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Despite the well-known relationship between the resonance Raman excitation profile and the absorption line
shape, there is scant experimental evidence for effects in absorption or fluorescence spectroscopy related to
the observations of surface-enhanced Raman scattering (SERS). On the other hand, numerous Raman studies
have been done on the SERS phenomenon, where large enhancement factors have been determined. In this
work, the absorption properties of molecules adsorbed on single gold and silver nanoparticles (monomers)
have been investigated, with particular emphasis on an examination of the effect on the spectrum of the
adsorbate. A number of the adsorbates studied are similar to those reported in SERS studies. The adsorbates
can be divided into two classes according to the nature of the interaction with the adsorbent. Class | shows
little change in the absorption spectrum. Class Il shows a large reduction in absorption. The only examples
of an increase in absorption arise from solvatochromic effects. The implication of these observations for the
mechanism of SERS is discussed.

Introduction The EM mechanism is based on the hypothesis that the
superposition of the incident and scattered fields interacts with
he transition moment of a molecule near the surfacgurface
election rules determine the polarization required for enhance-
ment. Local field effects near the surface of a conducting sphere
provide a means for amplification of EM fields near the surface.
Since the Raman cross section depends on the fourth power of
€the transition moment, an amplification of the electric field can,
in principle, increase scattering by a relatively large factor. In
the time-correlator formalism, the resonance Raman scattering
cross sectiongr can be expressed“ds

Since its discovery in 1974, the mechanism for surface
enhanced Raman scattering (SERS) has been a matter o
considerable debate?? It has been widely accepted that there
are two mechanisms for the observed, and at times huge,
enhancement factors in SERS: the electromagnetic (EM) and
the chemical mechanism. The EM mechanism is based on th
interaction of the electric field of surface plasmons with the
transition moment of an adsorbed molecule, whereas the
chemical mechanism is based on the idea that mixing of
molecular and metal states can occur. Although the two are not

necessarily mutually exclusive, the use of roughened geometries 81 2 M. 4

such as island film&!~20roughened electrodés} encapsulated 0n = M(f”[ﬂ“(t)gexp{i(w + gt — T db)?
particles??=25 and particularly aggregated nanoparticle clus- R oh%c* 0 ' 0

ter$°26-40 have tended to substantiate that the EM mechanism )

is the essential orf8,to which the chemical effect may or may
not provide additional enhancement.

Although a large number of theories have appeared to explain
the existence of the SERS phenomenon, the majority of thesestate, andr is the damping constant. The absorption cross

theories tend to ignore the implications for other optical - . .
; . o . section,ua, is related to the resonance Raman cross section as
properties such as absorption and emission. A theoretlcal.ndicateol in eq 27

treatment has shown that the theoretical maximum enhancement
in the absorption spectra of Rhodamine B adsorbed to silver is 2
expected to be approximately 50 for ellipsoidal particles, _ 271oM
whereas for spherical silver nanopatrticles it is expected to be A 3hc
smaller?? On the other hand, the calculated values for Raman

enhancement (SERS) factors of up several thousand reportechithough the absorption line shape and Raman excitation profile
for nanopartic]e Samp|es are consistent with observations in differ because of the difference in their correlation functions
colloidal solutiong33743The enhancements reported in colloidal the prefactors depend avly* and My*, respectively. Despite
suspensions are vastly smaller than the enhancements reportetiis well-known difference in the dependence on transition
in recent work based on single molecule detectin® Given moment, the probability of both processes, absorption and
the number of conflicting reports and theories, it is indeed useful resonant Raman, depends linearly on the intensity of incident
to consider 0ptica| techniques other than Raman Spectroscopyradiation and in turn on the square of the incident radiation field.

that can provide complementary information about the system The intensityl equals 1/2,cE?, whereE is the electric field
and the nature of the enhancement. amplitude of incident radiation. Enhancements of the local

electric field, Eg, will lead to an increase in the transition

*To whom correspondence should be addressed. E-mail: Stefan_Franzen@Probability, as widely discussed in studies of SERS!>4%For
ncsu.edu. Phone: (919)-515-8915. Fax: (919)-515-8909. a spherical metal nanoparticle (herein referred to as a monomer)
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In this expressionyl; is the transition moment of the molecule,
wo is the frequency of incident radiations is the frequency of
scattered radiatiom; is the vibrational frequency in the ground

" i) Cexpli(w; + wot — T} dt (2)
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it has been shown that the tangential and radial fields are asTABLE 1. Adsorbates Used and Their Solvent and
follows:> Nanoparticle Conditions Attempted®

molecule solvent nanoparticlee(M~tcm™) wmax(cm™?) class
2 2 2
E°02E,71 — 4] 3) ICG 1,2

