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CONSPECTUS

fter its discovery more than 30 years ago, surface-enhanced Raman
spectroscopy (SERS) was expected to have major impact as a sensi-
tive analytical technique and tool for fundamental studies of surface spe-
cies. Unfortunately, the lack of reliable and reproducible fabrication methods
limited its applicability. In recent years, SERS has enjoyed a renaissance, and
there is renewed interest in both the fundamentals and applications of SERS.
New techniques for nanofabrication, the design of substrates that maxi-
mize the electromagnetic enhancement, and the discovery of single-mole-
cule SERS are driving the resurgence of this field.
This Account highlights our group’s recent work on SERS. Initially, we dis-
cuss SERS substrates that have shown proven reproducibility, stability, and -
large field enhancement. These substrates enable many analytical applica-
tions, such as anthrax detection, chemical warfare agent stimulant detec-
tion, and in vitro and in vivo glucose sensing. We then turn to a detailed
study of the wavelength and distance dependence of SERS, which further E
illustrate predictions obtained from the electromagnetic enhancement mech- Izz counts s* mW"
anism. Last, an isotopic labeling technique applied to the rhodamine 6G -
(R6G)/silver system serves as an additional proof of the existence of single-
molecule SERS and explores the dynamical features of this process. This —_—
work, in conjunction with theoretical calculations, allows us to comment on 1600 1400 1200 1000
. . A Raman Shift (cm™)
the possible role of charge transfer in the R6G/silver system.
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large enhancements. Recently there has been a
renewed interest in SERS as exciting advances of
the past 10—15 years have overcome many of
the previous difficulties. We cite three main
achievements as drivers of this current renais-
sance: (1) the application of nanofabrication tech-
niques to reproducibly manufacture well-defined

I. Introduction

In 1977, Jeanmaire and Van Duyne1 and Albre-
cht and Creighton? independently observed that
adsorption of pyridine to electrochemically rough-
ened silver surfaces could increase the pyridine
Raman scattering intensity by a factor of ~10°.

Published on the Web 07/17/2008  www.pubs.acs.org/acr
10.1021/ar800041s CCC: $40.75

This striking discovery was denoted the surface-
enhanced Raman scattering (SERS) effect and
immediately became the subject of intensive
study. The widespread application of SERS to
problems of chemical interest, however, was lim-
ited by obstacles such as the irreproducibility of
substrates and controversy over the nature of the

© 2008 American Chemical Society

substrates with nanometer scale features, (2) the
design of substrates that maximize the EM
enhancement, and (3) the discovery of single-mol-
ecule SERS (SMSERS).3#

Our current understanding of the SERS effect is
due to a large number of researchers working
over the last several decades; for example, see
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FIGURE 1. Images of NSL-fabricated nanostructures: left, AFM
image of Ag nanotriangle arrays; right, SEM images of a AgFON
surface.

historical perspectives by Van Duyne® and Moskovits,® as well
as review articles.”~'? In this Account, however, we focus on
work from our laboratory, beginning with a discussion of sub-
strates that provide large SERS enhancements as well as
exhibiting reproducibility and stability. Then, we present
experimental evidence for the postulated wavelength and dis-
tance dependence of the EM mechanism of SERS. Next, we
offer a frequency domain proof of SMSERS behavior using iso-
topically labeled rhodamine 6G (R6G) and discuss enhance-
ment factors in SMSERS. Last, we briefly explore the possible
role of charge transfer in the R6G/silver system.

IIl. Fundamental Studies of the SERS Effect

A. Substrates Fabricated by Nanosphere Lithography
(NSL). Nanosphere lithography (NSL), developed by Van
Duyne and co-workers,""'? provides a method to fabricate
nanoparticle arrays with a tunable localized surface plasmon
resonance (LSPR). In this technique, nanospheres are self-as-
sembled into a monolayer or bilayer on the substrate. Metal
is then deposited through the nanosphere mask, and after
removal of the nanospheres, a periodic array of metal nano-
structures remains on the substrate. Figure 1 shows the AFM
image of the resulting nanoparticle array. The size and spac-
ing of the nanostructures and consequently the position of the
LSPR of NSL-fabricated nanostructures can be controlled by the
nanosphere size and deposited metal thickness. It has been
demonstrated both experimentally and theoretically that the
sharp tips of the NSL nanotriangles give rise to EM enhance-
ment factors as large as 108."37'> The most typical nanostruc-
tures fabricated by NSL are triangular nanoparticle arrays;
however, a wide range of other nanostructres can be fabri-
cated."’

