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Observation of Raman spectra from single molecules on colloidal
silver particle$? has intensified interest in the mechanism of surface
enhanced Raman scattering (SERS) on noble metal sufaces.
Single molecule SERS arises from colloidal clust&r&nsemble
measurements have revealed “active sites” with different binding
energies and SERS enhancemést8oth ensembfeand single
molecule SERS experimefsi®show that sharp Raman lines are
invariably accompanied by an overlapping continuum, which may
occur without sharp Raman linésThe role and nature of the
continuum associated with SERS in experiments to date are
unclear!®14 Here, we demonstrate two-dimensional (2D) covari-
ance and correlation analysis of single molecule SERS spectra and
use it to correlate SERS peaks and the continuum for colloidal silver
with and without rhodamine 6G. This analysis of spectra from a
single SERS source provides unique insight into the relationship
between SERS and the continuum.

The 2D covariance and correlation maps used here graph the
statistical covariané@and correlation coefficieft between intensi-
ties for all pairs of frequencies. A fast Fourier transform-based —
algorithm calculates the covarianeg? between intensities at 600 800 1000 1200_1400_11“”
Raman shifts;; andyy in sets of 256 or more SERS spectra. Two- frequency shift (cm) 0.4
dimensional covariance mafsare equal to “synchronous 2D  Figure 1. (A) Normalized covariance slices of rhodamine 6G on Ag
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correlation spectra®’ Here, the 2D correlation map jg = oj/ cm1; blue, 1510 cm?; red, 623 cm?. (B) Two-dimensional correlation
(05 0K9- map of the same molecule with Raman peaks at 1650, 1600, 1575, 1361,

For sufficiently large data sets, slices through the covariance at 1291, 1214, 940, and 623 cih marked by ticks.
constanty; show the spectrum that fluctuates about the average in
parallel with the intensity at;. The correlation coefficient shows  bar starting at red (highest correlation) and passing through yellow
whether covarying fluctuations are diluted by other sources of to blue (lowest correlation). In Figure 1B, the diagonal# vy)
fluctuating intensity. Spectral peaks that fluctuate together give large correlation is 1, and the width of spectral peaks gives high
positive correlations. Conversely, spectral peaks that cannot occurcorrelation off the diagonal. This occurs both for sharp peaks and
simultaneously, such as those resulting from different conformations the broad continuum above1200 cntt. Raman shifts of the sharp
of a single molecule, will give negative anti-correlations. Unrelated R6G Raman peaks are similar to those previously repdreaut
intensity fluctuations should have zero correlation. For finite data some are marked in the figure. Cross-peaks#(v) occur when
sets, statistics can show that a correlation is not significajpjf spectral peaks with different frequencies are correlated. The cross-
is less than that likely to arise from a set of independent peaks connecting the diagonal R6G Raman peaks and continuum
measurements of completely uncorrelated spectra: with 256 with the Raman peak at 623 cfare seen as yellow stripes in

independent spectra, gy < 0.16 arenot “highly significant” Figure 1B.

(99% confidence)® Chemical significance of a correlation often Figure 1A shows covariance slices at three frequencies corre-
depends on a smaller number of physically independent events,sponding to R6G SERS peaks: 1650, 1510, and 623 .c8lices

for example, blinking of the spectrum. are normalized to the 1650 ctpeak to compare the relative peak

Experimental conditions follow ref 18 with changes below. heights and strongly resemble R6G speéffajncluding the
“Blinking” single molecule spectra were obtained from silver continuum between-1200 and 2500 crt observed by other&st0
colloids incubated with rhodamine 6G (R6G) at a concentration The correlation map in Figure 1B and the normalized covariance
equivalent to 0.3 molecules per particle. Other spectra were obtainedslices in Figure 1A show thatl of the R6G SERS lines are highly
from native silver colloids with no added probe molecule. Integra- correlated to thesamecontinuum in a region beginning at1200

tion times wee 1 s for single colloids or clusters in aglbeam cm! and extending toward larger Stokes shifts even when the
radius of 1um; 0.5 mW excitation power yielded a spatially —amplitude of the continuum immediately below the peak is low

averaged photon flux between?6 10?3 photons/(cris), compa- (e.g., 623 cm?). For this SERS source, 2D correlation maps

rable to that used in ref 2. covering a~6000 cnt! spectral range are consistéwith reports