B, C 2.48-05 12 760 Il
CB 2 A, B,C,D 1.4E-05 14 180 1l
2 2 2 CVv 1,2 AB,C 3.9E-04 15720 1l
E°02E,1+d] (4) MG 1.2 ABCDE 20804 15770 |i
MGITC 2 A,B,C,D 7.4E+04 16 200 1l
9= (¢ — e)l(e + 2¢,) (5) RBITC 1,2 AB,C,D,E 45804 18080 |
E5ITC 2 B, C 8.08-04 19 050 |
. . - F5ITC 2 A, B,C,D 2.58-04 20020 |
whereg is a factor related to the polarizability of a metal sphere 1pjTc 2 B,C 2 58-04 29 240 |
with a dielectric function,e, in a medium with dielectric Pyr 1 A,B 3.1E+03 38020 I

constante,. Near the surface plasmon resonance maximum, a Solvent conditions are as follows: = d/d water only, 2= 50:50
approaches—Zeo_ _and g becomes very large prOV'_d'n_g & mixture of water and methanol. Nanoparticle conditions are as follows:
resonance conditiof?. In the case of SERS both the incident A = BSPP stabilized 10 nm Au nanoparticles=Bcitrate stabilized
and scattered waves can experience the enhancement of the locald nm Au nanoparticles, € citrate stabilized 30 nm Au nanoparticles,
plasmon field and the overall enhancement can vary asD = mercaptooctanoate stabilized 10 nm Au nanoparticles,dirate
4EA1 + g]* for the radial field and B41 — g]* for the stabilized 30 nm Ag nanoparticles. The reporteahd wmax values of
tangential field. This field enhancement implies that the the lowest energy band for each compound are reported. Except for

. . . pyridine these are experimental values determined in the mixed solvent
enhancement of absorption or emission intensity should be Fhesystems and may deviate from literature values due to solvatochromic
square root of the enhancement in the Raman scatteringeffects. See text for the definition of class designations.
intensity.

Particle dimension and geometry play a large role in tg the extinction of the relatively small particles utilized here,
determining the enhancement factor in plasmon resonancey paseline offset due to @hangein scattering is observed in
spectroscopy. This has mainly to do with the coupling of some of the data. Moreover, the change in reflectivity above
electromagnetic radiation into the electronic structure of the the plasmon band plays an important role in the observed
metal. In the case of an elliptical particle, the resonances shift spectra. By studying monomer spectra, we can obtain informa-

in frequency and potentially lead to larger local fields at the tion relevant to they-factor enhancement hypothesis on particles
greatest radius of curvature. Aggregates are known to have awith a nearly spherical geometry.

strong effect on SERS as well, in part because rough or fractal
surfaces. cangiverisetoa strong(?r coupling of the electric fielld. Experimental Section
A spherical monomer can be viewed as the smallest entity
capable of enhancemehBtarting with the smallest particles Crystal violet (CV), methyl green (MG), 1iethyl-2,2-
that have a surface plasmon resonance band5(3im), dicarbocyanine iodide (CB), indocyanine green (ICG), rhodamine
monomers can be viewed as the building blocks for more B isothiocyanate (RBI), pyridine (Pyr), and HPLC grade
complex structures with possible surface roughness that can givenethanol were purchased from Aldrich. Eosin 5-isothiocyanate
a specific large enhancement. (E5ITC), 1-pyrene isothiocyanate (1PITC), and malachite green
It is surprising that despite the well-known relationship isothiocyanate (MGITC) were purchased from Molecular Probes.
between the resonance Raman excitation profile and the Citrate-stabilized gold nanoparticles with diameters of 10, 30,
absorption line shape, there is scant experimental evidence for60, and 100 nm (Ted Pella, Inc.) were studied. More stable
enhancement effects in absorption or fluorescence spectroscopypreparations of gold nanoparticles were obtained by replacement
related to the observations of SERSS?2 Surface-enhanced  of citrate by (a) bigg-sulfonatophenyl)triphenylphosphine (BSPP),
infrared effects have been studied for the classic probe moleculeand (b) HS(CH);COOH (mercaptooctanoic acid). Following
p-nitrobenzoic acid?5354 Optical studies on absorption and exchange in solution, excess BSPP was removed by a series of
luminescence by dye-coated silver island films considered the precipitations with salt and methanol followed by removal of
electromagnetic mechanism for coupling between an adsorbatethe supernate and resuspension of the gold in g@. A similar
(dye molecule) and adsorbent (metal nanoparticle or surfdce). procedure was carried out after exchange for the mercapto-
Most studies have included the optical properties of both single octanoate-stabilized nanoparticles. Concentration of the gold sol
particles (monomers) and more complicated nanometer-sizedwas determined by the absorptionaf = 19 200 cn! (521
metallic structure&® Shifts in the plasmon band and large nm) for 10 nm Au andv, = 19 100 cm? (523 nm) for 30 nm
emission as a function of the length and aspect ratio have beerAu. Ag (30 nm) nanoparticles were prepared by standard citrate
reporteck0.56-58 reductiorf® and characterized by TEM. Stock adsorbate solutions
To improve our understanding of the effect of surface were prepared in methanol and dilutions were made with either
plasmons on absorption and emission, we have studied thepure d/d water or a 50/50 vol % watemethanol mixture for
absorption spectra of various molecules adsorbed onto mono-a final concentration in sample ranging from$Qo 10~"M;
meric gold and silver nanoparticles with diameters between 5 however preferential treatment was given to concentrations
and 30 nm. The study is intended to examine the effect of approaching the limit of detection. The adsorbates and their
adsorbate particle interactions on the absorption intensity. The respective solvent conditions tested are given in Table 1.
study of the spectra of adsorbates similar to those studied byStructures for the dyes used in this study are reported in the
SERS11321.32454% spherical monomers represents the first Supporting Information.
step toward a systematic comparison of the effect of surface All absorption measurements were made on a Hewlett-
plasmons on the absorption spectrum of molecules. We recog-Packard 8453 Chemstation photodiode array spectrophotometer
nize that the experimentally observed transmitted optical with attached Chemstation software using 0.5 cm cuvettes.
intensity is reduced by extinction, i.e., both absorption and Centrifugations were made with a Fisher Scientific Micro 14
scattering. Although scattering is a relatively small contribution tabletop microcentrifuge.
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Figure 1. UV—vis spectrum of the class | adsorbate, pyridine (8.20°M), adsorbed to 10 nm BSPP stabilized Au nanoparticles in a 50/50
H,O/MeOH solvent. (A) The plasmon band of 10 nm gold is observed,at 19 200 cnt?. (B) The pyridine bands at 38 020 and 51 000 ¢ém

