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We present time dependent density functional theory (TDDFT) calculations for a tetrahegyaofplex
interacting with pyridine for the purpose of modeling absorption and surface enhanced Raman scattering,
with emphasis on chemical and electrodynamic enhancement effects. These calculations are done using the
ADF code with the BP86 functional, the zeroth-order regular approximation and with the resonant electronic
response modeled using a short time approximation expression for the perturbed density matrix, with a damping
factor that is empirically chosen. The absorption spectrum of bage #hwws strong intraband (sigp) and
interband (sp-d) coupling with a low-energy peak at 2.89 eV that is mostly intraband and other peaks at 3.94
and 4.70 eV that have mixed intra- and interband character. SERS spectra are calculated for pysidine/Au
for both vertex (V) and surface (S) configurations at their respective lowest energy absorption maxima (near
2.89 eV), and we find that the V configuration has higher intensities that correspond to SERS enhancements
of 10°—10% whereas S has an enhancement ¢f1@°. These enhancement values are significantly lower
than the analogous results for pyridinefdgrimarily because of reduced oscillator strength associated with

the intraband transition in Ay Decomposition of the pyridine/Aw enhancement factor into chemical and
electromagnetic contributions (through an analysis of the static SERS intensities) shows enhanced chemical
enhancements compared toAdut reduced electromagnetic enhancements.

Introduction to interband transitions, so significant electromagnetic enhance-
ments are not expected. However, there are complicating factors
in this assessment due to particle morphology effects, surface
coverage effects, and “chemical” enhancement effects, so
perhaps it is not surprising that there has been considerable
confusion as to when the observed spectra should be properly
labeled as SER spectra. As examples of this, a recent study
for adsorbates. The magnitude of the enhancement is affecte?U998Sts that some Qf the _dn‘ferences In .SERS of aqueous
by various factors such as the substrate material, surfacepyrldlne adsorbed on silver, nickel, and cadmium surfaces Versus

gold, copper, and iron surfaces may be due to the formation of

roughness, and laser excitation wavelength, as well as other

factors such as the solvent, electrochemical potential, coadsor2" a-pyridyl species on the latter three metalshereas other

bates, and nanoparticle/colloid aggregation. Typical SERS studies indicate that the Raman band shape is due to the strength

enhancements are of the order of3Q0?, but enhancements .Of the molecule-metal bond: A good understgnding of the
of 10%—10'5 are possible and may facilitate single-molecule mfluenc'e of the metal substrate on the.cher.n.|cal and electro-
SERS! 6 Although the experimental conditions are highly magnetic enhancem«_ent mechanisms is critical for a more
complex, it is generally accepted that two primary mechanisms complete understanding of SERS.
account for the sizable enhancement factors. The largest Gold clusters have attracted considerable interest lately due
enhancements often arise from electromagnetic factors due tof0 their potential technological applications. Single molecule
increased local fields near roughened surfaces, colloids, ore€lectronics with gold nanowires show promise in the field of
nanopartic|es as a result of p|asm0n resonance excitation’ Whichﬂ&ﬂOG'GCtronngThe selective blndlng of thiolate-functionalized
is a collective excitation of the metal conduction electrons. In DNA to gold nanoparticles has initiated new methods of self-
addition, chemical effects from metal-molecule charge-transfer assembly.>!! Gold nanoparticles exhibit novel optical, elec-
excitations and other changes in the electronic properties of thetronic, and magnetic properties such as chiroptical activity in
molecule upon adsorption play an important role in SERS. glutathione-passivated clustéfsGold clusters also display a

