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Citrate-stabilized gold (Au) nanoparticles of a diameter of 11 nm were immobilized on a monolayer of
aminoundecanethiol (1-mercapto-11-aminoundecane) coated on a polycrystalline Au electrode surface. A quartz
crystal microbalance measurement of the deposition process of the Au particles revealed that the saturated
deposition amount is 10% of a 2D close-packed monopatrticle layer, and this coverage was confirmed by an
atomic force microscopy (AFM) observation. The Au particle layer was characterized by the use of potential-
modulated UV~ visible reflectance spectroscopy (electroreflectance spectroscopy). The electroreflectance (ER)
band at the plasmon absorption wavelength of the Au particles was positive-going, indicating that the plasmon
absorption becomes stronger when changing the electrode potential to more negative. The plasmon absorption
band shifted to longer wavelength when the electrode potential approaches to the potential of zero-charge,
Epze Of the Au electrode. The ER signal intensity also showed a maximum argyadn light of good
electronic communication between the Au electrode substrate and the deposited Au particles as demonstrated
by reversible redox waves of solution phase species, the ER signal was interpreted as being originated from
the potential-dependent chargindischarging process of the immobilized Au particles; a more negatively
charged Au particle exhibits a stronger and sharper plasmon absorption band at a shorter wavelength. The
implications of the ER signal were discussed.

Introduction establish in situ methods to evaluate particle charge, position

Modification of electrode surfaces with metal nanoparticles (€., distance from the substrate surface), and aggregation state,
has recently been drawing attention from both theoretical and @S Well as microenvironment such as the interfacial static field
application viewpointd-12 Emergence of various specific felt by the partlc.les. Clarification of potential qllstrlbutlon at an
properties of the metal nanoparticles at an eIectrode/sqution?'eCtrOde/Ofgan'C monolayer/metal nanopa_rtlcle layer/solution
interface is regarded as being among the novel strategies tolnterface should also be of tremendous importance for the
functionalize electrode surfaces, leading to the construction of Understanding of electrochemical properties of the interface,
nanoscale devices. Gold (Au) nanoparticles can be immobilized though investigation on this point has not been reported. The
as an organized mono- or multiparticle layer on a solid surface @im of this paper is to describe what we can see at such an
with the help of a long-chain molecule possessing functional interface using the potential-modulated BVis reflectance
groups at both ends or a functionalized polymer thin filfi314 spectroscopy (electroreflectance spectroscopy). Gold nanopar-
Monolayer-protected Au nanoparticles are known to self- ticles show a plasmon absorption band in the visible wavelength
assemble on solid surfaces leading to spontaneous formatiorf€9ion, and the absorption spectrum is sensitive to the particle
of ordered 2D or 3D structuré4:16 Monolayer-protected Au  Size?'"2* Other factors such as particle charge, aggregation state,
nanoparticles in solution or on an electrode surface exhibit, for @1d physicochemical microenvironment of the surrounding
example, a stepwise charging process with a capacitance pefedium may also modify the plasmon absorption charac-
particle of an order of attofarads, and the Au particles are teristics?* Not only the static interfacial structure of a Au
expected to behave as quantum d@l6-18 Au particles particle layer but also the dynamic interfacial behavior of the
deposited on an electrode surface also provide a nanostructured@rticles is of our exceptional interest to be explored by the
interface useful for spectroelectrochemistry. To mention just few US€ of electroreflectance (ER) measurements.
examples, a thin layer composed of interconnected Au particles F0ss and his colleagues found the change of the plasmon
on a prism can be used as a substrate for the surface-enhance@sorption characteristics of Au particles deposited on a
IR absorption measurement in an internal reflection configu- Semiconductive Snfoptically transparent electrode with the

ration2® A Au thin film, on which Au particles of 36-60 nm change in electrode potenti&t:8 The plasmon absorption band
diameters are deposited, has been examined as the substrate f¥fas red-shifted and became weaker when the electrode potential
surface plasmon resonance spectrosé8py. was moved to positive. This change depended on the particle

