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Electrochemical Modulation of Fluorophore
Emission on a Nanostructured Gold Film**

Prashant V. Kamat,* Said Barazzouk, and
Surat Hotchandani

Fluorophore-bound gold nanoparticles can serve as a probe
in biological systems, provide basic understanding of molec-
ular-level interactions of a surface-bound organic moiety,!'*
and contribute to the development of biological tracers as well
as optoelectronic devices.’®l In a fluorophore —gold nano-
assembly the charge transfer interaction between the two
components plays an important role as it dictates the path-
ways by which the excited state deactivates. For example, in
the case of 1-aminomethylpyrene the transfer of lone-pair
electrons to gold nanoparticles led to a fluorescence enhance-
ment.’! On the other hand, the fluorescence emission of a
pyrenylthiol ((1-pyrenyl)-6-oxaheptanethiol) was quenched
through charge transfer upon binding to the gold nano-
particles.[']

Gold nanoparticles capped with organic molecules have a
unique ability to retain the charge when subjected to an
electric field. Their ability to display quantized charging has
been demonstrated by Murray and coworkers.[® 'l Control of
charging of the gold nanocore thus becomes an important
factor if one is interested in modulating the interaction
between the gold nanocore and a surface-bound fluorophore.
In order to systematically assess the effect of charging on the
photochemistry of surface-bound molecules, we have con-
ducted spectroelectrochemical measurements using nano-
structured gold films that were functionalized with a pyre-
nylthiol and have succeeded in modulating the fluorescence
using an externally applied electrochemical bias. The possi-
bility of achieving electrochemical modulation of the fluo-
rescence of a gold-surface-bound fluorophore opens up new
avenues to design sensors, displays, and biological probes.

Earlier studies have shown that fluorophores bound to bulk
metal surfaces are nonfluorescent.! 12141 Both energy transfer
and electron transfer processes are considered to be major
deactivation pathways for the excited fluorophore on metal
surfaces. Our recent study has shown the possibility of
achieving a photoinduced electron transfer in colloidal
suspensions of pyrenylthiol-functionalized gold nanoparti-
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cles.'% If indeed the gold particles act as electron acceptors, it
should be possible to modulate the electron transfer quench-
ing of the excited fluorophore by charging the gold nano-
particle at an electrode surface. The charging of organo-
capped gold nanoparticles has been demonstrated by mon-
itoring the shift of the plasmon band to lower energies.['"]
However, the shift in the plasmon band was too small (5-
9nm) to resolve these charging effects. Surface-bound
fluorophores, on the other hand, provide a new way to
monitor the charging events.

In the present study, we have functionalized gold nano-
particles with two different thiols at the same time; one
contained a fluorophore (pyrene) and the other a carboxylic
acid residue. The latter (sulfanylpropionic acid) served to link
the gold nanoparticles to the TiO, surface. The electrode
preparation is illustrated in Scheme 1. A similar strategy of
using difunctional surface modifiers to link different nano-
particles has been demonstrated earlier.l'>'8] The presence of
sulfanylpropionic acid also helps to distribute the pyrene
moieties around the gold nanocore with minimal intermolec-
ular interactions. Based on the concentration and particle size
we estimate an average of about 20 pyrene moieties per gold
nanoparticle.

Figure 1 shows the absorption spectra of an OTE/TiO,
electrode before (b) and after (a) modification with pyrene-
functionalized gold nanoparticles. Within minutes of insertion
of the OTE/TiO, electrode into the THF solution containing
the functionalized gold nanoparticles 1 we can observe
changes in the electrode coloration. The transparent electrode
quickly turns dark purple, thereby confirming the binding of
the gold nanoparticles. The electrodes were repeatedly
washed with THF to remove any unbound gold nanoparticles.
The AFM image (see Figure 1 of the Supporting Information)
reveals a highly porous morphology with particle domains of
100 nm diameter. The electrode shows a broad absorption in
the visible region with a maximum around 530 nm. This
absorption is characteristic of the surface plasmon band of
gold nanoparticles and is possibly broadened because of their
interaction with the TiO, film. Because of the strong
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Scheme 1. Functionalization of gold nanoparticles with a pyrenylthiol and their binding to a
nanostructured TiO, film. TOAB = tetraoctylammonium bromide, OTE = optically transparent

electrode.
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Figure 1. Absorption spectra of a) OTE/TiO,/1, b) OTE/TiO,, and c) (1-
pyrenyl)-6-oxaheptanethiol in THF. The inset shows the excitation and
emission spectra of the OTE/TiO,/1 electrode recorded at no applied
electrochemical bias. The excitation and monitoring wavelengths for these
two spectra were 325 nm and 400 nm, respectively.

absorbance of TiO, in the UV region, we could not further
resolve the pyrene absorption bands.