are shown. The bands from the BSPP stabilizer observed at 43 80Gcenshown as well in the 10 nm Au spectrum (thick line) and mixture (thin
line). These bands are subtracted out in the difference spectrum (---) and compared to free pyridine in solution at the same conegntration (
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Figure 2. UV —vis spectrum of the class | adsorbate, RBITC (£.20°¢ M), adsorbed to 10 nm mercaptooctanoate stabilized Au nanoparticles
in a 50/50 HO/MeOH solvent. (A) The plasmon band of Au@g ~ 19 200 cm! and the RBITCr—x* transition at 18 080 cmt are shown. (B)

A broad band of the mercaptooctanoate stabilizer is observed at 39 840aaich a narrow band due to RBITC observed at 38 760'cifihe
nanoparticle absorption appears to have a second maximum at 46 08Qvben mercaptooctanoate ligands are used as the capping ligand to
stabilize the nanoparticle. There is a small decrease in the mercaptooctanoate absorption in the RBITC difference spectrum (---).

The surface area of the nanoparticles and each of the Samples were centrifuged at 14 000 rpm for 30 min to
molecules was estimated to provide an initial target for the determine if adsorption had occurred during the absorption
concentration necessary for complete monolayer coverage.experiments. After centrifugation, 90% of the supernate was
However, titration of adsorbate molecules provided a more removed from each sample and the remaining pellet was
accurate estimate of the number of adsorbed molecules pemresuspended with the appropriate solvent used in the experiment.
nanoparticle. This number ranged from 500 to 2000 molecules Spectra were then obtained for both the supernate and the
per nanoparticle monomer, depending on the monomer size. Theresuspended pellet. As a control, we also centrifuged the
dye concentrations were thus chosen to be well below the nanoparticle alone and adsorbate alone under the same condi-
aggregation limit of the system. As aggregation leads to a time- tions.
dependent broadening and sHifof the nanoparticle plasmon
spectrum followed by precipitation, it could easily be distin- Resylts
guished from the more subtle changes due to the adsorption of
dye on the nanoparticle. Subtle changes in the plasmon band The observed spectral changes of surface adsorbed molecules
due to the changing dielectric constant around the monomer (referred to as adsorbates) can be divided into two classes. Table
resulting from adsorption are to be expected and indeed 1 lists the adsorbates and the range of nanoparticles studied.
observed.’15:42.50 Class | adsorbates shown in Figures3lLcan in principle