In the researches targeting the fabrication of the functional Size and electrolyte anion. Potential-dependent plasmon bands
electrode surfaces using metal nanoparticles, it is important to N the transmission absorption spectra at electrode surfaces were
also reported for Agand Au particled:1112 Schiffrin and his
*To whom correspondence should be addressed. E-mail: sagara@ co|leagues are the first who reported ER spectra of Au particles
net.nagasaki-u.ac.jp. Fax:+81) 95-843-7271. . . L .
t PRESTO, JST. in self-assembled multilayer thin films where the particles are
* Nagasaki University. linked with dithiol moleculeg:?® They observed an ER band
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around plasmon absorption wavelength, though they did not frequency analyzer (QCA917-20, Seiko EG&G Co.), which was
describe the characteristics of the ER signal in depth. computer-controlled by WinEchem software (Seiko EG&G).
Electroreflectance spectroscopy can monitor small changesOne side of the Au film surface was exposed to the solution
of the reflectance or absorbance in response to an ac potentiafor the weight change measurements. The QCM tip, the surface
modulatior?® The sensitivity is high enough to monitor a £8 of the Au film of which was modified with an AUDT
change of the reflectance. Additionally, the ER method can be monolayer, was first equilibrated in stirred pure water, and then
used to track the dynamic behavior as long as the processAu colloidal solution was injected into the water under stirring.
originating the reflectance change is chemically reversible under The final concentration of Au solution was 2.4 nM.
the potential modulation. In the use of the ER method, it is  Atomic Force Microscope (AFM) Observation. The mor-
unnecessary to adopt a transparent substrate. This provides uphology of the Au particles deposited on an AUDT monolayer
with an opportunity to characterize the plasmon absorption of was visualized by the use of an AFM in air. The AUDT
metal particles immobilized on nontransparent metal electrodes.monolayer preparation on a vacuum-evaporated Au film on a
We describe herein the result of ER characterization of a sub- quartz substrate (Auro Sheet (111)HS, Tanaka Novel Metals
monoparticle layer of 11 nm Au particles on an organic Co.) was followed by the immobilization of Au particles. The
monolayer coated on a polycrystalline Au electrode. A multiple Au film surface was highly enriched with (111) terraces. A
particle layer was avoided to simplify the interfacial structure. Scanning microprobe system (SPI3800N, Seiko Instrumental
This particle size gives a plasmon absorption band strong enoughCo.) was employed with a $4 probe (canti lever SN-AF01,
to be sensitively measured as a reflectance signal. Citrate-Seiko Instrumental Co.).
stabilized particles were used to avoid a strong damping effect Electroreflectance Study.A quartz spectroelectrochemical
on the plasmon absorption as observed with alkanethiol-modified cell was used for both voltammetric and ER measurements. The
Au nanoparticle$® As a surface modifier forming the organic  instrumentation used for ER measurements is described else-
monolayer, aminoundecanethiol (1-mercapto-11-aminoun- where?® A polarizer (Sigma Koki, extinction ratio 1/10 000 in
decane, abbreviated as “AUDT” in the present paper) was used.the 306-700 nm region) was used when irradiating p- or
s-polarized light. The waveform modulating the electrode
Experimental Section potentialE is described as

Chemicals. HAuCl4-4H,O (Hayashi Pure Chemicals) and E=Ey + E,.= Ey. + AE, . exp(mt) (1)
trisodium citrate dihydrate (Kanto Chemicals) were reagent
grade and used as received. AUDT supplied from Dojindo as a whereEg. is the dc potentialEy. is the ac potentialAE,. is the
hydrochloric acid salt was used without further purification. ac amplitudej = +/—1, w = 2xf, which is the angular frequency
Water was purified through a Milli-Q Plus Ultrapure water (f is the frequency of the potential modulation), ani the
system (Millipore Co.). Its resistivity was over 18®cm. All time. The ER signal is defined as the ac component of the
other chemicals were of reagent grade and were used withoutreflectance divided by the time-averaged reflectance and
further purification. The phosphate buffer solution was prepared designated a#\R/R. Both the real part (in-phase component
from potassium salts. with respect toE,) and the imaginary part (90out-of-phase

Preparation of Au Particles. In 100 mL of water containing component) of AR/R were monitored simultaneously as a
1.17 mM HAuCl, 17 mL of 1% trisodium citrate dihydrate  function of either the incident light wavelength, or f.
aqueous solution was added within a peridd50s while Electrochemical Measurements.As the reference and
refluxing with vigorous stirring under a nitrogen atmosphere. counter electrodes, a Ag/AgCl/saturated KCI solution and a Au
The immediately formed Au colloidal solution of wine red color  wire coil were used, respectively. All of the potentials cited in
was kept refluxing for a periodfd h and then left to cool to  this paper are referenced to this reference electrode. All
room temperature. The resulting Au colloidal solution showed measurements were made in an arge9.998%) atmosphere
an absorption maximum at 518.5 nm (see Figure 3A). ForUV  at 23+ 2 °C. For the impedance and ER measurements, a lock-
vis spectroscopic measurements, a spectrophotometer (Hitachin amplifier (EG&G, model 5210) was employed for the phase-
U-3000) was used. Statistical treatment of over 100 particles sensitive detection of the signals.
in the TEM image (Figure 1, inset) gave average and deviation
of the particles’ diameter as being 11.5 and 1.5 nm, respectively. Results and Discussion

Any agglomerated particle was not seen in the TEM image. 1 peposition of Au Particles as Tracked by QCM and as
For the TEM observation, an electron microscope (JFC-100, qpgerved by AFM. Figure 1 shows a typical time course of

JEOL) was employed at an accelerated voltage of 100 kV. o QCM response. When Au solution was injected in stirred