In the inset of Figure 1 the excitation and emission spectra
of the OTE/TiO,/1 electrode are shown. The electrode
exhibits weak emission (monitoring wavelength 4 =400 nm)
with a maximum around 395 nm. As discussed in our previous
study,'”! most of the emission of surface-bound pyrene is
quenched by the gold nanocore. Decreased singlet lifetime as
well as formation of the oxidation product, pyrene radical
cation, indicated the ability of gold nanoparticles to accept
electrons from excited pyrene.['’)

The weak fluorescence seen in Figure 1 stems from pyrene
moieties that do not undergo quenching on the gold surface.
The excitation spectrum in the inset (., =325 nm) shows the
absorption response in the UV (corresponding to the
absorption bands at 342, 320, and 314 nm), thereby confirming
that the emission arises from surface-bound pyrene. (The
front-face geometry as well as the low emission yield limited
the resolution of the absorption bands in the excitation
spectra.) Another interesting observation was the absence of
excimer emission bands in the spectrum of 1 bound to a TiO,
surface (inset of Figure 1). This contrasts
with the observation in colloidal suspension
in which we observed excimer emission
arising from intermolecular interactions on
‘O 1 the gold surface (see Figure 2 of the Sup-

O porting Information). The absence of pyr-
ene excimer emission in the film suggests
that the molecular movement of the excit-
ed-state pyrene moieties is significantly
restricted when they are assembled on the
TiO, surface.

Spectroelectrochemical experiments
were conducted using a thin-layer electro-
chemical cell in a spectrofluorimeter with
front-face geometry. Figure 2 shows the
emission spectra of OTE/TiO,/1 at different
applied potentials. In a previous study we
had shown that gold particles deposited on
a nanostructured TiO, film permit the flow
of electrons following Fermi level equili-
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Figure 2. Emission spectra of OTE/TiO,/1 at different applied potentials
using an excitation wavelength of 325 nm. The electrode was maintained at
a set potential (0 to —1.2'V vs SCE, electrolyte: 0.1m tetrabutylammo-
niumperchlorate in acetonitrile) for 5 min before recording the individual
emission spectrum. The inset shows the fluorescence response of OTE/
TiO,/1 at 395 nm during the electrochemical scan.

bration.?”l Moreover, the pyrene-modified electrodes can also
exhibit sensitized photocurrent response when subjected to
photoexcitation (Figure 3 of the Supporting Information). As
we bias the electrode to negative potentials we observe an
increase in the emission yield. It is important to note that the
overall shape of the emission band essentially remains the
same. This in turn suggests that the photoactive species that
contribute to the emission remain unperturbed. As we bias
the electrode to more negative potentials, the gold particles
become charged and fewer pyrene moieties interact with the
gold surface. At potentials around —1.2V we completely
suppress the interaction between the fluorophore and the gold
nanocore, and we achieve saturation in the emission increase.
We were able to restore more than 90 % of the quenched
emission by simply charging the gold nanoparticle with an
externally applied electrochemical bias. The fluorescence
response (at 395 nm) of OTE/TiO,/1 recorded during an
electrochemical scan is shown in the inset of Figure 2. By
controlling the applied electrochemical potential one can
modulate the pyrene fluorescence at a desired level.

The fact that the spectral features of the pyrene emission
hardly change during the sweep of the electrochemical
potential suggests that the biasing of the electrode to negative
potentials does not cause any pyrene desorption. This aspect
was independently confirmed by testing the electrolyte
solution from the cell for pyrene emission after the applica-
tion of a negative bias. The absorption spectrum of the
electrode recorded after the spectroelectrochemical experi-
ments did not indicate any deterioration of the film. These
results confirm that an externally applied electrochemical bias
does not cause any desorption of the surface-bound fluoro-
phore. Its role remains modulation of the excited state
dynamics of the surface-bound pyrene.

Scheme 2 illustrates the excited state behavior of surface-
bound pyrene in the absence and presence of an applied bias.
We expect a majority of the surface-bound pyrene moieties to
actively participate in the electron transfer quenching at 0 V
or under no electrochemical bias. As we sweep the potential
to more negative values, the gold nanocores become charged,
thus shifting the quasi-Fermi level to a more negative
potential. The quantized charging effects studied with organo-
capped gold nanoparticles suggest that the potential shift
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Scheme 2. Deactivation of excited surface-bound pyrene a) before and
b) after charging the gold nanocore.

amounts to about 0.1 V per accumulated electron.''] Hence,
the electron transfer from excited pyrene molecules to the
gold nanocore experiences a barrier as we apply a negative
electrochemical bias. Surface binding of pyrene to the gold
surface through an amine group leads to a similar enhance-
ment in the fluorescence yield.”! Transfer of lone-pair
electrons from the amine group to the gold nanocore resulted
in the suppression of the intramolecular quenching process
between amine and pyrene moieties.

Basic understanding of the photophysical properties of a
surface-bound molecule is important to elucidate the charge
transfer interactions as well as the microsurroundings near the
metal nanocore. The possibility of electrochemically modu-
lating the fluorescence of a fluorophore on a nanostructured
gold electrode opens up new avenues to probe interfacial
charge transfer processes. These fluorescence modulation
studies also demonstrate the possibility of utilizing noble
metal —fluorophore nanoassemblies for sensor and display
applications.