If the sphere mask is not removed after metal deposition,
then the metal film-over-nanospheres (FON) substrate is
obtained. Figure 1 shows the SEM image of the FON surface.
FON substrates have broader LSPR resonances compared with
NSL nanoprism arrays; however, they provide a large surface

area available for binding and detection.'® Functionalization
of FON substrates is a crucial feature of sensing experiments
and these modified surfaces have been used for in vitro'”~"°
and in vivo?® glucose sensing and anthrax biomarker
detection.?'22

SERS activity is affected by the oxidation of the metal, the lack
of stability of the nanostructures when exposed to buffer solu-
tions, and annealing at high temperatures. There are several
methods to mitigate these unwanted effects. For example, we
have combined NSL and reactive ion etching techniques to fab-
ricate Ag nanoparticle arrays embedded in glass, which exhibit
improved stability against mechanical force and solution flow.*>
In addition, adding an alumina overlayer by atomic layer depo-
sition (ALD) to NSL-fabricated particles dramatically increases their
thermal stability,* thus enabling SERS to be extended to high-
temperature studies such as those important in heterogeneous
catalysis. It is also known that alumina-coated AgFON silver film
over nanospheres surfaces maintain their SERS activity under
ambient conditions and avoid oxidation.>* These surfaces have
demonstrated anthrax biomarker detection with 12-month tem-
poral stability.*

B. Wavelength Dependence of Surface-Enhanced
Raman Spectroscopy. The EM mechanism of SERS2°~2° pre-
dicts that the EM enhancement factor Egy, is given by

Egy = [9(@)’lg(w)])? (1)

In this expression w is the incident laser frequency, ' is the
Stokes-shifted frequency of the Raman scattered photon, and
g is the amount the local electric field at the molecule (E)
is enhanced relative to the far-field value of the electric field
(Ep) and is given by E,..,; = gE,. Note that g is frequency
dependent and that this local electric field enhancment expe-
rienced by the molecule results from the excitation of the
localized surface plasmon resonance in the metal nanopar-
ticle. According to eq 1, the maximum enhancement of the
normal Raman cross-section occurs when both the incident
and Stokes scattered fields are equally enhanced. Therefore,
one should take care to choose the proper laser excitation fre-
quency such that this frequency and the Raman Stokes-shifted
frequency straddle the maximum extinction of the LSPR. As
such, the frequency of laser excitation should be one-half of
the Raman shift higher in energy than the LSPR spectral max-
imum. A consequence of this is that not all vibrational modes
are optimally excited in a given spectrum. Although experi-
ments were proposed at the inception of SERS to measure this
effect, studies performed were inconclusive due to limitations
in instrumentation and poor definition of the SERS
substrates.>°~32 The ideal experiment is to have a continu-
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ously tunable excitation and detection scheme over the band-
width of a well-defined LSPR.

A systematic study of the optimum excitation wavelength
as a function of the spectral position of the LSPR extinction
was recently completed.'® This was made possible by recent
advances in nanofabrication allowing the production of sub-
strates with well-defined and tunable LSPR resonances and
better tunability in both the SERS excitation and detection. Fig-
ure 2 shows characteristic wavelength-scanned excitation pro-
files of three vibrational modes of benzenethiol: 1009, 1081,
and 1575 cm~'. The excitation profiles show that the high-
est SERS EF is observed when the excitation wavelength is
higher in energy than the spectral maximum of the LSPR
extinction spectrum. Gaussian fits were made to the profiles,
and the distance in energy of the maximum of the excitation
profile and the LSPR extinction spectrum is on the order of half
of the vibrational energy and increasing with the magnitude
of the Raman Stokes shift.

The experiment was also performed on multiple silver
nanoparticle sizes and shapes with extinction spectra at vari-
ous locations in the visible region of the electromagnetic spec-
trum. In all cases, the magnitude of the energy separation
between the excitation profile maximum and the LSPR extinc-
tion maximum is roughly half. An analogous experiment can
also be performed by varying the spectral location of the LSPR
relative to a fixed frequency laser, and similar results are
observed.'® Consequently, in order to achieve maximum EM
enhancement, one should either prepare the sample such that
the LSPR extinction is in the proper location for fixed laser fre-
quency apparatus or set the wavelength to a higher frequency
than the LSPR extinction in tunable systems. In the wave-
length-scanned experiment, the relevant LSPR extinction spec-
trum is the one observed after adsorption of the analyte
because the LSPR extinction spectrum is sensitive to the
dielectric environment. These experiments illustrate the impor-
tance of optimizing the plasmon and excitation wavelengths
to achieve maximum SERS EFs. We further conclude that both
the incident and scattered photons in SERS are indeed
enhanced.