Figure 1 shows covariance slices (A) and the 2D correlation map that the continuum associated with the R6G peaks, which has a
(B) of R6G on a silver colloid. The 2D contour maps have a color maximum at~1600 cnt?, is occasionalll? accompanied by a
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Figure 2. (A) Normalized covariance slices of citrate prep Ag colloids
with no added adsorbate at two frequencies corresponding to Raman
peaks: black, 1717 cm; and red, 1340 cnmt. (B) Two-dimensional
correlation map of the same data with the Raman peaks sampled in part A
marked by ticks.

second continuum peaking at 3000 ¢rthat reduces the correlation
in the 2D map.

Figure 2 shows covariance slices (A) and the 2D correlation map
(B) of SERS spectra taken from a native silver colloid over a wider
spectral range. (Similar spectra were often observed while hunting
for R6G SERS.) In Figure 2B, sharp Raman lines can be seen
between 1750 and 1300 cf These sharp lines are less correlated
to the near continuum than to the continuum beyond 3000'cm
Covariance slices through the Raman lines at 1717 and 1348 cm
in Figure 2A show the continuum associated with vibrational Raman
enhancement peaks at 3000 ¢mnot immediately under the
vibrational Raman peaks. This scenario parallels the SERS en-
hancement of the R6G Raman lines at 623 and 940'émthat
the Raman lines are located on the tail of the correlated continuum.

Reduced correlation near the sharp Raman lines is due to an

uncorrelated continuum at1600 cnt?,

Continua with Raman-like and luminescence-like excitation
frequency dependence have both been reported accompanying SER
from silver colloids!* The polarization of the 1600 crhcontinuum
is the same as that of the sharp molecular R6G Ramanfirzas)
it resembles electronic Raman scattering from rough metal sur-
faces!320it has been suggested that this continuum is electronic
Raman scattering from the met&f:32°0On the basis of Raman gain
studies, Heritagé argued the continuum is luminescence because
near the cyanide SERS peak “no more than 25% of the continuum
strength can be Raman effect”. We have observed that the

that the luminescent continua in refs 11 and 12 are consistent with
a Raman continuum associated with SERS suggested by other
data:_LO,13,14,20

The covariance and correlation maps of the R6G and native
colloid SERS data unambiguously show that the molecular SERS
peaks from these different molecules are correlated to different
continua, one peaking near 1600 ¢nfR6G) and one peaking near
3000 cnt?! (native). As both continua occur without sharp Raman
lines, the continua are properties of the colloids. This suggests a
hypothesis that two distinct active sites (or surface species) on the
silver colloids produce the two continua, and that R6G is enhanced
at a different site than the molecule(s) responsible for the SERS
peaks from the native colloid. As both continua are observed for
each sample, both sites are present on a single SERS source.
Assuming a two-photon process, SERS and the associated con-
tinuum are most likely competing re-radiation channels from a
coupled “molecule in active site” system. Uncoupled metal hot spots
can give rise to noncovarying continua, so the total continuum has
a variable appearance.

Brus'® has suggested the 3000 chcontinuum is electronic
Raman scattering from a metal hot spot not involved in R6G SERS
enhancement. The absence of single molecule R6G SERS spectra
associated with the 3000 crhcontinuum (in both the literature
and our data) suggests this site cannot enhance R6G SERS or can
do so only weakly. The new observation of SERS associated with
this continuum implies a molecular specificity to the colloidal SERS
active sites, such as a chemical surface modification or a size
condition for a molecular junction between particles. Once under-
stood, such specificity might be exploited to design and synthesize
SERS substrates that specifically enhance a targeted group of
analytes.
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