Experimental Section

The original procedurel?!l for preparing gold colloids in an organic medium
was modified. An aqueous solution of hydrogen tetrachloroaurate(iin)
hydrate (0.023 g, 0.06 mmol in 2 mL) was mixed with a solution of TOAB
(0.1366 g,0.25 mmol) in 5 mL toluene. The biphasic mixture was vigorously
stirred until all the tetrachloroaurate was transferred into the organic layer.
A solution of sulfanylpropionic acid (5 mg) and (1-pyrenyl)-6-oxahept-
anethiol (3 mg) in 1 mL toluene was added to the gold solution (Au/S molar
ratio 1:1). (The preparation of the pyrenylthiol was described earlier.'l)
After stirring for 2—3 min, a solution of sodium tetrahydroborate (0.1M) in
water (2 mL) was added, and the mixture was stirred for 3 h. The organic
layer was separated off and concentrated to 2.5 mL in a rotavap. After
addition of ethanol (150 mL), the mixture was cooled to 273 K for 12 h and
then in ice—salt mixture for 2-3 h to 255 K. The functionalized gold
nanoparticles which settled at the bottom of the flask were filtered and
washed with ethanol (5 x 250 mL). The dark brown powder composed of
nanoparticles 2-3 nm diameter in size was redispersible in toluene and
other organic solvent such as THF.

Colloidal TiO, was prepared by hydrolyzing titanium(1v) isopropoxide in
water containing acetic acid. The OTEs were cut (1 x5cm) from a
Pilkington TEC glass (glass plate coated with indium tin oxide). The OTE/
TiO, electrodes were prepared by casting a thin film of colloidal TiO, on
OTE plates and drying in air. Scanning electron micrographs show an
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assembly of TiO, particles 20-30 nm diameter in size, that is of highly
porous morphology. After annealing at 673 K for 1 h the electrodes were
modified with pyrene-functionalized gold nanoparticles by immersing into
a THF solution of the nanoparticles overnight. The electrodes were washed
thoroughly with THF to remove any unbound gold nanoparticles. These
electrodes are referred to as OTE/TiO,/1.

Absorption spectra were recorded with a Shimadzu 3101 spectrophotom-
eter, transmission electron micrographs (TEM) with a Hitachi H600
transmission electron microscope. For the spectroelectrochemical experi-
ments a Princeton applied research model 175 galvanostat/potentiostat was
used, details of which can be found elsewhere.??l The fluorescence from the
nanostructured gold film was monitored with an SLM S-8000 photon-
counting spectrofluorimeter in a front-face geometry. The other compo-
nents of the cell were a Pt counter electrode, a saturated calomel reference
electrode (SCE) and acetonitrile containing 0.1M tetrabutylammonium
perchlorate (TBAP) as electrolyte.
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Valence-Ordering Structures and Magnetic
Behavior of Metallic MMX Chain
Compounds**

Minoru Mitsumi,* Kouhei Kitamura, Ayumi Morinaga,
Yoshiki Ozawa, Mototada Kobayashi,

Koshiro Toriumi,* Yasuhito Iso, Hiroshi Kitagawa, and
Tadaoki Mitani

Recently, 1D halogen-bridged mixed-valence dinuclear
metal complexes, so-called MMX chain compounds, have
attracted significant attention as quasi-1D electronic systems
characterized by strong electron — phonon, electron —electron,
and magnetic interactions. Only two families of MMX chain
compounds, namely [{A4[Pty)(pop).X]-nH,0}..] (pop=
P,OH,>, A=Li, K, Cs, NH,, X=Cl, Br, D and
[{M,(dta),I},.] (dta=CH,CS,”, M=Ni, Pt)? have been
reported. These compounds are 1D chain systems based on
a mixed-valence dinuclear unit with a formal oxidation
number of +2.5 and a metal —metal bond with a formal bond
order of 1/2. An important feature of MMX chain compounds
is the increase in internal degrees of freedom upon introduc-
ing a dinuclear unit in the mixed-valence state. This property
enables a variety of electronic structures, represented by the
extreme valence-ordering states shown in Figure 1. These
valence-ordering structures would be classified based on the
periodicity of the 1D chains as follows. The averaged valence
(AV) and charge-polarization (CP) states, in which the
periodicity of 1D chains is M-M-X-, correspond to a metallic
state with an effective half-filled conduction band mainly
composed of M—Mdo*-Xp,-hybridized orbitals or to the
Mott—Hubbard semiconducting state. In contrast, the perio-
dicity of 1D chains in the charge density wave (CDW) and
alternate charge-polarization (ACP) states is doubled, and
these electronic structures are regarded as Peierls and spin-
Peierls states,?! respectively.

Kitagawa et al. have reported that [{Pt,(dta),I}.,] exhibits
metallic conducting behavior above 300 K in an AV state.?!
On the results of a I Mgssbauer spectroscopic study, the
valence-ordering structure of this compound at temperatures
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