Dilutions of stock solutions of adsorbate molecules were chemisorb to the surface of the nanoparticle. Class Il adsorbates
mixed in equal volumes of the nanoparticle solution. These shown in Figures 4 and 5 exhibit strongly reduced absorption
mixtures were allowed to equilibrate in dark, refrigerated intensity on gold and silver nanoparticles and are electrostatically
conditions for a minimum of 12 h to allow for complete bound. The figures are arranged in order of decreasing intensity
adsorption. As a control, matching concentrations of the of the adsorbate spectrum on the nanoparticle as seen in the
nanoparticle alone and adsorbate alone were prepared and treatedifference spectra. Difference spectra were obtained by subtract-
under the same conditions at the same time ~W\é spectra ing the nanoparticle-only spectrum from the adsorbate-nano-
were taken before and after the 12-h incubation period or at particle mixture. In the difference spectra of the nanoparticle
regular time intervals to observe spectral changes as a functionadsorbate complexes there is an overall reduction in absorbance
of time. of the nanopatrticle in the entire visible region. The intensity
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Figure 3. UV—vis spectrum of the adsorbate MGITC £€10-’M) adsorbed to 10 nm mercaptooctanoate stabilized Au nanoparticles in a 50/50
H,O/MeOH solvent. Note that the spectrum of MGITC alone was acquired using pure MeOH as a solvent due to the partial lyophobicity of the
MGITC solution. As the adsorption processes are identical, MeOH was chosen purely because it produces a less distorted MGITC spectrum. (A)
The plasmon band of Au af, ~ 19 200 cn* and the MGITCrz—a* transition at 16 200 cmt are shown. (B) The bands of the mercaptooctanoate
stabilizer observed at 39 840 ctnare reduced in intensity in the difference spectrum (---). Two bands due to MGITC observed at stabilizer are
observed at 32 890 cthand 35 840 cm!. There is also a reduction in intensity of the MGITC bands in the high wavenumber region.

2 I | | | T T T T
: T B — somau only
: —
® 020 e | e oty
2 & - - Difference
g 0.15 . —
| ?
2 010 :
| < 02 _
0.05
s
0.00 N
15 20 25 30 35 " s ]

3 -1
Wavenumber (x10° cm’™) Wavenumber (x10° cm )

Figure 4. lllustration of class Il adsorbate behavior. The BV¥s spectrum of MG (3« 107% M) adsorbed to 10 nm BSPP stabilized Au nanoparticles

in a 50/50 HO/MeOH solvent is shown. Note that the structure of MG is identical to that of MGITC except for the absence of an isothiocyano
group in MG. (A) The plasmon band of Au and the-7* MG bands are shown. (B) The bands due to the BSPP coating of the nanoparticle are
seen at 43 800 cm. The difference spectrum (---) shows relatively little change in the high wavenumber region.
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Figure 5. UV —vis spectrum of a class Il adsorbate, CB{4.0~7 M) adsorbed to 10 nm citrate stabilized Au nanoparticles in a 504&0MeOH
solvent. The negative absorbance values may have originated from changes in reflectivity following adsorption of CB to the Au nanopatrticles. (A)
The plasmon band of Au and the-7* CB bands are shown. (B) The bands due to the BSPP coating of the nanoparticle are seen at 43.800 cm
The relative intensity of the CB band at 45 300¢ris ~0.65 in the difference spectrum (---) relative to free CB in solution at the same concentration
(++*).

order is also correlated with the energy of the lowest electronic bates are precipitated along with all of the nanoparticles at the
transition as seen in Table 1. A baseline offset is evident in the concentrations shown in Figures-% by centrifugation at 14 000
difference spectra in all of the Figures except Figure 2. rpm for several minutes.

Centrifugation experiments further demonstrate that the spectral The molecules can be divided into two classes called class |
changes result from molecules adsorbed to a gold or silver and class Il based on the spectral features listed in Table 1.
nanoparticle. With the exception of pyridine, all of the adsor- Class | adsorbates typically exhibit difference absorption spectra



Optical Properties of Dye Molecules J. Phys. Chem. A, Vol. 106, No. 28, 2008537

(before and after mixing with a particular nanopatrticle solution) T [ . T T

that are as strong as the absorption spectrum of the dye alone. o
The spectra of these adsorbates are called “additive”. For most 012 "

of the adsorbates there is little or no change in the absorption o010l

intensity due to the electric field of surface plasmons. There is g S R ST
an enhancement in the absorption spectrum of F5ITC by afactor § o.08}-.- P R )
of 5 (data not shown); however, the latter effect is duetoa g |* | S T S0 mm then MG
solvatochromic shift caused by the surface charge of the < 008f.- . 2 1S+ 10nm then Salt 4

nanoparticle. Class | adsorbates pyridine and RBITC adsorbed -’ N NG
on 10 nm Au are shown in Figures 1 and 2, respectively. For 004y Lt
these two molecules the spectra are nearly additive except for P e N
a baseline offset due to a reduction in scattering by the
nanoparticles. Class | adsorbates all have lone pairs capable of
interacting with metal surface in competition with the stabilizing
ligands such as BSP®.Molecules with isothiocyano (ITC)  Figure 6. UV—vis spectrum of MG (Ix 10~° M) adsorbed to 10 nm
groups such as MGITC and RBITC can, in principle, compete citrate stabilized Au nanoparticles in a SOISQQNeQH solvent in