A number of metals besides silver have been suggested advigh resistance to oxidatior.In addition, small gold clusters
being capable of producing SERS, including gold, copper, on metal oxide supports have been found to be good catalysts
nickel, aluminum, iron, platinum, rhodium, ruthenium, cadmium, for the oxidation of small molecules such as CO and“H>
indium, and sodium. Although some of these metals can (at The structures of many of these clusters have been hotly debated,
least at some wavelengths) exhibit strong free electron responsévith planar structures established for the smallest gold clusters
that is analogous to that found for silver, and therefore can and three-dimensional structures predicted for the larger gold
participate in plasmon mediated electromagnetic enhancementlusters (see refs 1619 and references therein). Recent
effects, others have strongly damped plasmons due to couplingPhotoelectron spectroscopy and relativistic density functional
calculations strongly predict that Aghas a tetrahedral geometry
*To whom correspondence should be addressed. similar to a fragment of bulk face-centered cubic (fcc) gid.
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Since the initial discovery of surface-enhanced Raman
scattering (SERS) for pyridine on electrochemically roughened
silver electrodesand the subsequent recognition of the phe-
nomenor%3 SERS has become an important analytical tool due
to its low detection limits, sensitivity to the molecular environ-
ment, highly enhanced vibrational signals, and good selectivity
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This similarity suggests the use of this cluster as a model of Computational Details

the bulk surface where each of the four faces of the tetrahedron ) . S .
represents a (111) surface. In addition, the apex and edge atoms Al calcula_t|ons discussed in this work were per_formed with
have different coordination environments and may also provide a local version of7the Amsterdam Density Functional (ADF)
useful sites for catalysis and other applications. Recently, a2005.01 progrard’ The molecular structures of the species

: ; o . ; tudied were calculated at the density functional (DFT) level
triphenylphosphine-stabilized Agicluster was synthesized in S ; .
solution2! which highlights the current level of control over of theory using the gradient-corrected Becke-Perdew (BP86)
gold n an oparticles exchange-correlation functiod&f°because this functional often

Electronic struct wdi ¢ molecul dsorbed ¢ Iyields harmonic frequencies that are close to experimental

fec ro;uc S tr#c ur(te Stl.J |IteS OI m(;) ?Cltjhes ?1 sor Ie hon metaly auesto A triple-¢ with polarization functions (TZP) Slater type
surtaces have e potential to eluciaate the physical pnenomeng, s st \yas utilized with a 2414 frozen core for Au and
involved in SERS. Since electronic structure methods are limited

by hiah tational d d { . SERS studi a [19] frozen core for the first row elements. The zeroth-order
y high computational demands, most previous stu IeSregular approximation (ZORA) was employed in the calculations
have used single metal atoms or small clusters to represent th

&0 account for the scalar relativistic effeétCalculations were
metal surfacé:22-28 Although most of these studies focused on

. ; e . ; s un using the highest molecular symmetry possible for each
static Raman intensities, a few previous investigations have usedg;,cture Ta for Auso, Ca, for pyridine, andCs for the metat-
. . il v i)
time-dependent Hartree Fock (TDHF) theory to treat (J!ynamlc pyridine complex). The SCF convergence was tightened t8. 10
Raman processé8 Other researchers have combined a A" gradient convergence criterion of 10 and an energy
polarizable dipole treatment of the metal with a TDHF evalu-

. R . ities in ord ine the el convergence criterion of 18 were used in order to obtain well-
atlo_n of Raman intensities in order to examine the electromag- converged geometries. Frequencies were calculated numerically.
netic enhancements.