Preparation of Organic Monolayer and Immobilization water, the resonance frequency of the QCM tip modified with
of Au CoI_I0|daI Particles. A polycrystalline Au disk electrode 54 AUDT monolayer started decreasing and finally tended to
(geometrical area, 2.01 nfmpurchased from BAS Co.) was  gaturation. The frequency changst, is proportional to the
polished to a mirror finish by the subsequent use of 0.3 and yejght gain according to the Sauerbrey equation with a slope
0.054m alumina suspensions. The polished Au electrode was o —1 068 ng/Hz. Assuming that the rate of the deposition of
immersed inan ethanolic solution of AU_I_DT for a period of at 5, particles is proportional to the remaining area on the Au
least 90 min. The AUDT monolayer-modified Au electrode was g pstrate available for further deposition and that no displace-
rinsed well with ethanol and dipped in a Au colloidal solution  ment of Au particles takes place once deposited, the transient

(24 nM Au solution) under stirring. Finally, the resulting ¢ the QCM response is expressed as
electrode was rinsed with a copious amount of water and

subjected to the electrochemical and ER measurements. W(t) = WJ1 — exp(—kD)] (2)
Quartz Crystal Microbalance (QCM) Study. An AT-cut

quartz plate with overlaying Au coats at both sides (QA-A9M- whereW(t) is the total weight of the Au particles deposited on

Au, Seiko EG&G Co.) with a fundamental resonance frequency the Au substrate at timg k is the rate constant, andfs is the

of 9 MHz was used as a QCM tip by combining a resonator/ saturated weight. The experimenit) versust curve in Figure
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Figure 1. Plot of the QCM frequency shift\f, as a function of time,
t, after the injection of Au solution in pure water at a preimmersed
AUDT-modified Au layer-coated QCM tip. The water was kept stirred.
The final concentration of the Au particles in water was 2.4 nM. Circles
represent experimental data; the solid line represents the best fit curve
for eq 2. The inset shows a TEM image of the Au particles on a
collodion film.

1 fit well to eq 2, giving a linear correlation coefficient &

= 0.9992 as the result of regression analysis. The best fit

parameters werd\; = 286 ng andk~! = 25.5 min. Good

agreement of the experimental data with eq 2 indicates that the

above assumptions actually hold. The presence of the saturated

value of W means that the Au particles are attracted with the

monolayer-covered surface while interparticle interaction be-

tween negatively charged pz?lrtlcles is repulsive. Figure 2. AFM images (A and B) of the Au particle-immobilized
Although we could not calibrate the real surface area of the AUDT-modified Au(111) surface.

Au surface on the QCM tip, it is worthwhile to comment on

the value ofWs. If the Au particles with an 11 nm diameter The line b in Figure 3B represents the ER spectrum of an
form a monoparticle layer in a 2D hexagonal close-packing AUDT-modified Au electrode before Au particle immobiliza-
structure, the coverage should be %710 particles cm?2 tion. This spectrum possesses a minimum at 545 nm. The signal
The experimental value ofVs corresponds to 1.08& 10 is almost zero at the wavelengths shorter than 475 nm. These

particles cm? using a geometrical surface area of the substrate, features are different from the spectrum of a bare Au electrode
regardless of the Au solution concentration. This fact indicates (line a), which shows a typical ER profile of a bare polycrys-
that the experimental saturated coverage is approximately 1/10talline Au electrodé® The decrease of the intensity by
of the close-packing coverage. Smaller values than the close-modification with AUDT is a usual phenomenon for thiol
packing coverage may be due to the interparticle repuf8ion, adsorption on a Au electrode surfaie.
though we cannot exclude the possibility that a fraction of the  The ER spectrum of a Au particle-immobilized AUDT-
terminal primary amine groups were reacted with atmospheric modified Au electrode aE4. = 0.1 V (Figure 3C) showed a
0O, or CO,,*? resulting in the partial loss of the ability to bind  positive-going ER band with a maximum at 528 nm, a 10 nm
to Au particles. Natan and his colleagues reported that the longer wavelength than the absorption maximum of the Au
deposition rate is controlled by the diffusion of the particles colloidal solution (Figure 3A). The ER band peak wavelength
under a quiescent conditiGh. Under the present stirring  depended ofg (vide infra).
condition, the overall rate of deposition was strictly governed  We examined the dependence of this ER signal on the
by the deposition step but not by the mass-transfer step. polarization type of the incident light and the incident angle.
Figure 2 represents typical AFM images obtained on an As the results, the spectral profile was almost insensitive to both
AUDT-modified Au(111) substrate. Further deposition of a Au the polarization type (p- or s-polarized) and the incident angle
particle overlaid on the underlying Au particles was seldom seen. in the range of 2241° with respect to the surface normal. The
Long-range aggregation of individual particles was not found. observed p/s ratio of the ER signal always ranged between 1.2
The apparent average diameter of the Au particle was seen toand 1.4. If the ER signal was mainly due to the light reflection
be greater than the diameter obtained from the TEM image. at the Au particle overlayer on the AUDT monolayer rather
The cone shape of the AFM tip may result in a larger apparent than the light absorption of the particles, we should have
diameter. The Au particle coverage in the AFM image iss10  observed a much greater p/s ratio with much steeper dependence
12% with respect to the close-packing structure, in accordanceon the incident angle. For the former optical process, the
with the QCM data. When zooming out, we did not see any spectrum is determined by the spectra of both real and imaginary
two-dimensional pattern such as that observed on an amine-parts of the refractive index of the overlayer within a continuum
terminated silane filn{3 phase approximation, which is valid at much longer wavelengths
2. Electroreflectance Spectrum. Figure 3A shows the  than the particle size. We also measured the spectrum of the
absorption spectrum of the Au colloidal solution. The peak time-averaged intensity of the reflected light at a constant
wavelength of the plasmon absorption band at 518.5 nm potential. No apparent difference of the spectral curve between
corresponds well to the TEM diameter in light of the reported the absence and presence of the Au particle overlayer was
relationship between the peak wavelength and the particle detected within the instrumental sensitivity. These results
diameter?22:34.35 indicate that the ER spectrum represents the absorption spectrum
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processes give different spectral shapes. Therefore, these facts
reveal that the ER signal obtained in the present work consists
of a single component, or even if it consists of multiple
components, their frequency dependencies (i.e., kinetics) should
be identical.