. . . the presence and absence of salt. The comparison is made between the
with and displace citrate or BSPP on the surface of the .  omer colloid ©p = 19 100 cmd) and the spectra of aggregated
nanoparticlé! It is possible that the dyes can displace citrate cglioids in the presence of 100 mM NaCi- and two sample
or BSPP due to interactions of thesystem of the molecule  containing both MG dye and NaCl. The order of addition of MG and
with the surface as well. There is no evidence that the ITC NaCl is compared with the same final concentration of both dye and
groups give rise to stronger binding than interaction of dyes salt. The aggregated colloid solution was prepared by addition of NaCl
that lack the ITC moiety. Pyridine has a weak interaction with f'r:St and trl'e” MG (- - -) compared to the reverse order of MG first and
Ag surfaces and may lie flat on the surface at low covefage. then NaCl € = -).
Adsorbed pyridine has an additional feature; its system of
orbitals adjacent to the metal particle can interact strongly if it
is bound in a geometry perpendicular to the surface. The
example of pyridine shown in Figure 1 is particularly interesting,
given that pyridine is the most studied molecule in the SERS
literature. Raman scattering of surface adsorbed pyridine is
known to be enhanced by a significant factb#321.3245.46
Despite this there is almost no discernible change in the pyridine
band at 51 000 cmt (196 nm) or the vibronic band at 38 000
cm™! (263 nm) shown in Figure 1B. Pyridine is somewhat
anomalous in its weak interaction with nanoparticles. Neither

12 14 16 18 20 22
Wavenumber (x103 cm'1)

compared to the free dye at the same concentration. The
reduction in intensity of MG is only slightly larger than that of
MGITC. It is perhaps more significant that the wavenumber
maximum of the MG (15 770 cm) transition is 430 cm! lower

than that of the MGITC (16 200 cm) transition (Table 1).

Class Il adsorbates are characterized as having absorption
spectra that appear to bleach upon adsorption to nanopatrticles.
Included in this class are CB and ICG, which are both similar
in structure to the pseudoisocyanine molecule used in single
molecule SERS studi¢§ Class Il adsorbates are all positively
pyridine nor the other class | adsorbates show any discernibIeCh"".rg(.':‘O| and are most I|_kely bOL_md to nanopam_cles by electro-

) - . static interactions, consistent with the observation that class I
enhancement in their absorption bands. : . .
: ) . . adsorbates induce aggregation of nanoparticles at lower con-
_Centrifugation experiments show that the dyes shown in centrations than class | adsorbates. Figure 4 shows that the MG
Figures 2-5 and in Table 1 are bound to nanoparticles. Figure apsorption band bleaches upon adsorption to the surface of 10
2 shows RBITC adsorbed to 10 nm mercaptooctanoate stabilized, i, ay nanoparticle. The magnitude of the bleach increases with

Au nanoparticles. The absorption spectrum for RBITC is time and this may be associated with the time required for MG
additive to that of the nanoparticle. Similar results are obtained {5 adsorb to the nanoparticle surface. The bleach of the
with BSPP and citrate stabilized 10 nm nanoparticles and with absorption spectrum of MG shown in Figure 4 is observed after
citrate stabilized 30 nm Ag and Au nanoparticles (see Table 18 h. Figure 5 shows a dramatic example of class Il behavior.
1). Upon centrifugation, the spectrum of the supernate showedafter centrifugation of samples of AM MG adsorbed on the
the amount of RBITC that remains in solution to be insignificant. gyrface of a 0.21 nM suspension of 10 nm BSPP stabilized
When 10 nm nanoparticles shown in Figure 2 were resuspendeday, no recovery of the MG absorption spectrum was observed.
the shifted and broadened plasmon band in the precipitateThe absorption spectrum of another class Il adsorbate, CB is
spectrum provided evidence of aggregation (data not shown).completely absent in the adsorbatenoparticle difference
Control experiments were performed by centrifugation of the spectrum. The centrifugation results for CB and all other class
adsorbate (RBITC) and the adsorbent (10 nm mercaptooctanoatg| adsorbates were similar to those for MG. The samples are
stabilized AU) by themselves under identical solvent conditions. quite stable at the concentration of adsorbate shown in Figures
The RBITC-only control showed no change in the RBITC 1-5 and there was no sign of aggregation after two weeks of
absorption spectrum following centrifugation, whereas the storage (data not shown). These observations confirm that the
nanoparticle-only control showed 100% recovery of the pre- dye concentrations used are well below the aggregation limit.
cipitate as monomer nanoparticles after resuspension. Experiments with class Il dyes on 60 and 100 nm Au particles
Figure 3 shows that the adsorbate MGITC has a reduction in resulted in some bleaching of the absorption spectrum as well.
absorption intensity in nanoparticle solutions. MGITC yielded However, colloidal suspensions of these larger nanoparticles
similar results upon adsorption to 10 and 30 nm gold nanopar- began to aggregate prior to complete adsorption of the dye.
ticles with all three stabilizers (see Table 1). MGITC is a The observation of surface-enhanced Raman scattering in
significant choice since it has a structure similar to MG except solution is usually induced by addition of salt. The role of the
that the trimethylamino group is replaced by an isothiocyano salt is to induce aggregation in the suspension of colloidal
group, which allows for the possibility of chemisorption. nanoparticles. Figure 6 shows the effect of adding 100 mM NacCl
However, the spectral differences are not great since both dyesto a suspension of 10 nm Au particles. The shift of the plasmon
show a decrease in absorption intensity in the difference spectraband of the 10 nm Au particles to lower wavenumber and the
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broadening are well-known indicators of nanoparticle aggrega- that, although adsorbed on the actual surface, one could consider
tion. The point of Figure 6 is to compare the effect of adding the dye molecule to be welinside the particle, optically