C. Distance Dependence of Surface-Enhanced Raman
Spectroscopy. One important consequence of the EM mech-
anism of SERS is that the adsorbate is not required to be in
direct contact with the surface. This results because the
enhanced electric fields extend beyond the surface creating a
sensing volume within a few nanometers of the surface. The
ability to enhance Raman scattering from molecules not
directly attached to the surface is of great importance for sys-
tems such as surface-immobilized biological molecules,??
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FIGURE 2. Three surface-enhanced Raman excitation profiles
illustrating the effect of Stokes Raman shift: (A) profile of the 1575
cam ™! vibrational mode of benzenethiol—distance between LSPR
Amax @nd excitation profile fit lin€ Aey max = 734 cm™'; EF = 1.8 x
107; (B) 1081 cm™ ' vibrational mode, shift = 569 cm™ ', EF = 2.8 x
107; (C) 1009 cm™" vibrational mode, shift = 488 cm™', EF = 2.7 x
108. Reproduced with permission from ref 15. Copyright 2005
American Chemical Society.

where direct contact between the adsorbate of interest and the
surface is not possible because the surface is modified with a
capture layer for specificity or biocompatibility.

It has been shown that the SERS intensity of a given Raman
mode, Isggs, is a function of distance from the surface
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_[(a+r|=10
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(2)
where g is the average size of the field-enhancing features on
the surface.>* This dependence on distance is a result of the
r—3 decay of the field enhancement away from the surface,
the 4th power dependence of /sz,s on the field enhancement,
and the increased surface area scaling with r? as one consid-
ers shells of molecules at an increased distance from the
nanoparticle.

The ideal distance-dependence experiment is one in which
the thickness of the spacer layer could be easily varied in
thickness from a few angstroms to tens of nanometers. Fur-
thermore, the spacers would be conformal to handle rough-
ened and nanostructured surfaces, pinhole free, and
chemically uniform. We have deposited Al,O5 multilayers
using ALD onto Ag film over nanosphere (AgFON) surfaces to
probe the distance dependence of SERS.3> Figure 3a shows
the SER spectra for pyridine adsorbed on AgFON surfaces
coated with four different thicknesses of ALD-deposited Al,Os.
Figure 3b shows a plot of the relative intensity of the 1594
cm™~ ' band as a function of Al,O5 thickness. Fitting the exper-
imental data to eq 2 leads to the average size of the enhanc-
ing particle, a = 12.0 nm. The term d,, defines the surface-
to-molecule distance required to decrease the SERS intensity
by a factor of 10. The data presented in this work clearly show
that SERS is a long-range effect with a d,, value for this par-
ticular surface nanostructure of 2.8 nm. This value was
derived assuming that a complete monolayer of Al,O; was
formed with each ALD cycle. Quartz crystal microbalance mea-
surements have later shown that the average thickness of the
ALD sequence is 1.1 A and consequently a complete layer of
alumina is not formed with each cycle. The mechanism for the
formation of alumina on silver is still debated, but assuming
that the quartz crystal microbalance measurements accurately
model the initial growth of Al,O5 on silver, the measured
value of d,, could be as low as 1 nm.3®

lll. Single-Molecule Surface-Enhanced
Raman Scattering (SMSERS)

A.. Introduction and the Isotopologue Approach. SMSERS
was independently reported in 1997 by Nie and Emory? and
Kneipp et al.* Nie and Emory cited several features of their
results that suggest single-molecule behavior: (1) Raman scat-
tering is observed from single nanoparticles for analyte con-
centrations of less than 10~ '® M, where each particle is
expected to contain mostly zero or one analyte molecule, (2)
unlike bulk SERS spectra, the observed single-molecule spec-
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FIGURE 3. (A) SER spectra of pyridine adsorbed to silver film over
nanosphere (AgFON) samples treated with various thicknesses of
alumina (0.0, 1.6, 3.2, or 4.8 nm), ex = 532 nm, P = 1.0 mW, and
acquisition time = 300 s and (B) plot of SERS intensity as a function
of alumina thickness for the 1594 cm™" band (filled circles). The
solid curved line is a fit of this data to eq 2.3> Reproduced by
permission of The Royal Society of Chemistry (RSC).

