivatives of pho-
toresponsive molecules and alkanethiols were synthesized
by reducing HAuCl,, in the presence of TOAB, adopting a
two-phase extraction procedure. The structured absorp-
tion bands of pyrene remain more or less unperturbed in
pyrene-capped Au nanoparticles (Py—R;—S—Au), ruling
out the possibility of any ground-state interaction between
the chromophore and Au nanoparticle (Figure 5). The
fluorescence spectrum of Py—R;—S—Au is similar to that
of unbound pyrenethiol in THF solution but exhibits
noticeably lower yields in polar solvents, indicating that
a large fraction of excited pyrene molecules are quenched
by the gold nanocore. The intensities of well-structured
bands in the absorption (313, 328, and 345 nm) and
emission (376, 382, and 395 nm) spectra are often used
to sense the polarity of the microenvironment.** The

prominence of peak Il over peak | (395 nm emission band
over 376 nm band) suggests that the pyrene chro-
mophores experience a highly nonpolar microenviron-
ment near the gold surface.

The flexible linker between the nanoparticle and the
chromophoric unit provides a topographical control on
the interactions between the chromophores in the three-
dimensional monolayers. This leads to the formation of
the dimer in the excited state, as evident from the excimer
emission at 480 nm at higher pyrene loadings. The
excitation spectra recorded by monitoring the emission
of the monomer (390 nm) and excimer (500 nm) bands
confirm that the origin of emission is the same in both
cases, viz., excitation of the pyrene chromophores in the
Au—S—R;—Py assembly.

An example of the conformational mobility of chro-
mophores on cluster surfaces has been illustrated by
assembling 6-thiohexyl-3-nitro-4-(4'-stilbenoxymethyl)-
benzoate on gold nanoparticle surfaces. These molecules
undergo efficient trans-to-cis isomerization but blocked
[2 + 2] photodimerization on the nanoparticle surface.*
In contrast, stilbene derivatives undergo dimerization in
self-assembled monolayers (SAMs) on planar gold, indi-
cating that the w-functionalized chromophores on Au
nanoparticles are loosely packed. These studies thus
conclude that the nature of the linker group provides a
topographical control of the various interactions on the
three-dimensional surface of metal nanoparticles, leading
to the formation of various types of intramolecular
complexes.

Photoinduced Energy Transfer in Organic-lnorganic
Nanohybrids. In many of the examples studied to date,
the energy-transfer process is considered to be the major
deactivation pathway for excited fluorophores bound on
metal surfaces. However, in the case of hybrid assemblies
having metal nanoparticles as core, the energy transfer
depends critically on the size and shape of the nanopar-
ticle, the distance between the dye molecule and the
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FIGURE 6. Transmission electron micrograph of fullerenethiol/dodecanethiol-bound gold nanoparticles deposited on a copper grid. Adapted

with permission from ref 46.

nanoparticle, the orientation of the molecular dipole with
respect to the dye—nanoparticle axis, and the overlap of
the chromophore emission with the nanoparticle absorp-
tion.*

We have investigated the excited-state energy-transfer
processes in fullerene-functionalized gold clusters (Cgo—
R—S—Au).*8 Clusters of C¢o—R—S—Au can be visualized as
antenna systems containing a gold nanoparticle as the
central nanocore and appended fullerene moieties as the
photoreceptive hydrophobic shell (Figure 6). In the ab-
sence of gold nanoparticles, the emission spectrum of
fullerenethiol in toluene showed a maximum at 710 nm,
which corresponds to its singlet excited state as reported
previously for functionalized Cs molecules.*”*8 In these
systems, the major deactivation pathway for the excited
singlet is intersystem crossing to generate the triplet
excited state. The transmission electron micrographs of
Au nanoparticles functionalized with fullerenethiol (Cgo—
R—SH) and dodecanethiol showed different size distribu-
tions: 10—30 nm diameter for the former one and 1—3
nm for the latter one. A high concentration of fullerenes
around a single Au nanoparticle (~90 Cgs moieties/
particle) leads to the formation of small clusters, which
further undergo interparticle clustering (it may be noted
that fullerenes have a strong tendency for aggregation®?).