A list of the optimized geometries and harmonic frequencies
The recent implementation of a short-time approxim@fon  for each structure considered in this work is given in the
to the Raman scattering cross section within time-dependentSupporting Information.
density functional theory (TDDFT) enables the calculation of  Excited states were calculated using time-dependent DFT
both normal and resonant Raman scattering intensities for (TDDFT). The tolerance was set to F)and the orthonormality
molecules adsorbed on larger metal clusters than have beerwas set to 10 (Further information about these technical
studied previously. This method has been used to examine theparameters is available in the online ADF mandaFpr Auko,
resonant Raman scattering for uréipyrene3® and rhodamine  only electronic transitions from the ground state to singlet T
6G2* as well as the surface enhanced Raman scattering ofexcited states are dipole allowed, so only singkihglet
pyridine on a tetrahedral Agparticle’®® and of pyrazine atthe  excitations to these states were evaluated for the optical
junction of two Agy clusters®® For pyridine/Ag, the calcula-  absorption spectrum. A total of 150 states were examined for
tions suggest that SERS enhancement factorsdrE0possible,  the metal cluster, whereas 600 states were examined for the
which shows that SERS is not limited to larger nanoparticle metal-pyridine complex. For the Al spectrum corresponding
systems, in spite of the expected damping of plasmon excitationto photodetachment, 600 singlet and triplet states were consid-
in small clusters due to electron scattering from the particle ered.
surfaces. For small silver clusters, the optically bright state is  The real and imaginary polarizabilities were computed using
not a true plasmon excitation, as it is dominated by few electron the AORESPONSE moduféand a short-time approximation
transitions. However resonance Raman scattering involving thisto evaluate the perturbed density matrix (and from this the
state produces enhanced Raman scattering in the adsorbeétequency dependent polarizabili$)A damping parameter of
pyridine due to electromagnetic coupling between pyridine and I' = 0.0037 a.u. (which is determined by the dephasing time of
the cluster. Chemical contributions to the enhancement are alsathe conduction electrons) was previously found to be reasonable
possible, so the TDDFT calculations provide useful mechanistic for modeling the absorption spectra of silver clusf&.We
information that relates closely with the true SERS process. have used this same value for consistency in this study, which

In this work, we examine the physical phenomena that result should be reasonable for the conduction electron response given
when pyridine is adsorbed on gold (represented by they Au that silver and gold have nearly the same Drude width. A less
cluster). Gold provides significant challenges compared to the certain issue in this calculation is the treatment of the damping
earlier work on silver due to important relativistic effects that of interband transitions. Although damping is expected to be
cause strong interactions between conduction band and interbangtronger for these transitions, limitations of the code we
transitions. However, despite the challenge, the ability to do have used have forced us to use the same damping parameter
theoretical studies of gold is important for a number of reasons. for all excited states. We will assess the influence of this
Gold nanoparticles exhibit free electron response and thereforeapproximation in our analysis below.
plasmon enhanced Raman scattering at long wavelengths and In the TDDFT calculations, the numerical integration ac-
then highly damped response due to interband transitions andcuracy of integrals for the Fock matrix elements and energy
no significant SERS activity at short wavelengths. Small gold terms was increased to 10 The adiabatic local density
clusters have well-defined structures and well-characterized approximation (ALDA) was used in all polarizability calcula-
coordination Chemistry as noted above, and a|though the SERStionS. Polarlzab”lty derivatives were calculated by numerical
activity of small gold clusters is unknown, there have been differentiation with respect to the normal mode displacements.
several studies of other Optica| properties of size-selected As in ref 35, differential Raman Scattering cross sections are
clusters, so there is a body of data that can be used forPresented in this work. These are calculated by
calibration. Our studies in this paper will focus onA\as this
has a well-defined structure and only two high-symmetry do _ 7 v h 455 2 +
coordination sites. We will use pyridine as the adsorbate, asﬁ_?(w wp) 87%cw [ %p
this has often been used for SERS work, and comparisons with P
earlier TDDFT studies of pyridine/Ag will provide an 7y 2 1 (1)
important calibration for the present calculations. Pl45(1— exp(—hcw /ksT))
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where 482 + 7y'/? is the scattering facto’, andy’, are Auy, excitation spectrum
the isotropic and anisotropic polarizability derivatives with - - -

respect to th@th vibrational mode, respectively, andandw,

are the frequencies of the incident radiation and ptle
vibrational mode, respectively. The polarizabilities consist of
both realofy(—w;w) and imaginaryo,,,(—w;w) components,
which can be expressed By
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Figure 1. Calculated optical absorption spectrum of the tetrahedral
ERPRY 2 2 2 Auyo cluster. The peaks are broadened by a Lorentzian with a half-
oy — )"+ (ot o)+ F(g) width of 0.2 eV.