tra show sensitivity to polarization, and (3) the position and
intensity of vibrational bands exhibit sudden changes as a
function of time. The work of Kneipp and co-workers*3° pre-
sented alternative evidence contingent on fluctuations in the
intensity domain, using statistical analysis to support the claim
of single-molecule behavior. Andersen et al.,>” however, have
shown that temporal fluctuation in peak intensity is not ade-
quate evidence of SMSERS. Additionally, Pettinger and
co-workers® point out that the SMSERS EF is strongly depend-
ent on the molecule’s position in the hot spot, and the varia-
tions would make the observation of quantized intensity
impossible. Etchegoin et al.,*® in their work examining the role
of Poisson statistics in SMSERS, however, show that arguments
based on Poisson statistics should not be regarded as suffi-
cient proof for SMSERS behavior.

Despite the controversy over the use of Poisson statistics,
there is other evidence that suggests SMSERS was observed,
including (1) changes in the spectrum of an immobilized, iso-
lated nanoparticle or nanoaggregate, for example, blinking or
spectral wandering, (2) dependence of an isolated system on
excitation power and polarization, and (3) observation of com-
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peting analytes. Doering and Nie*° concluded that blinking in
SMSERS is due to surface diffusion in the proximity of a region
of large EM enhancement, often called a hot spot, as evi-
denced by spectral interchange between R6G and the citrate
background.

While the idea of electromagnetic hot spots in SERS is
well-known,?”?8 Brus and co-workers*'#? showed using
polarization studies that hot spots formed at the junction of
two nanoparticles likely play a major role in SMSERS, which
was further supported by atomic force microscopy showing
that SMSERS active structures are aggregates of Ag nanopar-
ticles. In addition, SMSERS was shown to depend nonlinearly
on excitation power, unlike SERS, which is ensemble aver-
aged.*? Le Ru and Etchegoin suggested a competing adsor-
bate approach using two different analytes (e.g., R6G and
benzotriazole) to verify single-molecule behavior.*3>4* The
application of this technique, which uses adsorbates with dif-
ferent chemical structure, however, is complicated due to dif-
ferences in Raman cross section, absorption spectra, and
surface binding affinity for the different analytes used. Simi-
lar considerations hold for two other reports using the com-
peting adsorbate approach.*>*® Pettinger and co-workers>®
have reiterated the point that Raman cross-sectional differ-
ences and variations in the surface chemistries for the two dif-
ferent adsorbates must be taken into account.

Our work in this field builds upon the competing adsor-
bate approach while circumventing its problematic issues. Two
isotopologues of rhodamine 6G, R6G-d, and R6G-d,, are used
to demonstrate single-molecule character in the SER spectra.
The use of two isotopologues (chemical species that differ only
in the isotopic composition of their atoms) provides a method
for performing dual-analyte SMSERS studies where the elec-
tronic absorption spectrum of the adsorbate is not perturbed,
the surface chemistry remains unchanged, and the overall
Raman cross section is similar. However, the vibrational bands
having contributions from C—D stretching and bending will
change in intensity and frequency, allowing the two isotopo-
logues to be spectrally resolved. The frequency domain
approach using two isotopologues of R6G permits single-mol-
ecule behavior to be verified by tracking the spectral signa-
ture of the individual species. When sufficiently low
concentrations of both analyte molecules are introduced to a
solution of silver nanopatrticles such that, on average, only one
type of molecule is adsorbed to each nanoparticle, each
SMSER spectrum contains spectral features of only a single
isotopologue.

Controlled Plasmonic Nanostructures for SERS and Sensing Camden et al.

B. A Frequency Domain Existence Proof of Single-
Molecule Surface-Enhanced Raman Spectroscopy. The
SER spectra from 50 individual nanoparticle aggregates were
acquired, and only sites that were active were interrogated
randomly. Figure 4a shows representative spectra from two of
the spots measured, in which it is evident that there is only
one isotopologue present in each probe volume. A histogram
of occurrences of the three possible cases is given in Figure
4b. The observation that single isotopologue events domi-
nate the sampling is strong evidence for SMSERS. Addition-
ally, spectral wandering was observed in the 600 cm™' range
of the spectra. The degree of the spectral wandering observed
is measured by a fit to the histograms of peak center fre-
quency as seen in Figure 4c. The full width at half-maximum
(fwhm) of the R6G-d, Gaussian fit and R6G-d, Gaussian fit
were 3.0 and 4.8 cm™', respectively. As a control, the nor-
mal Raman scattering of the 1028.3 cm™' mode of cyclohex-
ane was collected to illustrate the instrumentation stability.
The fwhm of the Gaussian fit for this mode’s spectral fluctua-
tion was 0.6 cm™'. The fwhm of the ensemble-averaged spec-
tra were 5.3 cm~' for R6G-d, and 6.9 cm™' for R6G-d,. The
single-molecule results indicate that the ensemble-averaged
spectrum is a superposition of the single-molecule states. This
analysis reveals the distribution of vibrational frequencies hid-
den under the ensemble average.

