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The surface-enhanced Raman scattering (SERS) spectra for phthalimide (PIMH) vacuum evaporated, cast
onto silver island films, and from colloidal silver are clearly identified with the formation of a phthalimide

silver complex (chemisorption). The phthalimidsilver complex (PIMAg) has been obtained from the PIMH
potassium salt and AgNOThe Raman scattering spectrum of the isolated complex is in agreement with the
SERS spectra of the silver surface complex. The experiments were carried out using three laser lines at
514.5, 633, and 780 nm. The photochemical decomposition of the surface complex is detected with all laser
lines. The spectral interpretation is aided using Hartifeeck and local density functional theory (S-VWN)
calculations, carried out to compute simulated SERS spectra using the molecular complex PIMAg and the
PIMH. The calculated surface complex (SERS) Raman spectrum using S-VWN was found to be in good
agreement with the observed spectrum. The observed Raman spectrum for the surface complex may contain
the Raman-active modes allowed in the total irreducible representation of the complex symmetry point group.
However, the number of observed vibrations can be reduced due to further constraints introduced by molecular
and field orientations at the surface (surface selection rules or propensity rules).

Introduction the additional constraints imposed on the allowed Raman
Following its initial observation by Fleischman et hland vibrational frequencies of the free molecule, by the molecular
subsequent identificatioh® surface-enhanced Raman scattering orientation at the surface, and the electric field polarization at
(SERS) has revolutionized the vibrational spectroscopy at the metal surface. These constrains will be later introduced as
surfaces and interfaces. With the advent of surface-enhancedsurface selection rules or propensity rules. On the other hand,
infrared spectroscopy, a new branch of vibrational spectroscopy,the most challenging case arises when the molecule is chemi-
the surface-enhanced vibrational spectroscopy (SEVS), has beewgally adsorbed onto the rough surface. A surface complex is
established. However, the development of SERS into a formed with new electronic states that could be in-resonance
widespread analytical tool has been hampered by the fact thatwith the exciting laser line given rise to resonant Raman
specially prepared rough surfaces are required and that thescattering (RRS) as pointed out by Albrecht and CreigBton.
interpretation of the SERS spectrum poses a challenge for mostDepending on the SERS-active substrate used and the nature
adsorbates. At the same time, the most recent achievement obf the molecular system to be studied, each of the two SERS
SERS has been to bring vibrational spectroscopy into the ranksenhancement mechanisms can have dramatically different
of single molecule spectroscopies, with reports that the enhancedsignificance. For physisorbed randomly oriented molecules,
Raman cross sections would allow the detection of single where electromagnetic enhancement (EM) is the dominant
molecules using the techniqfé. mechanism, the interpretation of the SERS spectra based on
The origin of the enhancement of Raman scattering crossthe SERS EM theory is, in most cases, straightforward, provided
sections at rough metal surfaces has been an active field ofthe reference molecule Raman spectra is available. When the
research. The general consensus attributes the observed emmolecules are chemically adsorbed to the surface, the interpreta-
hancement to contributions from two mechanisms: an electro- tion of the observed SERS spectra is more challenging. Bonding
magnetic enhancement and a chemical efféddotably, both  to the surface perturbs the electronic structure of the adsorbate
mechanisms were suggested in the original interpretation and the formation of the surface complex causes significant
papers: Jeanmaire and Van Duyne’s initial discussion contains deviation from the reference Raman spectrum; therefore, it of
the first theoretical model to interpret the origin of the enhanced jnterest to examine the SERS spectra in the case of chemisorp-
signal: “The postulation of an electric field enhancement permits tion. Chemisorption can be defined as adsorption with interaction
further comment on the surface orientation and the Raman signalenergy comparable to chemical bond energies, i.e., formation
strength”. The latter statement is followed by an example of of a surface complex. The present report is part of our studies
« Corresponding author. E-mail: G57@uwindsor.ca, on the |ntlerpretayon of SERS spectrg of chemisorbed species
*Present address: Department of Chemistry, Faculty of Science, ON Silver island films and metal colloids. For both substrates
University of Chile. there is an enhancement due to the EM mechanism and its
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properties are well-knowhFor SERS of chemisorbed species, using a Balzers BSV 080 glow discharge evaporation unit. The
there are two distinct cases to consider. They correspond to thesilver island films were deposited onto a preheated glass
formation of a surface complex with or without electronic states substrate (200°C). Ultrathin phthalimide films were then
that can serve as intermediates in resonance Raman scatteringeposited onto the silver island films after cooling to room
(RRS). A case of a surface complex given resonant Ramantemperature. Organic films were approximately of 10, 20, and