B INTBlatgli 0 Bl NIt
| N =
Aup(—wiw) =T +

Au,, excitation spectrum (singlet and triplet states)

whereI is the damping parametes, is the dipole moment 500
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Results and Discussion >

g 300 |
Augyo Excitation Spectra. The inclusion of scalar relativistic E 250 |
effects has a dramatic impact on the structure ofpAwhereas 3'; 200 +
this has a negligible impact for Ag The calculated optical Z 150
absorption spectrum of tetrahedral.Agonsists of a single peak 2 00|
at 3.5 eV, which is created by a strong sp intraband transition. - so |

When scalar relativistic effects are considered, the oscillator 0
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strength is reduced by 40% compared to nonrelativistic calcula- 15
tions* For Aup, the average AttAu bond length is 2.775 A Encray (V)
which is a decrease of 0.177 A or 6% compared to a Fi L

L . - . igure 2. Calculated A, excitation spectrum relevant to photode-
nonr_(:"l_at'_v's“c Cal?mat'on' Furthermore_, _the consideration of tachment spectroscopy. The distribution of excited singlet and triplet
relativistic effects in gold clusters has critical consequences for states is fit with unit-area Lorentzian functions with a half-width of
the optical absorption spectrum as a result of the alterations in0.05 eV.
the orbital energies. For a single gold atom in a nonrelativistic
calculation, the energy difference between the 6s and 5d orbitalsXep,, and AuXent (n = 7, 9, 11, and 13 andh = 1 and 2)
is 3.965 eV. After scalar relativistic effects are included, this show a lowest energy peak near 2.9 eV (for the highealues)
energy difference is predicted to be 1.190 eV. As a result, the that is blue-shifted with respect to the plasmon peak at 2.4 eV
d orbitals are better able to mix in the excitation spectrum.  that one finds for 10 nm gold particles or which is calculated

The electronic structure of the Adgicluster is characterized  according to Mie theor§® The blue shift is thought to reflect
by a filled d band that slightly overlaps a group of sp hybrid the effect of electron “spill-out” on the conduction band energies
orbitals. The sp orbitals include both the highest occupied of the surface Au atoms (all of the atoms in these clusters are
molecular orbital (HOMO) and the lowest unoccupied molecular surface atoms), as this leads to weaker coupling of the
orbital (LUMO). A set of predominantly p type orbitals appears conduction and interband transitions. The results in ref 45 for
at higher energies. The excitation spectrum (shown in Figure highern also show strong absorption at energies above 2.9 eV,
1) may be decomposed into contributions from-sp intraband including a broad peak near 3.8 eV that matches our peak at
transitions, sp-d interband transitions,psp interband transi- 3.9 eV. There is also strong absorption above 37 000cm
tions, and p-d interband transitions. The spl transitions form (4.6 eV)? but the agreement with our peak at 4.7 eV is less
a broad background in the spectrum. The low-energy excitationsapparent.
are dominated by spsp intraband transitions, although the-gp In photodetachment studies, measurement of the kinetic
transitions also play a role. The first significant maximum in energy of an electron ejected from an anionic species yields
the theoretical spectrum occurs at 2.893 eV, which is in good information about the relative energies of the ground and excited
agreement with the measurements reported by Collings et al.singlet and triplet states. The transition is not restricted by
for various gold cluster® These results also qualitatively agree  symmetry selection rules because the ejected electron can carry
with a previously reported spectrum for Auhat was calculated  any necessary angular momentum to make the process electric
using the LB94 function&l® although the LB94 spectrum may  dipole allowed. Experimental photodetachment studies of the
slightly overestimate the excitation energies, and a previously Au,,~ anion predict the gap between the ground state singlet
reported spectrum that was computed using the BP86 functionaland first excited triplet state to be 1.77 é848In addition, large
with the LANL2DZ effective core potential basis gét. peaks can be noted at energies corresponding to 2.2, 2.7, and
Experimental studies of gold clusters reinforce the trends 3.1 eV above the ground staf®*® These peaks are well-