both the MG dye and salt. The first observation is that the effect speaking. In the nonhomogeneous case one should consider the
of adding salt is smaller when MG is present. The order of zone around the particles and the embedding solvent as two
addition of the MG dye and salt is important, and a smaller subsystems for which the resulting intensities should be added
effect is obtained when the MG dye is added first and then salt and then the logarithm taken, rather than simply adding the
is added than for the reverse order. There is no obvious MG absorptions as in the homogeneous case. This may lead to an
band in the aggregate spectrum shown in Figure 6. Once againapparent violation of Beer’s law. In the nonhomogeneous case
absorption enhancement is conspicuously absent. Similar effect¢he interaction of adsorbates with a colloidal particle could thus
are obtained with three other dyes representing both classes igive rise to a masking effect of the adsorbate absorption
and Il (CV, ICG, and RBITC) studied by the same method. spectrum. The effective optical particle size depends on the
For CV and RBITC there is a small residual band from the dye frequency and is particularly large just bel@wgich, Where

in the aggregate spectrum. In all cases the presence of the dy¢he interaction of the metal with the electromagnetic wave is

reduces the plasmon shift due to aggregation. large. The plasmon frequency typically represents the frequency
above which a metal begins to lose its ability to conduct. For
Discussion molecular transitions with frequencies> wrrnich the particle

becomes transparent, the optical particle size will approach the
The distinction between additive adsorbate spectra (class I)actual one, and spectra are once again additive or more nearly
and bleaching of adsorbate spectra (class Il) may arise from aso. Inhomogeneity of absorption is consistent with the data in
number of possible effects. We consider (1) an apparent Figures 1-5 since the values @dmax Of the respective molecules
breakdown of Beer's law due to sample inhomogeneity, (2) span the spectral region of the plasmon bangniich.

saturation due to strong electromagnetic fields, (3) surface |n the spectral region nearsich the surface selection rules
interactions, i.e., chemisorption versus physisorption, (4) surface are also predicted to change. The surface selection rules below
selection rules due to differences in orientation, and (5) surface g are those of a conductor. Using the Fresnel equations,
selection rule that is wavelength dependent due to the frequencythe radiation at the surface 5= E;(1 — r) wherer = 1 for a
dependent dielectric constant of gold. These effects may betangential polarization and= —1 for a radial polarization and
interrelated since all of the adsorbates belonging to class | haveE; is the incident electric field.Below wgwmich the surface
either a lone pair or an isothiocyano group that would allow selection rules predict the well-known condition that the
for a perpendicular orientation, as well as chemisorption to the absorption of a molecule will vanish if its transition moment is
surface. The adsorbates belonging to class Il interact electro-parallel to a surface and will be enhanced by a factor of 2 if its
statically (physisorption) with the passivating layer (citrate, transition moment is perpendicular to the surface. In the vicinity
BSPP, or mercaptooctanoate) of the nanoparticle, suggestingof weich the surface selection rules becofe= E(1 — r),

an orientation parallel to the surface. However, there are nowherer = —1 for tangential polarization and= 1 for radial
observable differences that arise due to differences in the polarization. For molecules with transition moments parallel to
stabilizer in any of the molecules that have been investigated.the surface the absorption intensity of molecular electronic
Nor does it appear that the presence of an isocyanate groupransitions will be reduced whabmayx < wrrenich and progres-
gives rise to a systematic difference. In other words, there is sively less affected a®max becomes larger thamgenich. This