scattering has been recently reportétere, the results obtained 30 nm mass thickness. During thin film deposition the back-
for phthalimide (PIMH), an aromatic nitrogen-containing mol- ground pressure was nominally ¥0Torr and the deposition
ecule that forms a surface complex on silver that gives no rate was monitored using an XTC Inficon quartz crystal
evidence of resonance Raman scattering in the 51488 nm oscillator. The PIMAg complex was obtained as a white
spectral region, are presented. The Raman spectra of PIMH haveprecipitate by adding a AgN§Xolution to an agueous solution
been reported previousR! and complete vibrational assign-  of phthalimide potassium salt (PIMK) of the same concentration.
ments have been proposed on the basis of isotope substitutionThe precipitate was washed with deionized double-distilled
and semiempirical molecular orbital calculatidAShe SERS water and dried at low vacuum. The Raman spectra of the light-
spectrum of PIMH has been reported on two different SERS sensitive complex were recorded using MY of the 633 nm
substrates: colloidal silv&rand silver island film$4 However, laser line. Solutions of phthalimide in acetone and ethanol were
the SERS spectra previously reported on silver island fitms also used to spray a silver film and tested for SERS.
appear completely different from those obtained for PIMH on  The theoretical calculations were carried out using the
colloidal silver!? Since the interpretation of the SERS spectra Gaussian suite of progrardHartree-Fock and DFT calcula-
was not the main purpose of the report, the authors did not notetions were performed using the Lanl2DZ basis set corresponding
the substantial difference, as they were not aware of the colloidalto the D95 basis on first row ato#$and the Los Alamos ECP
SERS study reported earlier. The bonding of PIMH to the plus DZ on silve?* The local density functional employed in
surface of silver colloid$ was supported by comparison with  this work consisted of the SlateDirac exchange functionl
the SERS obtained on silver colloid for the phthalimide with the Volsko-Wilk —Nusair fit for the correlation func-
potassium salt and by the appearance of a characteristhgN  tional26 denoted S-VWN. Following geometry optimizations,
band. harmonic frequencies and dipole moment derivatives were
In summary, the observed SERS spectra of the surfacecomputed analytically. Polarizability derivatives were computed
complex (chemisorption) should be completely determined by using numerical differentiation of the analytic dipole derivatives
fundamental vibrational modes of the complex and the con- with respect to the applied electric field for S-VWN and were
straints imposed by the molecular orientation and electric field computed analytically for Hartreg=ock. Static Raman intensi-
polarization at the surface. Interpretation of the experimental ties (zero frequency, nonresonant) were computed in the double
data is facilitated by progress in the efficiency of programs for harmonic approximatiof, ignoring cubic and higher force
computing derivative properties, such as normal-mode frequen-constants and omitting second and higher polarizability deriva-
cies and spectral intensities, and advances in computer hardwaréves. Computed harmonic frequencies typically overestimate
that have made quantum chemical calculations an invaluablevibrational fundamentals due to basis set truncation and neglect
aid to spectroscopists in the analysis and assignment ofof electron correlation and mechanical anharmoniityl.o
experimental vibrational spectra for complex polyatomics. compensate for these shortcomings, various scaling strategies
Density functional theory (DFT) in recent years has proved to exist for bringing the computed frequencies into greater
be superior compared to conventional ab initio methods in coincidence with observed wavenumb&rs2 In this report we
computing quantitative vibrational properties in a cost-effective have employed the simplest scheme, that of homogeneous
fashion. Work by Scott and RaddPmand Wong® has shown scaling. The HartreeFock and S-VWN frequencies were scaled
that DFT predicts harmonic frequencies in excellent agreementusing the empirical scaling factors, 0.8953 and 0.9833 respec-
with observed fundamentals, having empirical scaling factors tively, as suggested by Scott and Radom, and Wé#g).
close to unityt” Studies of the vibrational intensities furnished
by DFT method®¥*°lend additional support for the application Results and Discussion
of DFT in computing reliable theoretical vibrational spectra to
assist the interpretation of spectra for unique and complex Observed PIMH and PIMAg Raman Spectra.PIMH is a
molecular systems. planar molecule witlC,, symmetry that has 42 normal modes
The introduction of simple computational models and their OZ vﬂ;ratlzon, composed of 15 ofi@ymmetry (transforming as
validation using archetypal chemisorbed analytes is shown toX> Y% ), 6 of & symmetry (transforming agy), 7 of by
be of great utility. The use of quantum chemical calculations SYmmetry (transforming as), and 14 of b symmetry
to model SERS spectra has been reported. Schatz and co(transforming agz), choosing thexaxis to be perpendicular to
workers have previously used Hartrelock and semiempirical the molecular plgne. Therefore, all of the fundamental vibrations
methods to model SERS spectra and concluded that “in order@® Raman active and as many as 37 fundamentals could be
to improve on the SERS predictions, it will be necessary to OPserved in the low-frequency region of the spectrum t4HC