Baum and his colleagues have reported an ER spectrum of a
double-layered 1,10-decanedithiol/Au particle (6 nm)-modified
Au electrod€. In their spectrum, the ER band also appeared
near the plasmon absorption wavelength, though the band is
negative-going, in sharp contrast to our results. In ref 7, the
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ER signal for the bare Au electrode around 500 nm and that
for the surface plasmon maximum are both negative-going,
% while the latter is positive-going in the present study. The origin
; of this difference is not sure at present but is possibly due to
g the difference in the definition of the sign of the ER signal.
S 05 Foss and his colleagues measured the transmission absorption
spectrum of Au particles physisorbed on a Srelectrode in
various electrolyte solutions and found that the plasmon
1.0 absorption band becomes smaller with a red-shift with shifting
300 400 500 600 700 800 the electrode potential to positi¢@he sign of our ER spectrum
A/ nm is in line with their observation.
C 3. Features of Electroreflectance SignalThe peak wave-
04 528 nm length of the positive-going ER bank}, is close to the plasmon
03 |- absorption maximum of the Au colloidal solution of 518.5 nm
2 02 B in the range oEy. from —0.5 to—0.1 V (Figure 4A). At less
« - negative potentialsi, shifts to longer wavelength, up to 530
e 01 { nm at 0.2 V. At further more positive potentialg, became
S 0.0 [bpnn shorter than that at 0.2 V.
o1 V \_/ The plasmon absorption wavelength of Au patrticles is not
T necessarlly_ldentlcal_ with that of the absorption maximum of
-0-2300 00 500 600 700 800 the_Au coIIO|d_aI solu'uo_n. T_he wavelengt_h depgnds on the aggre-
A/ nm gation state, interparticle interaction, dielectric constant of the

medium, the particle charge, or some other fact§r&:27.37.38
One or combinations of these factors can be the function of
Eqc giving rise to the observed,—Eqc curve.

The potential dependence of the ER signal intensity is
represented by the plot of ER peak height of the real part signal
as a function ofEqy. (Figure 4B). The intensity exhibited a
maximum at 0.35 V.

Both parts A and B of Figure 4 show a peak near the potential
of zero chargefEy,. of a bare polycrystalline Au electrode
substrate. If the wavelength shift of the plasmon absorption band
with the modulation of was solely the origin of the ER signal,
the ER intensity should have taken a maximum at the potential
of the steepestp,—Eqc curve (around 0.0 V as seen in Figure

the plasmon absorption is enhanced when the potential is shifte A).IAddlr?onally, the ER slpectral %mf'(;e shoulld har\1/e been of
to more negative values. The ER spectrum also has a negativeP!Polar character at the plasmon band wavelength. However,

going portion at the wavelengths longer than 580 nm. ComparedbOth Figures 3C_3 and _4B are not in line with thesfe predictions.
to line b in Figure 3B, the longer wavelength ER signal is Thus, the ER signal is not due solely to the shift of plasmon

stronger. Therefore, this negative-going ER signal also arisesP@nd position with the potential, but plasmon absorption band
from the Au particle.

Figure 3. Absorption spectrum (A) of 24 nM Au solution with the
light path length of 10.0 mm, ER spectra (B) (real part) of a bare Au
electrode (line a) and of an AUDT-modified Au electrode (line b)
(dipping time in AUDT ethanolic solution was 24 h) and ER spectrum
(C) (real part) for a Au particle-immobilized AUDT-modified Au
electrode (dipping time in AUDT ethanolic solution was 18 h and in
Au solution 90 min). Conditions of ER measurements w&ge= 0.10

V, AEyc = 99 mV, f = 14.0 Hz. Incident angle of the nonpolarized
light was 32. The electrolyte solution was 0.1 M phosphate buffer,
pH 7.01.

of the Au particles at more negative potential from which that
at more positive potential is subtracted within the range of the
potential modulation

The positive-going plasmon absorption ER band indicates that

intensity also depends on the potential.