no clear evidence for an orientational effect between class | is roughly in agreement with the experimental observations;
and Il. Comparison of the adsorbates in Table 1 shows that thehowever, there is no proof that the molecules adsorb to the
magnitude ofwmax Of the adsorbate relative to the plasmon surface with their transition moments parallel to the surface.
frequency,wp, appears to play an important role, and in fact, For molecules that bind with transition moments perpendicular
we suggest the dominant role. More precisely, the observedto the surface, the absorption spectrum should be observed for
plasmon absorption transition @ggnich, Which is related to Wmax < Orreniich and vanish whemwmax & @erehiich-

the plasmon frequenay, by a geometrical factor. For a sphere  |f the surface field were extremely large, as suggested by
WFrniich = wy/+/3. For 10 nm Au nanoparticlesricn is the theories of surface-enhanced Raman spectroscopy, it would be
observed band at 19 200 cfrin Figures 15. In the following,  possible for bleaching to result from saturation of the electronic

we consider how the optical properties of a colloidal suspension ransition. If we consider the equality of the Einstein B
of nanoparticles give rise to the observed results. Our basic coefficients for absorption and stimulated emission for a two-
model assumes that the dyes interact with the surface throughieve| system, it is theoretically possible to drive one-half of a
either electrostatic binding or chemical displacement, but in population of molecules into the excited state. Under these
either case the transition moment of the dye is largely parallel ¢onditions, for radiation density the upward transition rate
to the surface of the nanoparticle. This model gives rise to a B120 and downward transition rai1p are equal. This condition
simple interpretation based on the well-known surface selection || pe realized in the limit of very high radiation density.
rules on a conducting surface, with the caveat that the saturation does not preclude Raman scattering, and thus, this
conductivity of the surface decreases to zero at the frequencymechanism is also consistent with the observation of SERS.
of the maximum of the plasmon band. We consider the order of magnitude of the electric field
In absorption spectroscopy it is often assumed that systemsenhancement required for saturation to be a plausible explanation
are optically homogeneous so that absorption spectra offor the data observed in Figures-4. For a typical molecule
individual components can be added linearly. Even if the particle of the type considered here with an extinction coefficierr
size is smaller than the wavelength, a colloidal suspension may10 000 M~ cm™t and a photon energy &ii/c ~ 20 000 cnt?,
not always fulfill this requirement, particularly if it consists of we can estimate that an intensity of approximatels 10°
metallic particles that interact very strongly with electromagnetic W/cn? would be required to saturate the electronic transition.
radiation. In that case the effective optical diameter of the The optical pumping transition rate @fal/hv, where o =
particle may be a multiple of the actual diamétEFhis implies 2303/Na (Na is Avogadro’s number), gives rise to an excitation
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rate of 16°s™%. The rate is roughly 10 times greater than typical distinguish from the background scattering offset in the differ-
nonradiative deactivation pathways and would be sufficient to ence spectra.
produce a significant excited-state population. The intensity at  The effects that are observed on the absorption spectra appear
20 000 cmit is approximately ~ 10-® W/cn¥ in the photodiode to follow the surface selection rules expected for a gold surface
array spectrometer. Given that the electric field is proportional if the dyes are adsorbed such that theisystems are parallel
to the square root of the intensity, the required enhancement oftg the surface of the nanoparticle. This occurs regardless of the
the electric field isy ~ 107 in order to achieve saturation under nature of the interaction with the stabilizer. In a simple Drude
the conditions of the present study. The faogoin eq 5 has  model the dielectric constant of goldds= 1 — wZ»? = 0 at
been reported to be as large a8 iltheoretical work; however,  the plasmon frequencyx(= wp). The absorption cross section,
there is no theory that predicts an enhancement dfdd ¢, of the metal particle itself is proportional the squareyof
required for saturation of the absorption transition. Saturation (¢ — ¢.)/(¢ + 2¢,), as given above in eqgs 1 and 5, respectively.
and thus the electromagnetic mechanism of enhancement cannoAt the Fréhlich frequency, the denominator approaches zero
explain the observed disappearance of the molecular absorptionsincee = —2¢, andoa goes through a maximuft. Thus, in
of class Il adsorbates. solution |¢] ~ —4.4 at the Ftblich frequency, but it becomes
The role of orientation is difficult to disentangle since the rapidly negative on the lower wavenumber side of the plasmon
molecules that chemisorb will also tend to have a more band @ < wgmich). The large negative dielectric constant
perpendicular orientation with respect to the nanoparticle implies that gold acts as a reflector to the red of the plasmon
surface. The observation that the relative intensities of bandsband. For molecules whose transition moments are parallel to
on a single molecule vary depending on the relationship. the surface, there is a cancellation of the field and no spectral
and wrrenich IS Most important for deciding between inhomo- features will be observed fap<< wewnich iN accordance with
geneity and surface selection rules as the explanation for thethe surface selection rul&sThe important observation here is
data. Inspection of panels A and B in Figures®reveals that  that complete cancellation is observed=af00 nm (14 300
in every case the electronic transitions above the plasmon bandcm™1), where|e| ~ —16 for bulk Au. On the other hand for
have greater relative intensity than those betoan on the same @ > wrwhich gold acts as an insulator. Thus, there is no surface
molecule For example, the dye cyanine blue spectra shown in cancellation of fields that interact with adsorbed dye molecules,
Figure 5 provide strong evidence for a mechanism for reduction and spectra are observed even for molecules that lie flat on the
of absorption intensity due to the relative change in particle surface. The surface selection rules are predicted to change at
conductivity abovevgich. CB has two electronic transitions  the resonance condition so that the electric field does not cancel
with wmax at 14 200 and 45 250 crb, which are below and and a dye molecule with a transition moment parallel to the
abovewrich, respectively. The former vanishes entirely (Figure surface will be observet.Hence, we see that molecular
5A), while the latter is attenuated by a factor of 1.6 (Figure absorption spectra at or abowgmicn are not affected by the
5B) following adsorption onto a nanoparticle. Since both particle and are additive with the nanoparticle spectrum.
electronic transitions are on the same molecule, this suggests The above model for the electromagnetic mechanism for
that a change in the interaction of electromagnetic radiation with interaction of molecules with nanoparticles provides the simplest
the molecule arises from the change in surface reflectivity of explanation for the observations in this study as well as being
the nanoparticle above the plasmon band. CB is electrostaticallyimportant for consideration of the mechanism of Raman
bound to the surface layer (citrate, BSPP or mercaptooctanoatekcattering. The monomers studied here are small isolated
and its transition moment must be nearly parallel to the surface. nanoparticles that would not be expected to show enhancement
In this case, the surface selection rules would indicate that novia an electromagnetic mechanism. However, experiments
absorption intensity for CB should be observed betowméniich carried out using particles of 30 nm and even 60 nm radius
and some intensity should be observed as the particle becomeshowed similar results, raising the issue of how these results
nonconducting abovevrrich. The correlation of transition  bear on the observation of single molecule SERS. The real issue
energy relative ternich With the observed absorption intensity is to precisely define the term “single molecule” in a SERS
is consistent with a role for surface selection rules. There are experiment. The present study suggests that SERS on a single
two further hypotheses that can be considered correspondingcolloid is not likely to be observed. It is difficult to rationalize
to the electromagnetic and chemical mechanisms for surface-a SERS enhancement mechanism for a molecule whose absorp-
enhanced Raman scattering, respectively. In the following we tion is bleached, no matter what the mechanism.