Interestingly, the Cso—R—SH emission is totally quenched
when the fullerene is anchored to the gold nanocore. The
quenching of singlet emission would result either from
enhanced intersystem crossing or by direct energy transfer
to the gold nanocore. The low singlet as well as triplet
yields of the fullerene moiety in excited Cgp—R—S—Au
nanohybrids confirm that most of the excited-state energy
is quickly dissipated to the Au core via energy transfer.

Light-induced energy-transfer processes from surface-
bound chromophores such as Ru(bpy)s?*,° fluorenyl
derivative,®* and dansyl derivative®? to gold nanoparticles
have also been reported recently. Dulkeith et al.* isolated
the resonant energy-transfer rate from the decay rates of
excited lissamine dye molecules by chemically attaching
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them to gold nanoparticles of different size. The increase
in lifetime with decreasing particle size (particle diameter
range of 1—30 nm) was indicative of the decreased
efficiency of energy transfer in smaller size particles. In a
recent study, Heeger and co-workers®® investigated the
role of energy as well as electron transfer in the quenching
of emission of conjugated polymers in the presence of
gold nanoparticles of varying size. They concluded that
resonance energy transfer dominates when the diameter
of Au nanoparticle is >2 nm. Using the principle of energy
transfer, attempts are being made to develop biosen-
sors.%4% For example, attachment of oligonucleotide
molecules labeled with a thiol group at one end of the
gold nanoparticle and a fluorophore at the other end has
been used to recognize and detect specific types of DNA
sequences and single-base mutations in a homogeneous
format.>

Photoinduced Electron Transfer in Organic-Inor-
ganic Nanohybrids. Direct binding of a fluorophore to the
metal surface often results in the quenching of excited
states.®6:3756 Indirect evidence for electron transfer between
the chromophore and the gold surface has been obtained
from photocurrent measurements.5”:* We have observed
that, in polar solvents, pyrene-linked Au nanoparticles
(Py—R;—S—Au) exhibit noticeably lower yields compared
to unbound pyrenethiol (Py—R;—SH). Time-resolved ab-
sorption studies were carried out for establishing the
mechanism of quenching.®® The difference absorption
spectrum of unbound Py—R;—SH showed a maximum
around 425 nm, characteristic of triplet—triplet absorption
of pyrene (Figure 7). In contrast, pulsed laser irradiation
(337 nm) of Py—R;—S—Au nanoparticle, in polar solvents
such as tetrahydrofuran, resulted in an electron transfer
between the gold nanoparticle and pyrene. The new
absorption band at 400 nm confirmed the formation of a
pyrene radical cation, which decayed with a lifetime of
4.5 us. The charge-separated states in Py—R;—S—Au as-
semblies are fairly long-lived. The presence of O, in the
solution had no effect on the formation or decay of this
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FIGURE 7. Transient absorption spectra of (a) degassed THF
solution of HS—R;—Py, (b) degassed THF solution of Au—S—R;—
Py, and (c) oxygenated THF solution of Au—S—R;—Py. All spectra
were recorded 2 us after 337-nm laser pulse excitation. (Inset) The

absorption—time profiles recorded at 400 and 340 nm. Adapted with
permission from ref 38.

600

transient. These observations demonstrate the ability of
gold nanoparticles to store and transport electrons.

The decay of the transient absorption at 390 nm and
recovery of bleaching at 340 nm (inset, Figure 7) showed
a similar first-order kinetics with lifetimes of 4.7 and
4.4 us, respectively.®® The similarities between these two
processes suggest that the decay of the pyrene cation
radical corresponds to the recovery of parent fluorophore
via a back electron transfer. As shown earlier, thiol-capped
gold nanoparticles are capable of holding the charge in a
guantized fashion.5®% In an earlier study, transfer of
electrons from the excited CdS shell to the gold nanocore

e )
HOO s
HS/\/\/\
HAuCl, + O
e _

has been demonstrated spectroscopically.®* The ability of
gold nanoparticles to act as a mediator in storing and
shuttling the photogenerated electrons demonstrates its
usefulness in improving the performance of light-harvest-
ing assemblies.