The imaginary part of the obtained ER spectrum represented  The potential dependence is more explicitly seen by ER
a factored mirror image of the real part with respect to the zero voltammograms (Figure 4C). There is little hysteresis in forward

line, regardless of in the range from 4 Hz to 2 kHz. The ER
spectral structure did not depend briThe imaginary part of
the ER signal is the 30out-of-phase component of the ac

(cathodic) and backward scans, indicating that a potential-
dependent attaching/detaching process of the Au patrticles is not
the origin of the potential dependence of the ER signal intensity.

reflectance change with respect to the ac potential modulation. In fact, as long as measurement potential range was restricted
When the observed ER signal consists of, for example, two between—0.6 and 0.6 V, the ER signal was stable for hours.
different components and one of them is due to a kinetically These facts also deny an adsorpti@®sorption process of
faster process than the other, the relative contribution of the citrate on the Au particles’ surface as the origin of the ER signal.
slower process to the imaginary part of the ER signal is greater Otherwise, the ER signal should decrease steeply with time
than that of the faster process. Then, the imaginary part differs because a fraction of desorbed citrate should diffuse away to
from the real part in spectral structure, if these individual the bulk solution upon desorption.
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Figure 4. Potential dependence of the characteristics of the ER signal

(A—C) and capacity-potential curve (D) for a Au particle-immobilized

AUDT-modified electrode in 0.1 M phosphate buffer, pH 7.01. Panel

A shows a plot of the peak wavelength of the ER haiadaround the

plasmon absorption as a function Bf.. 1, was obtained from ER T

spectra measured under the same conditions as Figure 3. Panel B shows -500 0.0 +200

a plot of the ER peak height of the real partlatas a function oEqc. E'vs. EAgAgClsatd KC1/mV

Measurement conditions were the same as panel A. Panel C shows th%igure 5. Cyclic voltammograms of 1 mM [Ru(N8k|Cls at 0.1 V

cyclic ER voltammogram aétl =530 NMm,AE. =99 mV,f=14Hz,  <Tj, 01 M phosphate buffer solution (pH 7.1): (A) bare Au electrode;
and a sweep rate a2 mV s™. Panel D shows the differential capacity gy AUDT-modified Au electrode; (C) Au particle-immobilized AUDT-
(C)—potential curves at three different frequenci€swas obtained modified Au electrode.

from ac voltammograms &E,.= 7.1 mV using a presumed equivalent

circuit in which the capacity is connected in series with a resistance. . . .
pacty the absorption coefficient of the Au particles through the change

The interfacial differential capacitand@;-Eqc, curves (Figure in the dielectric function of the Au particle. In fact, the sign of
4D) exhibited a peak around 0.2 V, roughly corresponding to the ER signal (positive-going) is indicative of the increase of
Epze The rate of the change of the interfacial charge is greatestthe absorption coefficient of the Au particle at more negative
around this potential. The dc potential dependence of the ER potentials. Taken together, itis likely that the charge on the Au
signal intensity is in line with the potential dependence of the particle is a function of the electrode potential as long as the
magnitude of the change of the interfacial charge. particles attain good electronic communication with the electrode