show that neither of these can eXpIain the absorption data These observations are in agreement with a |arge body of
presented here. data that suggest that SERS enhancement is small or absent for
In surface-enhanced Raman theory, a chemical mechanismmonomer colloids and is only observed when salt is added to
of enhancement has been presented as an alternative to thénduce aggregatio#1.43446668 However, the experiments shown
electromagnetic mechanism. The chemical mechanism may arisén Figure 6 and other similar experiments indicate that there is
from mixing of metal orbitals with orbitals on a molecule, no large increase in absorption cross section when salt is added
providing charge transfer states that provide a resonant Ramarto a metal colloid/dye suspension. The electromagnetic mech-
mechanism at much lower energies than those available in theanism is likely to be important for larger more corrugated
free molecule. Thus, the chemical mechanism could be a structures with length scales of the order of the excitation laser
manifestation of resonance Raman enhancement. Such a mechight (=500 nm). Although the enhancement of a single
anism could only hold for molecules that are bound to the molecule on a large structure is possif#fié%7°the reduction in
surface, i.e., class | molecules. However, these molecules doabsorption intensity adsorbates such as CB presents conceptual
not show any enhancement in their absorption spectra. Absorp-problems for large Raman enhancements for any near-infrared
tion bands at 19 720 and 18 620 thnsuch as those observed dye’Y74 In a suspension there are many phenomena that can
in 2 nm gold particles with adsorbed RBITC, are not observed give rise to observed spectral features. It is relevant to note that
in the larger colloids studied heteWeak charge-transfer bands cyanine dyes show excitonic red shifts formation of J-aggre-
may be present in some of the spectra, but these are difficult togate$®> 77 and large solvatochromism even in the absence of
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nanoparticles. In fact, the presence of nanoparticles may result (40) Kang, S.Y.; Jeon, I. C.; Kim, KAppl. Spectroscl998 52, 278~

in a bleach of J-aggregate spectfahe nature of extremely

large electromagnetic enhancements reported in surface-
enhanced Raman observations is still in need of further study.
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