Toward Light Energ¥_ Harvesting and Other
Specialized Applications

Modulation of Fluorescence of Pyrene-Linked Au Nano-
hybrids on a Two-Dimensional Surface. Modification of
the gold nanoparticles with fluorophores has important
applications in the development of display devices and
nanophotonic devices.* Furthermore, the electronic prop-
erties of surface-bound nanoparticles can be modulated
using an externally applied electrical or electrochemical
bias.3*62 The sensitivity of the linker group to the applied
potential has been used to arrange quantum dots (CdSe
and ZnO) on a conducting substrate.5?

Controlled charging of the Au nanoassembly has
enabled us to modulate the excited-state interaction
between the gold nanocore and a surface-bound fluoro-
phore. A bifunctional surface-linking molecule such as
mercaptopropionic acid was used to link the gold nano-
particle to the TiO, surface (thiol group to gold and
carboxylic group to TiO,) (Figure 8). Fluorophore-func-
tionalized electrodes were prepared by immersing a TiO,-
modified conducting electrode (referred as OTE, optically
transparent electrode) into the THF solution containing
gold nanoparticles that were previously functionalized
with mercaptopropionic acid and pyrenethiol (HOOC—

HOOC-R,-S-(Au)-S-R,-Py

OTE

1.00

0 2.00 3.00 UM

TiO,

OTE / TiO, /-OOC-R,-S-(Au)-S-R,-Py

FIGURE 8. Binding of fluorophore-linked gold nanoparticles to nanostructured film using a bifunctional surface modifier. Reprinted with
permission from ref 39. Copyright 2002 Wiley Interscience Publishers.
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FIGURE 9. (A) Emission spectra of OTE/TiO/—00C—R,—S—(Au)—
S—R;—Py at different applied potentials. Reprinted with permission
from ref 39. Copyright 2002 Wiley Interscience Publishers. (B) Excited-
state interaction of chromophore with uncharged and charged gold
nanoparticles.

R,—S—(Au)—S—R;—Py).* The pyrene-functionalized elec-
trode (referred to as OTE/TiO,/—OOC—R,—S—(Au)—S—
R;—Py) exhibits weak emission with a maximum around
395 nm. The decreased singlet lifetime and the formation
of the oxidation product (pyrene cation radical) in the Au—
S—R;—Py assembly indicate the ability of gold nanopar-
ticles to accept electrons from the photoexcited pyrene.®
Since the oxidation potential of excited pyrene is around
—1.5 V versus NHE, one can expect an energetically
favorable electron transfer to gold nanoparticles (Er =
0.5 V).

Spectroelectrochemical experiments carried out using
a thin-layer electrochemical cell showed the emission
spectra of OTE/TiO,/—0O0C—R,—S—(Au)—S—R;—Py elec-
trode at different applied potentials (Figure 9A). As the
electrode is biased to negative potentials, an increase in
the emission yield was observed. The overall shape of the
emission band remains the same, suggesting that the
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Au-SP
FIGURE 10. Spiropyran-capped gold nanoparticle (Au-SP).

photoactive molecule contributing to the emission is
unperturbed. At potentials more negative than —1.0 V,
90% of the quenched emission is restored by charging the
gold nanoparticle (inset, Figure 9A). The quantized charg-
ing effects studied with organic-capped gold nanoparticles
suggest that the potential shift amounts to about 0.1 V
per accumulated electron.5* The electron transfer from
excited pyrene molecules to the gold nanocore experi-
ences a barrier as we charge them with negative electro-
chemical bias (Figure 9B).

Light-Mediated Binding and Release of Amino Acid
Derivatives. Chemical linkage of biologically relevant
molecules such as proteins, peptides, carbohydrates,
lipids, and DNA to gold nanoparticles has led to the
development of novel probes for biochemical investiga-
tion, with better sensitivity and greater penetration through
tissues.55-67

We have recently reported the design of a photoswitch-
able double-shell structure on Au nanoparticle, by an-
choring spiropyrans (SP) to the three-dimensional surface
of Au nanoparticles (Figure 10).5% The light-regulated
changes in the topographic properties of spiropyran-
capped Au nanopatrticles (i.e., interconversion between the
zwitterionic and neutral forms) were exploited for the
assembly and release of amino acids (Figure 11) such as
L-tryptophan, L-tyrosine, L-DOPA, and o-methyl-L.-DOPA
(note that L-DOPA is effective for the treatment of Par-
kinson’s disease and hypertension).