observed in this work. The optical absorption spectra fof-Au  reproduced by the theoretical spectrum shown in Figure 2.
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Figure 3. Configurations of the twdCs pyridine—Auz, complexes Figure 4. Calculated optical absorption spectrum of the V-complex.
considered in this study. . _—
pyr-Au,y, surface excitation spectrum
TABLE 1: Calculated Bond Distances, Binding Energies, 0.06 "
and Charge Transferred from the Metal to the Pyridine >80% CT
(Based On VDD Charges) for Pyridine-M,; Complexes (M 005 — 25-80% CT
= Ag or Au) g [ =— '225% €T
bond binding charge oot 0.04
distance energy transferred =
complex A (kcal/mol)  (electrons) E:j“ 603
pyridine—Auso (vertex) 2.23 -17.13 0.27 -
pyridine—Auy, (surface) 2.33 —5.54 0.20 g "
pyridine—Agzo (vertexy 2.46 -9.19 0.13 = 0.02 ¢
pyridine—Agzo (surface} 2.66 —1.99 0.11 ‘g [
aReference 35. | m
0 | JIIIJI.;JI Ils_. I
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Pyridine—Auyo Ground State Properties.As discussed in
the Introduction, the Asp cluster may be viewed as a fragment
of the fcc lattice of bulk gold. Two of the possible binding energy (V)
modes to this cluster include binding to a vertex atom (denoted Figure 5. Calculated optical absorption spectrum of the S-complex.
the V-complex), which can represent an adatom site, and binding
to one of the four faces (denoted the S-complex), which can V-complex, four CT excitations are predicted between 1.97 and
represent binding to the (111) surface. These two configurations 2.02 eV with oscillator strengths from 0.001 to 0.005 a.u. The
are shown in Figure 3. For each complex, the binding energy, remaining CT excitations are almost entirely hidden by metal
bond length between the N atom and the closest gold atom,metal transitions. For the S-complex, no CT excitations are
and electronic charge transferred from the metal cluster to the predicted to lie in regions of the spectrum away from metal
pyridine are shown in Table 1. As for silver, the binding metal transitions. It should be stated that DFT is known to
interaction for the V-complex is stronger than that for the underestimate the excitation energies for long-range CT states
S-complex. The binding interaction for both binding sites is in weakly interacting complexes due to incorrect asymptotic
stronger when the pyridine interacts with gold rather than silver, behavior of approximate exchangeorrelation functionals (i.e.,
as may be expectédThe electronic charge transferred to the the self-energy erroPf thus, it is possible that the CT excitations
pyridine is slightly greater for gold than for silver based on will occur at higher energies where they would be further hidden
calculating the Voronoi deformation density (VDD) charges. by metat-metal transitions. In general, these calculations
These charges are computed by spatial integration of the electrorsuggest that the experimental observation of CT bands for the
density function over an atomic domain and have similar values pyridine—Auzo system will be challenging.
to Hirshfeld charge$’ Using the transient reflecting grating (TRG) method, Sawada

Charge-Transfer Bands in Excitation Spectrum.For gold, et al. suggest the existence of charge-transfer transitions between
the involvement of the d-electrons increases the intricacy of 500 and 650 nm (1:92.5 eV) for the pyridine-gold system,
the excitation spectra for the V- and S-complexes (Figures 4 particularly at the longer wavelengths, based on increased decay
and 5) compared to the corresponding spectra for Ag. The times for the TRG signals of the pyridine-adsorbed roughened
presence of a pyridine molecule near a metal cluster or surfaceSERS active substrate than the nonactive substrdtefact,
may result in new charge-transfer (CT) excitations from the these predicted transitions would be close to the calculated
metal to the molecule. Transitions that are composed of at leastcharge-transfer states-ag eV for the vertex (adatom) structure
80% CT character (defined as an excitation from occupied (Figure 4). This could also support the idea that certain
orbitals in the metal cluster to unoccupied orbitals on the adsorption sites facilitate charge-transfer.
pyridine molecule) are shown as solid red lines. Transitions with  Polarizability Maxima for Complexes. For a given system,
25—80% CT character are denoted by dotted blue lines. The the magnitude of the isotropic imaginary polarizability is
remaining transitions, which are composed principally of metal  proportional to the excitation spectrum. The first major maxi-
metal excitations, are represented by dashed grey lines. For thenum in the excitation spectrum occurs around 2.7 eV for the

15 23
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V-complex and 2.9 eV for the S-complex (Figures 4 and 5). 0.08 . ; .