C. Surface Dynamics in Single-Molecule Surface-
Enhanced Raman Spectroscopy. When the R6G/Ag system
was under ambient environmental conditions (namely, humid
laboratory air) at higher concentrations of molecules per nano-
particle, dynamic behavior or “blinking” was observed. Statis-
tically, ca. 50 R6G-d, and 50 R6G-d, molecules were
adsorbed per nanoparticle. Figure 5a shows a waterfall plot of
inelastic scattering as a function of time. At t = 0 s, the spec-
trum appears to have only R6G-d,, character, which is surpris-
ing considering the high dye concentration on the surface. The
integrated intensity is on the same order of magnitude as the
static, low-concentration experiment above, indicating that
only a single molecule is scattering and not the 100 in the
ensemble. Therefore, the EF in the hot spot must be at least
3—4 orders of magnitude greater than the average SERS EF of
the nanoparticle, in agreement with previously published
results.>*® As time progresses, the spectrum changes com-
pletely from R6G-d, to R6G-d, and back to R6G-d,, over the
course of 1000 s as displayed in Figure 5b.

There are two interpretations of the switching behavior con-
sidering that the SMSERS aggregates contain multiple poten-
tial hot spots: (1) two or more molecules are competing for the
same hot spot on the nanoparticle surface, or (2) two or more
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FIGURE 4. (A) Two representative spectra from the single-molecule
results where one contains uniquely R6G-d,, (red line) and the other
uniquely R6G-d, (blue line) vibrational character. (1e, = 532 nm, t,q
=105, Py, = 2.4 W/cm?, grazing incidence), (B) histogram detailing
the frequency with which only R6G-d,, only R6G-d,, and both R6G-
d, and R6G-d, vibrational modes were observed with low
adsorbate concentration under dry N, environment, and (C)
histogram of the low-frequency peak location for the events that
exhibited single-molecule behavior, illustrating the degree of
spectral changes observed for different sites. For R6G-d, (red data),
the fwhm of the Gaussian fit was 4.8 cm~', and for R6G-d, (blue
data), the fwhm of the Gaussian fit was 3.0 cm~". Reproduced with
permission from ref 47. Copyright 2007 American Chemical Society.

molecules are acting independently at two different hot spots
within the probe area. In an effort to distinguish which case is
taking place, the data were analyzed with 2D cross correla-
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FIGURE 5. (A) Time series waterfall plot of spectra collected from a
single active aggregate at high concentration in humid air with the
false color representing signal intensity where white or yellow is
highest and red or black is lowest, (B) three time slices from the
waterfall plot shown in panel A where (a) = 51 s, (b) = 463 s, and
() = 936 s showing that the system changes state from R6G-d, to
R6G-d, and back in 1000 s (Aex = 532 NM, t,q =15, Poy = 2.4 W/
cm?, grazing incidence), and (C) zero time delay two-dimensional
cross-correlation of the time evolution data from panel A.
Reproduced with permission from ref 47. Copyright 2007 American
Chemical Society.

tion.*? If there are independent hot spots in close proximity,
then the time evolution of the two molecules should be non-
correlated (y = 0), but if it is the same hot spot, the mole-
cules should be anticorrelated (y= —1). Figure 5¢ shows the
2D correlation in the region containing the characteristic 650
and 610 cm~' bands of the R6G-d, isotopologue. The spec-
tra show strong correlation (y = 0.8) between these two bands
associated with R6G-d, and further show an anticorrelation (y
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= —0.3) from bands associated with the cross-peaks between
R6G-d, and R6G-d,. In SERS, there is an intense, continuous
background that covers the entire spectral region of interest,
and Moore et al.>° have shown that in this 2D cross-correla-
tion analysis, there will be strong correlation of the Stokes
bands to this continuum. Therefore, even in the absence of a
peak, there will be some time-correlated background contri-
bution, which will affect the peak-to-peak correlation. This is
evident in the (y = 0.2—0.4) correlation remaining between
the background and the characteristic modes. This argues that
the magnitude of the anticorrelation is larger, and therefore
there is only one active hot spot in the probe volume, and
molecules are moving in short-range proximity to it.