The rationale behind the design of light-mediated self-
assembly is based on the fact that the discrete photoiso-
meric states of spiropyran exhibit distinctly different
physical properties. Under dark conditions, the majority
of spiropyran molecules exist in their “closed” spiro form
(colorless and nonpolar). When excited with UV light,
spiropyrans undergo photoisomerization to the “open”
merocyanine form (highly polar and zwitterionic), absorb-
ing in the visible region. The ring closure to the spiropyran
form can occur either thermally or by exposure to visible
radiation, and several novel applications have been con-



Chromophore-Functionalized Gold Nanoparticles Thomas and Kamat

H
_\.
hv /A
Au-MC Au-SP

H &
O3/ N
®cp, N
! 3 %, 3
NO, 1L ch &
® 0O Qré_\\a_‘/hh\
RCH, CH(NH3) G0y =2
NO.

360 nm
"‘—'
520 nm

‘

Au-MC-amino
acid complex

FIGURE 11. Schematic representation of photochemical ring opening and ring closing of Au-SP in the absence and in the presence of

amino acids. Adapted with permission from ref 68.

sidered by exploiting the light-mediated changes in their
physical properties (see articles cited in ref 68). Irradiation
of Au-SP (~130 SP moieties/particle) in methanol resulted
in the formation of an absorption band around 500 nm,
which corresponds to the formation of the zwitterionic
merocyanine form (Au-MC).%8 In the presence of amino
acids, an initial decrease in the intensity of the visible
absorption band was observed and the absorbance per-
sisted, indicating the stabilization of the zwitterionic
merocyanine form.

The two-point electrostatic interaction between the
zwitterionic merocyanine on Au nanoparticles and amino
acid derivatives results in the formation of a relatively
stable complex (e.g., half-life (71,,) of Au-MC::::tyrosine
complex is ~14 h, whereas the 7;,, of Au-MC—Au-SP is
23 min). The Au-MC: : : : amino acid complex dissociates
on photoirradiation at 520 nm and undergoes thermal ring
closure to Au-SP, releasing the amino acid derivatives. The
complexation/dissociation cycles could be repeated many
times. Light-mediated binding and release of molecules
of amino acid derivatives on the nanoparticle scaffold, in
combination with the site specificity of the Au nanopar-
ticle, offers a unique possibility of designing light-medi-
ated controlled release systems.

Photocurrent Generation. The fluorophore-modified
gold nanoclusters assembled as films on a conducting
electrode surface serve as photoresponsive electrodes. The
linking of fluorophore-bound gold nanoparticles to nano-
structured SnO, (OTE/SnO,) or TiO, (OTE/TiO,) films via
a bifunctional linker provides an excellent choice to
achieve this goal. Using this strategy, we successfully
employed OTE/SnO,/pyrene and OTE/SnO,/Au—S—R—Cg
as the photoanodes in a photoelectrochemical cell. Upon
illumination of these electrodes with visible light (1 > 400
nm), a prompt generation of photocurrent could be seen.

The photocurrent action spectra of OTE/SnO, and
OTE/SnO,/Au—S—R—Cg electrodes are shown in Figure
12 (traces ¢ and d). Only the electrode OTE/SnO,/Au—S—
R—Cg shows a prominent response in the visible (400—
500 nm), thereby confirming the role of fullerene moieties
as the receptor of incident photons. Repeated ON—OFF
cycles of illumination show the reproducibility of a steady
photovoltage (~150 mV) and short-circuit photocurrent
(130 uA/cm?) generation. Similarly, photocurrent genera-
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FIGURE 12. Absorption (—) and photocurrent (- - -) action spectra
of (a,b) OTE/SnO; and (c,d) OTE/SnO,/Au—S—Cg electrodes (elec-
trolyte: Lil (0.5 M) and I, (0.01 M) in acetonitrile). Incident photon to
photocurrent generation efficiency (IPCE) was determined from the
expression, IPCE (%) = 1240(iso/ inc)(1240/A), where s (MA/Cm?) is
the short-circuit current and £y (MW/cm?) is the incident light energy
at the excitation wavelength, A (hm). (Inset) The photocurrent
response to ON—OFF cycles of illumination (4 > 400 nm). Adapted
with permission from ref 46.