This maximum in the V-spectrum is significantly red-shifted (@) 1021

(~0.2 eV) from the Ay cluster maximum at 2.89 eV. The 097 977

maxima in the imaginary polarizability for the V- and S- 46 | |
complexes occur at 464 nm (2.67 eV) and 429 nm (2.89 eV), 2

respectively. g 005

1

3l

Enhanced Raman Scattering.Static Raman Scattering
Spectra.The static Raman scattering spectra can be used to
characterize the chemical component of the SERS enhancemen
mechanism, as enhancements in the static intensities arise fromr
physical phenomena such as changes in the electronic properties
of molecules and charge-transfer excitations that arise from 001 f 1465
molecule-metal interactions. The static Raman spectra for gas-
phase pyridine and the vertex and surface orientations of the
pyridine—Auyo complex are shown in Figure 6. The pyridine
cross section is calculated assuming an excitation wavelength
of 514.5 nm in the prefactor of eq 1 but with = 0 in the T - .
scattering factor and is of the order of #8 cmé/sr. The (b) 14 999
pyridine/Au cross sections are also calculated assuming an
excitation wavelength of 514.5 nm in the prefactor of eq 1 and
are of the order of 1% and 103! cn?/sr for the vertex and
surface complexes, respectively. The effects on the pyridine
spectrum due to incorporation of the scalar relativistic effects 7 0.8
are negligible (for comparison, see Figure 5a in ref 35). Two
intense modes at 977 and 1021 ¢ndominate the spectrum.
The modes at 1572, 1566, and 1205¢ralso have significant i
intensity. et

Upon complexation to the metal cluster, the frequencies of 02 1466 k
several modes shift significantly. For the V-complex, the largest B ;
changes are blue shifts of 17, 22, and 26 ¢ffor the pyridine 1800 1600 1400 1200 1000 800 600 400
modes at 1572, 977, and 599 tnFor the S-complex, these i
modes are blue-shifted by 13, 17, and 19 énrespectively. — Seayemyuiber(om )

These modes have; ssymmetry, and the latter two have (c) 023 ' 1021 '
significant vibrational motion along the-NAu bond. For silver,

the former two modes are shifted by 13 and 14 éror the
V-complex and by 8 and 10 crhfor the S-complex. The larger
mode shifts for the gold V-complex than for the gold S-complex -
and the silver complexes can be associated with the greater
strength of the bonding interaction (Table 1). These findings
agree with previous results for monatoifiand diatomié®
pyridine complexes.

The intensity enhancements are determined from the scat- et 1585/1564
tering factor. For the V-complex, the intensities of the most 005 | k 1199

|

004 g

003 | 1572/1566
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intense Raman modes increase by about a factor of 20 comparec

to the gas phase intensities; the enhancements vary from about 0
a factor of 3 for the mode at 1025 cito a factor of 55 for 1800 1600 1400 1200 1000 800 600 400

the mode at 1589 cm. In contrast, chemical enhancement wavenumber (cm™")

foects_ for the V-complex of pyndm.e on SIIver_ result in _an Figure 6. Calculated static Raman spectra of (a) pyridine and the (b)
intensity enhancement of abouB®8This may again be due in  \grtex and (c) surface pyridineAuzo complexes.