D. Enhancement Factors in Single-Molecule Sur-
face-Enhanced Raman Scattering of Rhoadmine 6G. The
original estimates of SMSERS enhancement factors
(~10"—10"%)>* are too large because those estimates did
not take into account the large resonance Raman cross sec-
tion of R6G." To date, all the SMSERS studies of R6G were
carried out at laser excitation wavelengths near the R6G
molecular resonance and enhancement from the resonance
Raman effect can contribute an additional factor of 102—103
in Raman scattering intensity compared with normal Raman.>2
Furthermore, the Raman cross section of R6G at 633 nm was
measured to be 2.4 x 10727 cm?/sr,>! and calculations on
resonance®>>% suggest values ~1072> cm?. If the observed
cross section is a simple multiplication of the R6G resonance
Raman cross section and the SERS enhancement factor, the
cross section observed by Nie and Emory (10~ '> cm?) requires
a total SERS enhancement factor of only 10'°—10"". It is cur-
rently believed that a large part of this SMSERS enhancement
can be attributed to the EM mechanism with the enhanced
local fields at the junction of nanoparticle aggregates giving
rise to EM enhancement factors of 10'°—10"".>> Therefore,
the SMSERS phenemonon results from multiplication of the
combination of surface plasmon excitation and resonance
Raman enhancement.

Another possible enhancement mechanism is a chemical or
charge transfer (CT) mechanism that is caused by the changes
in the electronic structure of molecules adsorbed on the metal
surfaces. The role of metal to molecule charge transfer (CT) in
SMSERS of R6G is not well understood. Since R6G SMSERS
measurements were carried out on Ag nanopatrticles, it is
important to examine whether the absorption of R6G changes
on a Ag surface.>® Figure 6 shows the absorption spectrum of
a submonolayer of R6G adsorbed on a Ag film. A major
absorption band at 534 nm is observed in the spectrum. Com-
pared with the R6G solution absorption, the major absorp-
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FIGURE 6. Absorption spectrum of R6G on a Ag film. Solid line
represents the measured spectrum. Dashed line repents the
Gaussian fitting of the spectrum. Reproduced from ref 56. Copyright
2007 American Chemical Society.
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FIGURE 7. Calculated absorption spectrum of R6G with a Ag,
cluster. Inset is the optimized structure of R6G—Ag,. The distance
between the N atom of R6G and the Ag atom is 3.08 A.
Reproduced from ref 56. Copyright 2007 American Chemical
Society.
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tion band is red-shifted by only 2 nm and slightly broadened.
These measurements show that R6G electronic transitions are,
surprisingly, not significantly perturbed by the presence of the
Ag surface.

To examine whether new transitions from metal to mole-
cule charge transfer arise when R6G adsorbs on a metallic sur-
face from a theory perspective, we calculated the absorption
spectrum of R6G interacting with a Ag, cluster with time-de-
pendent density functional theory (TD-DFT).>° The Ag, is used
to represent R6G adsorption to Ag nanoparticles through one
of its N atoms.>2>3 The calculated structure and absorption
spectrum are shown in Figure 7. R6G with the Ag, cluster has
a So—S, transition at 544 nm corresponding to an excitation
from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO). Two CT transi-
tions red of the main peak are found at 1010 and 617 nm,
corresponding to transitions from the HOMO of Ag, to the
LUMO and LUMO + 1 of R6G, respectively. Both transitions
have small oscillator strength, especially the transition at 617
nm, which is not visible in Figure 7 due to the y axis scale.
These very weak CT transitions near 1000 nm will only affect
the Raman scattering intensity when performed at these wave-
lengths, such as in FT-Raman. Therefore, when SMSERS is per-
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formed at 532 nm, we conclude that the enhancement factor
does not contain a contribution from CT.

IV. Concluding Remarks

The renewed interest in SERS has been driven by the ability
to make reproducible and well-defined substrates with large
electromagnetic enhancements and the discovery of single-
molecule SERS. The recent developments, of which we high-
light a few from work in our group, make the application of
SERS to a range of problems in chemical and biological sens-
ing a real possibility. Due to these strides, we believe the
future of SERS is indeed bright.
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