tion can be observed upon excitation (380—420 nm) of
the OTE/TiO,/Au—S—R;—Py electrode. Attempts have also
been made to immobilize viologen-linked Ru(ll) bipyrydyl
complex bound to gold nanoparticles and Zn(ll)—por-
phyrin—bipyridinium dyad® and Au—nanoparticle super-
structures on conductive surfaces.”

Two distinctively different mechanisms (viz., photo-
galvanic and photosensitization processes) can be opera-
tive in the anodic photocurrent generation (Figure 13). In
the case of fullerene-bound gold nanoparticles, a photo-
galvanic process is operative, as the excited fullerene
moieties do not participate in the direct charge injection
process; instead, they get reduced by charge-transfer
interaction with the redox couple. The Cg anion then
injects electrons into gold nanoparticles to generate
photocurrent. As shown earlier,’ the fullerene anions are
electroactive and are capable of delivering charges to the
collecting electrode surface. A similar mechanism is also
operative in the tris(2,2'-bipyridine)Ru(ll)—viologen dyad
molecule linked to gold nanoparticles.®® On the other
hand, pyrene, having a relatively high excited-state oxida-

VOL. 36, NO. 12, 2003 / ACCOUNTS OF CHEMICAL RESEARCH 895



Chromophore-Functionalized Gold Nanoparticles Thomas and Kamat

(b)

FIGURE 13. Photocurrent generation mechanism based on (a) photogalvanic and (b) photosensitization principles.

Exploiting the photochemistry of chromophore
functionalized metal nanoparticles

Spacer

Photoresponsive
molecule

FIGURE 14. Photoresponsive organic-inorganic nanohybrid mate-
rial.

tion potential, undergoes direct electron transfer with the
gold nanoparticles. Following their injection into gold
nanoparticles, electrons are transported to the collecting
OTE surface to generate the photocurrent. Whether it is
photosensitization or photogalvanic mode, the gold nano-
cores have the unique ability to promote the charge
separation and facilitate electron transport within the film
during the photocurrent generation.

Future Directions

The key to creation of organic-inorganic nanohybrids is
to understand their chemistry at a fundamental level. The
fluorophore-bound metal nanoparticles provide a conve-
nient way to probe the interaction between a metal core
and the photoexcited molecule. The examples presented
in this Account show the unique properties of metal
nanoparticles in modulating the photophysics of a surface-
bound fluorophore. The ability of gold nanoparticles in
storing and shuttling of electrons, as demonstrated by
molecule-like charging effects,5% is an important aspect
that needs to be explored fully. It is also important to
establish the particle size and distance dependence on the
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interaction between excited chromophore and metal
nanocore using ultrafast spectroscopy techniques.

Novel methodologies of assembling fluorophore—gold
nanohybrids as three-dimensional arrays should facilitate
the design of a new generation of nanophotonic and
optoelectronic materials, such as in display applications.
Photoresponsive organic-inorganic nanohybrid materials
are likely to serve as a useful paradigm for sensor and
controlled release systems (Figure 14). The mechanism of
charge transport in metal nanostructures has remained
an intriguing issue, and Brust and co-workers’> have
proposed a thermally activated electron hopping from one
gold particle to another as a possible way of conducting
charge through nanostructured gold films. The photo-
electrochemical response of fullerene-functionalized nano-
structured films demonstrates that the gold nanocores can
play an important role of mediating the charge transport
process in nanostructured electrodes. Though many issues
are still being debated, the general interest in organic-
inorganic nanohybrids is expected to grow in the coming
years.
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