These results in Figure 4 indicate that the dominant factor Substrate.
governing the ER signal exhibits the steepest potential depen- 4. Electrochemistry of Solution-Phase Specie$o examine
dence arouncEp,, keeping in mind that ER signal is the the electronic communication between immobilized Au particles
differential quantity with respect t&. The change of the  and the electrode substrate, voltammograms of solution-phase
electrode potential may alter not only the interfacial electric species at a Au particle-immobilized AUDT-modified Au
field but also the particle charge. The increase of the negative electrode were measured. At a bare Au electrode, hexaammine-
charge on a Au particle at more negative potentials results in ruthenuim(li/1ll) ion ([Ru(NH)e]23*) exhibited an electro-
the increase of the electron density in the particle. Then, the chemically-reversible voltammogram at a sweep ratef 0.1
plasma frequency of the electrons increases. The change of the/ s™! (Figure 5A). The apparent diffusion constamgp,
plasma frequency may also be accompanied by an increase ircalculated by the use of the geometrical electrode surface area
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was 4.6 x 107 cn? s 1. An AUDT-modified Au electrode A
showed a cyclic voltammogram (CV) with a peak separation, -1.2
AE,, greater than 650 mV at = 0.1 V s! (Figure 5B), -
indicating that the electrode reaction is highly irreversible. This -
is due to the sluggish electron-transfer kinetics through the - "~
AUDT monolayer. The terminal amino groups are partially
protonated and charged positively, contributing to the electro-
static repulsion between the monolayer surface and hexa-
ammineruthenuim cations in the solution phase. When Au
particles were deposited on the AUDT monolayer, the CV
appeared electrochemically reversible (Figure 5C) il = L.
60 mV andDapp= 5.4 x 107 cn? s7%, almost the same as that s @
obtained for a bare electrode. This fact reveals that the Au H
particles on the AUDT monolayer act collectively as the new D
electrode surface and that the particles achieve good electronic 0.0 0 02 04 06 08
communication with the underlying Au substrate. The almost Re(Z) / kQem?
reversible CVs were also obtained in 1 mM[Re(CN)] +
0.2 M N&SOs (AE, = 80 mV aty = 0.1V s!) and in 1 mM B
methyl viologent+ 0.1 M phosphate buffer solutiot\g, = 60
mV at» = 0.1 V s71). The reversible redox reaction was also
reported by Schiffrin and his colleagues for a Au particle bilayer
on a Au electrodé.The total projection area of Au particles
when the coverage is 10% of the 2D close-packing structure is
9% of the substrate area. The CV should become a sigmoidal y P R R
wave because of the radial diffusion aigreater than 10V 0.0 2.0 4.0 6.0
s™1, provided that interparticle distance is homogeneous. Re(AR/R) X 104
Therefore, |t iS reaSOI’]ab|e that we Obtaln a diﬁusion-contro"ed Figure 6. Comp|ex p|ane representations of the frequency dependence
CV wave atv = 0.1 V s'! as though the electrode is planar. of ac impedance and ER signal: (A) complex plane plot of ac
5. Frequency Dependence of Impedance and ER Signal. impedance for a Au particle-immobilized AUDT-modified electrode
The results of the previous sections indicate that the optical in 0.1 M phosphate buffer, pH 7.01, witf. = 0.30 V andAE,. =
properties of the immobilized Au particles depend on the 7.1 mV. An equivalent circuit is shown in the inset. Panel Bshows the
. . complex plane plot of the ER signal for the same system Wijth—
electrode potentlal. O_ne can track the dynaml_cs of the changes; 3 V. AE.. = 99 mV, andi = 528 nm.
of the optical properties by the ER method in the frequency
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domain. For example, if the ER signal is due to the change of A
the interfacial electric field felt by the Au particles, the ER signal 1.5
should follow the change of the interfacial electric field without
any delay. The ER signal represents the field-modulated change 1.0]e eessssseecessccassse oo
of the optical constant in such a case. The frequency dependence ] "‘0..
of the ER signal was measured and compared with the = Real part ®s,
impedance data. (The frequency dependence may also be ~ 05F ‘..
potential-dependent as seen in Figure 4C; the ratio of real and < %,
imaginary part ER signals depends Bg. We do not go into 0.0 1o -600600000000000 8RR - -~ < == am=nrmreas I~
details of the potential dependence of the dynamics in the present R 0, o
paper.) IImaglnar_}: part oWo
Figure 6A shows a complex plane plot of the impedance for 0.5, 10 100 1000 10000
a Au particle-immobilized AUDT-modified electrode. The plot f/ Hz
is typical of a double-layer feature. Complex plane plot of the
ER signal (Figure 6B) exhibited a part of a semicircle in the 6.0 B
high-frequency region, but the trajectory exhibited a significant %00y
tailing to the real part axis at low frequencies. With the use of "-....
an uncompensated resistandg®, = 265 Q, obtained by + 40 *oee,
extrapolating the impedance plot of the high-frequency limit to - ®es Real part
the real axis, the ER signal as a functionfafas analyzed as x 2.0k "%,
follows. We assumed a simple equivalent circuit in which the = %o,
interfacial impedancg; is in series withRs (see inset of Figure 5 "-..
6A). Through the use of the measured impedance, the ac voltage 0.0 ;;{, " OO0 T o
acrossZ;, which is designated as, is obtained as being ° Ilmaginm,‘part |
e =E{1-RJ2 3) 0'21 10 100 1000 10000
f/ Hz
whereZ is the total impedance. Figure 7. Bode plots ofey/|Ed (A) and the ER signal (B).

Figure 7 compares the frequency dependencg taf that of
the ER signal. The frequency at the minimum of the imaginary onset frequency, the frequency at the minimum of the imaginary
part ofe; corresponds to the reciprocal of the cell time constant part, and the frequency of the steepest real part-frequency curve,
divided by 2z. Three characteristic frequencies of the ER signal, are all at smaller frequencies than thoseegf These facts
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indicate that the ER signal does not directly synchronize with Yamada and her colleagues observed the change of the plasmon
the modulation of the interfacial electric field. At the frequencies absorption band of an anthraquinone-derivative-attached 2.2 nm
lower than 100 Hz, the interfacial electric field is frequency- Au cluster deposited on an electrode surface: a blue shift of
independent and has no phase difference &ithIn contrast, the plasmon absorption wavelength together with increased
the ER signal was still getting greater with decreasing the intensity as the shift of electrode potential in the negative
frequency. This fact indicates that the ER signal involves the direction? Their results were interpreted in the context of
contribution from a slow process (vide infra). negative charge (electron) accumulation on the Au core at more
6. Implications of the ER Signal. We interpreted that the ~ negative potentials, as theoretically and experimentally supported
ER signal is due to a potential-dependent chargitigcharging by Templeton and his colleagu¥sThe trends of the potential
process of the immobilized Au particles in response to both dependence are identical with our observation by ER methods.
potential modulation and dc potential, as described in Section The potential-dependent plasmon absorption spectrum due to a
3. As far as the ER spectrum in the whole wavelength region is charging-discharging process was previously reported for Ag
regarded as a difference absorption spectrum (absorptionparticles in an optically transparent thin-layer electrochemical
spectrum at more negative potential from which that at less (OTTLE) cell by Ung and his colleagues, in line with our ER
negative potential is subtracted), the plasmon band was blue-results> Ali and Foss also reported the plasmon spectral red
shifted, the absorption intensity was increased, and the bandshifting and intensity damping for Au nanoparticles adsorbed
was sharpened as the potential was made more negative. Thi©n transparent electrodes. Although their interpretation is, in

interpretation can be consistently supported by the presentprinciple, not as the chargirglischarging process, the phe-
experimental results as follows. nomenon they observed is identical with our observation by