part to the stronger chemical bonding of pyridine to gold. For

the gold S-complex, the intensities are enhanced by about a Resonant Raman Scatteririgesonance between excitations
factor of 3, which is similar to that found for silvér. in the metal and the incident field leads to electromagnetic
For the V-complex, the relative enhancement of the 999'cm  contributions to the Raman enhancement in addition to the
peak is much greater than the enhancement of the 102% cm chemical enhancement that determines the static spectrum. In
peak for the gold substrate compared to the silver substrate. Inthe resonant Raman scattering calculations, the excitation
addition, the peak at 624 crhis more pronounced. For the wavelengths were chosen to correspond with the maxima in
S-complex, the chemical enhancement of the 1021'queak the imaginary polarizability for the V- and S-complexes (464
is greater than the enhancement of the 994cpeak, although and 429 nm, respectively). The cross sections are of the order
the differences between the gold and silver spectra are slight.of 1072 and 102° cn?/sr, which correspond to overall
A peak at 860 cmt is pronounced in the gold spectrum, whereas enhancements of $810* and 16—10® for the V- and S-
the peak at 607 cnit is not visible. Overall, the vertex = complexes, respectively (Figure 7). For the V-complex, an
orientation exhibits a greater sensitivity to the substrate, which electromagnetic enhancement of2400° may be roughly
results in strong chemical enhancement effects for the pyridine- estimated by dividing the overall enhancement factor by the
Auyo V-complex. chemical enhancement factor of 20. For the S-complex, the

AL .
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300 . : . . mode. In addition, the intensity of the mode at 618 ¢ém
(a) 1589 becomes significant.
250 The experimental Raman spectrum of pyridine on a rough-
ened gold substrate exhibits an intense peak at 1013 &on
200 1 the totally symmetric ring breathing mode, whereas the peaks

at 1597 and 1213 cm are less intense than this mode (Figure
7¢).” In the predicted spectrum for the V-complex (Figure 7a),
the peaks at 1589 and 1200 chare stronger than the peak at
999 cnt?, which is the opposite to what is seen in the roughened
gold substrate experiments. In fact, the experimental spectrum

1200

999

150

100

dod@ (10 cm?¥sr)

50 1026)| ?‘?”34 409 seems more like the spectrum of the S-complex (Figure 7b),
1467 M JL which could be an indication that a larger proportion of binding
Y : : : sites yield S-complexes than V-complexes. Thus, it is possible
1899 160 a0 1309 1000 _?““ 00 e that S-complexes dominate the experimental spectrum. However,
wavenumber (cm ) even the S-complex spectrum is not a perfect match with the
40 : : : : experimental results, as the peaks at 1463, 1059, and 618 cm
(b) i 618 are significantly over-estimated by the calculatidnghese

994 differences may be due to the use of af\cluster rather than
a roughened gold surface, and we also note that the measure-
ments refer to much high surface coverage than we have studied.
Coverage effects could lead to pyridines that are not as strongly
interacting with the surface as we have modeled, leading to an
observed spectrum which is more like that of gas-phase pyridine.
Excitation Wavelength DependenceOne difference be-
tween the resonant Raman scattering calculations feg @is
work) and Agy (ref 35) relates to the excitation wavelength at
which the calculations are performed. Whereas the silver cluster
0 : . L : - has a single strong excitation at 3.44 eV due to an intraband
1800 1600 1400 1200 1000 800 600 400 transition, the gold cluster has a more complicated absorption
wavenumber (cm’™") spectrum. Although the first substantial maximum occurs at 2.89
eV and corresponds to a collective intraband transition in
(C) analogy to the silver cluster, other maxima in the computed
gold absorption spectrum fall at higher energies (3.94 and 4.70
eV) and have greater intensities. These other maxima involve
mixed intraband and interband excitation, so it is of interest to
determine if the enhancements are larger or smaller than for
the pure intraband excitation that was considered in Figure 7.
- , : I 3 In making these comparisons, however, we should note that
200 1000 e 2600 90 the damping factor was assumed to be the same for both
Raman Shift (cm") intraband and interband transitions, so possibly larger damping
Figure 7. Calculated resonant Raman spectra of pyrigiAeo (a) associated with interband transitions is not included.
vertex and (b) surface complexes. (c) Experimental SERS spectrum of At the absorption maximum for the silver V-complex (3.42
pyridine on gold from ref 7. eV/363 nm), the oscillator strength for the gold V-complex is
. . . less than the oscillator strength at its first maximum at 2.67
electromagnetic enhancement is predicted to be of the order Ofev, although the absorption cross sections have the reverse
10%. The overall enhancement factors for the gold complexes ,gering due to the higher frequency of the 3.42 eV excitation.
are less than the corresponding overa!l enhancement factors fokye find that the Raman scattering factors vary as the square of
silver. For the V-complex, the reduction in the enhancement e oscillator strength, with that at 363 nm being approximately
factor is 1 order of magnitude compared to the values reported 5 factor of 0.65 times the scattering factor at 464 nm. The ratio
in ref 3552 When scalar relativistic results are included, the of the oscillator strength at 363 nm to the oscillator strength at
enhancement factor for silver is reduced by an order of 464 nm for the V complex is 0.83. At the same time, the Raman
magnitude’? so the two metals have similar enhancements for cross section for pyridine at the shorter wavelength is estimated
the V-complex. For the S-Complex, the enhancement factor is to be grea’[er by a factor of 2, as shown in Figure 8, due to the
reduced by 2 orders of magnitude relative to scalar relativistic (4 — wp)* prefactor in the cross section expression. However,
results for the silver. As a consequence, the gold cluster this prefactor is divided out in defining the enhancement factor,
enhancement factors are smaller for the S-complex than for theso our overall conclusion is that the enhancement factor
V-complex, whereas the opposite is true for the silver cluster. maximizes at the longer wavelength (464 nm). This result will
For the V-complex, the modes at 1589 and 1200 tare be amplified if there is more significant damping at shorter
enhanced relative to the mode at 999 ¢énn the resonant wavelength. Thus, we see that the highest enhancement factor
Raman calculations. The trigonal ring breathing mode at 1026 is associated with the intraband transition maximum.
cm ! continues to have a small intensity relative to the 999  Due to the prefactor in the cross section expression, the cross
cm~! symmetric ring breathing mode. For the S-complex, the sections for the V-complex of pyridireAu,o are predicted to
intensity of the 1021 cmt trigonal ring breathing mode  decrease with increasing wavelength (see Figure 8). At 632.8
decreases relative to the 994 thsymmetric ring breathing  nm, the scattering factors are smaller than the scattering factors
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Figure 8. Calculated resonant Raman spectra of four prominent modes of the V-complex of pyddingas a function of excitation wavelength
(a) 363 nm, (b) 464 nm, (c) 632.8 nm, and (d) 1064 nm.
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from the 464 nm calculations by a factor of 5, which means In contrast to silver, the vertex orientation rather than the surface
that the enhancement at this wavelength &0 relative to orientation for the gold cluster has a greater overall enhancement
the static pyridine intensity. The appearance of the resonantfactor. Also, the surface configuration has a smaller enhance-
Raman spectrum is qualitatively similar for excitations at 632.8, ment factor for gold than for silver. The enhancement factors
464, and 362 nm. This is as expected, as the electromagneticshow a wavelength dependence that is similar to the absorption
enhancement should yield the same enhancement factors foispectrum. As for silver, the primary enhancement mechanism
the modes. However, the relative intensities of the peaks in theis the electromagnetic enhancement, with a small contribution
spectrum computed at an excitation wavelength of 1064 nm from the chemical enhancement.
are similar to the relative intensities of the peaks in the static  The relative importance of vertex and surface contributions
Raman spectrum for the V-complex. The enhancement factorto the enhancements in practical applications will depend on
at this wavelength is a factor of 2 greater than the static V surface coverage, and in general one expects much larger
enhancement factor. The pyridinAuz, complex has no excita-  populations of surface complexes compared to vertex complexes.
tions at this low energy, and thus, this excitation wavelength is Thus, the experimental spectra can still be dominated by surface
not resonant with any electronic transitions. complexes, and there is evidence in the comparison with
experiment that this is the case. There is also evidence in the
Conclusions comparison with experiment that our model of a single pyridine
In this study, the influence of the metal substrate on the ?nteract?ng with a Ago _cl_uster overestimates the chemical
surface-enhanced Raman scattering of pyridine has been exnteraction petween pyridine and gold, presumqbly because of
amined. The absorption spectrum of Auiffers from the differences in coverage compared to the experiments.
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