(1) The ER signal at the plasmon absorption wavelength is the ER method with regard to the potential dependénce.
positive-going, indicating that the strength of the absorption ~ Two effects of the charge transfer on the plasmon polariton
increases a&y. becomes more negative. When the electron €Xxcitation as the results of interaction of metal nanoparticles
density in a Au partide increaseS, the p|asma frequency with its SUrrOUndingS have been known: the static and dynamic
increases. As a result, the plasmon absorption is enhanced. charge transfer. The present study showed that more negatively

(2) Good electronic communication between the Au electrode charged Au particles exhibit a stronger and sharper plasmon

substrate and the Au particles is attained. Because a polycrys2Psorption band at a shorter wavelength. The bandwidth is

. . . . i 4,27
talline Au substrate was used, it is plausible that a few particles affected by the dynamic charge transfé#!2’In the present
are in direct contact with the Au underlayer at the monolayer case, the decrease in the number of conduction electrons in the

defects providing electron-transfer pathways. However, if only Particle may induce the band broadening through the dynamic
these minor particles in contact with the substrate were charge-transfer effect. As for the static charge-transfer effect,

responsible for the redox reactions of solution-phase species,n® Shift of 4, per 1 'V change of the electrode potential is
the CV curves should appear sigmoidal as in the case of a@pproximately 12 nm (Figure 4A). On the basis of the proposed

microelectrode array even at a slow sweep rate because all ofth€0ry Of the effect of the static charge transfer on the plasmon
the particles are not interconnected as seen in the AFM image.Pand positiort>27 the transferred charge should amount to

If the numbers of monolayer defects or the Au electrode surface 0Ughly 10 electrons for an 11 nm Au particle. Assuming that
area directly exposed to the solution or both are considerable,tN€ capacity of the particle can be estimated by the usezof the
the CV curve of an AUDT monolayer-modified electrode double-layer differential capacity of the Au particle (@6 cnm
without Au particles should not be like Figure 5B. We also @S for the case of a bulk Au electrode), approximately 800
examined ER measurements using a Au electrode uncoveredtlectrons should be transferre_-d to maintain the_equotentlal V\_nth
with an AUDT monolayer but preimmersed in a Au solution. the_ electro_de _substrate, prowd_ed that the particles are spherical.
As the result, no difference of ER spectrum was observed TNiS duantitative but rough estimate may support our interpreta-

between before and after the immersion in the Au solution. The tion of the ER signal to a chargirglischarging process.
citrate-stabilized Au particle does not attach to a bare Au It is known that interparticle interaction of Au nanoparticles

electrode surface, or even if it does, the particle does not producel @n electromagnetic field alters the plasmon absorption greatly.
an additional ER signal. Schmitt and his colleagues reported experimental and theoretical
(3) For a metal electrode in a double-layer potential region, fspectra’)? Thﬁ repgrtedbchangg .Of t:e absorption ip?_'ctrum Is
the change of the electrode surface charge per potential shift'a" greater than that observed in the present work. However,
Figure 2 shows the presence of small aggregates. It remains

becomes greater as the potential is nearé&pe This potential . X
dependence is also the case for an AUDT monolayer-modified undenied t.hat the chqnge of the topology of aggregates V.V'th
electrode as shown by Figure 4D. Correspondingly, the ER the potent!al modqlatlpn produces a part of the absorptlon
signal becomes greater B becomes nearer ;. However, spectral shift, resulting in the presence qf a slow process (Figure
it is also possible thakE,,. for the Au particle is near to the 6B) on one hand. On the other hansl, th'f SIOW process can glso
substrateE be due to the presence of some “cool” particles exchanging
» L . . electrons very slowly with the electrode surface. For majority
4) The static electric field at the location of the Au particles . - : :
is Elo)t the main origin of the ER signal as confirmed bF;/ Figure of the_partlcles, the glectron transfer Is rapid S0 as to give a
7- the ER sianal does not directly svnchronize with the electric reversible redox reaction for solution-phase species (Figure 5C).
fiél d. This sug orts also the abse?l/ceyof AU substrAte particle Taken together, to gain deeper insight into the optical properties
di .t i ptp P of Au particles at an electrochemical interface, one should clarify
rect contact. . the extent of homogeneity and the movements of the particles.
It has been reported that the plasmon absorption spectrum of
a gelatin-adsorbed Au particle depends on the thickness O conclusion
refractive index of the adsorbed polymer corona of the paricle.
The spectral change in the report is not in line with our Electroreflectance signals of Au nanoparticles, which were
observation, indicating that these corona effects have little first reported by Schiffrin and his coleagié&at an electro-
contribution to the ER spectral structure in the present system.chemical interface, were studied in greater detail in the present
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work at an aminoundecanethiol monolayer-modified Au elec- ~ (9) Shipway, A. N.; Katz, E.; Willner ICHEMPHYSCHEM200Q
trode. The ER signal was interpreted as being mainly due to 18 i”d 'e;erenceslg?]ere'”-h 2000 104

the charging-discharging process of the Au particles in response gl% ?esq?)‘éghy A.y%.;CPieerz:bn,oJo.QJ.;OM'u?rGas)’/., R. W.: MulvaneyJP.
to the change of electrode potential. New findings in the present phys. ‘chem. 200Q 104, 564.

study include the positive sign of the ER signal, the stronger  (12) Yamada, M.; Tadera, T.; Kubo, K.; Nishihara, lthngmuir2001,
and sharper plasmon absorption band at more negative potentiald? 2363.

. L . . : (13) Grabar, K. C.; Allison, K. J.; Baker, B. E.; Bright, R. M.; Brown,
in addition to its blue shift, and the way that the ER signal | 5"l Freeman, R Fox, A. P.: Keating. C. D.; Musick, M. D..

follows the ac potential modulation in the frequency domain. Natan, M. J.Langmuir1996 12, 2353.
For the ER spectral structure to be fully addressed, the reflection  (14) Schmid, G.; Bamle, M.; Beyer, NAngew. Chem., Int. E@00Q
spectrum at the electrode/organic monolayer/metal particle/ 39 181.

Lo : P (15) (a) Sato, T.; Brown, D.; Johnson, B.Ghem. Commuri997, 1007.
solution interface should be deduced theoretically, though it is (b) Hostetler, M. J.: Wingate, J. E.; Zhong, C.-J.: Harris, J. E.; Vachet, R.

quite difficult at present because of the complexity of the w.; Clark, M. R.; Londono, J. D.; Green, S. J.; Stokes, J. J.; Wignall, G.
interfacial structure. Nevertheless, the present work demonstrate®.; Glish, G. L.; Porter, M. D.; Evans, N. D.; Murray, R. Wangmuir

f I ol 1998 14, 17. (c) Brust, M.; Bethell, D.; Kiely, C. J.; Schiffrin, D. J.
that the ER method is useful for in situ analyses of the potential Langmuir 1998 14, 5425. (d) Porter, L. A, Jr: Ji, D.. Westcott, S. L:

dependent change and its dynamics of the metal particles algraupe, M.; Czernuszewicz, R. S.; Halas, N. J.; Randall Lekafigmuir
electrified interfaces and for sensing the physical and chemical 1998 14, 7378. (e) Whetten, R. T.; Shafigullin, M. N.; Khoury, J. T.;
nanoparticle interfacial propert#sby the use of the plasmon ~ Schaaff, T. G.; Vezmar, |, Alvarez, M. M.; Wilkinson, Acc. Chem. Res.

: ; ; 1999 32, 397. (f) Taleb, A.; Russier, V.; Courty, A.; Pileni, M. Phys.
absorption band (Mie resonance) as a probe. The chafging rq "5 7999 5&?13350_ (0) Wang, Z. LJ. ph)}'s_ Chem. 200Q 13/4,

discharging process should be strongly influenced by the 1153. (h) Martin, J. E.; Wilcoxon, J. P.; Odinek, J.; Provencia]. FRhys.
interfacial structure, and thus, the ER signal provides one of ngf?j-)B;ZOOQ 1%4 3473- 0) GKAeefghM-: 03”6% Pi\(A:'heT' Cﬂfzﬂ/;'\meg%OQ

H . eranisni, |.; Haga, M.; l10zawa, Y.; Miyake, W.Am. em.
the keys to elucidate the structure. The advantageous featu_re%oc.zoojq 122, 4237, (K) He, S.. Yao, J.; Jiang, P.. Shi, D.; Zhang, H.:
of the ER measurements of the plasmon absorption propertiesyje, S.; Pang, S.; Gao, H.angmuir 2001, 17, 1571. (I) Yonezawa, T.;
can be listed as follows: (i) a nontransparent electrode substrateOnoue, S.; Kimizuka, NLangmuir2001, 17, 2291.

can be used, (ii) the measurement is sensitive, even more_ (16) Templeton, A. C.; Peter Wuelfing, W.; Murray, R. Wee. Chem.

sensitive than those reported by using transmission absorption

spectroscopy? (iii) information of dynamics can be obtained,

Res.200Q 33, 27.
(17) Chen, S.; Murray, R. WLangmuir1999 15, 682.
(18) Chen, S.; Templeton, A. C.; Murray, R. Wangmuir200Q 16,

and (iv) the ER method is applicable to the immobilized sub- 3543.

monoparticle layer, appearing as a strong tool for the direct
measurement of the electron transfer between the electrod

surface and the particles dynamically.
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