include for the influence of interaction between the molecule Stretches and 1 NH stretch appear above 3000 th Using
and metal20.21 the PIMAg as starting material, the PIMH was recovered by

precipitating the Ag as AgCI. Crystals of PIMH were recovered
from the dissociation of the PIMAg complex when the solvent
was evaporated. The Raman spectra collected from PIMH
The Raman spectra were recorded with a Renishaw systemrecovered from the PIMAg salt are shown in Figure 1. The
2000 equipped with three lasers of which the 514.5, 633, and calculated Raman spectrum is also shown for comparison. The
780 nm laser lines were used to record the SERS spectra. ThePIMH vibrational modes are well-know 12 and the spectrum
power at the sample location was varied from 4/ to a shown in Figure 1 is in full agreement with the literature
maximum of 2 mW. Silver island films were prepared of 6 and spectrum. The theoretical Raman spectrum provides a good
10 nm mass thickness in a Balzers vacuum system evaporatoguide to Raman intensities with the caveat that the computed

Experimental Section
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TABLE 1: Geometric Parameters and the Change Therein

c=0, LL=633nm Upom Binding to Ag at Hartree—Fock and S-VWN Levels of
1012 ga{%an soalttermg Theory
164 744 olid sample
550 1607 3087 Hartree-Fock S-VWN
M )/L PIMH PIM-Ag diff PIMH PIM-Ag diff
c=0)| Bond Lengths (A)
i 0 X1—N, 0.995 2.167-1.172 1.023 2.008—0.985
Hartree-Fock @f(w N,—Cs 1396 1381 0015 1406 1.397 0.009
Cs—0O4 1.216 1.230-0.014 1.242  1.249-0.007
S & k ° Cs—Cs 1490 1502-0.012 1.484  1.491-0.007
N Mo | Cs—C1» 1394 1392 0.002 1.404 1.404 0.000
‘ ‘ ‘ ‘ ' ‘ Cs—Cs 1.381 1.381 0.000 1.391 1.390 0.001
50 1000 vaa‘\’l‘;numlf;(/’fm 2500 3000 Co—Hy 1071 1.072-0.001 1.096 1.096 0.000
Co—Cs 1.402 1402 0.000 1.407 1.4080.001
Figure 1. Raman scattering of solid phthalimide (PIMH) and calculated Cg—Hgq 1.071 1.073-0.002 1.096 1.097—0.001
Hartree-Fock Raman intensities. Cs—Css 1.398 1.398 0.000 1.406 1.406 0.000
H H Interatomic Angles (deg)
{6 V X1—N,—C; 1235 1246 —-1.1 1235 1239 -0.4
c—C Ci—N,—C; 1131  110.8 23 1130 1121 0.9
15 N,—Cs—Cs 1052 1075 —-2.3 1050 1061 -1.1
H Cys CgH, 04,~C3s—Cs 129.0 127.0 20 1292 1283 0.9
\C_ C/ Cs—Cs—Cs 1300 131.3 —-1.3 1299 1306 -0.7
o2 s C1,—Cs—Cs 121.6 121.6 0.0 1216 1216 0.0
_c Co Cs—C¢—Cs 117.3 1174 -0.1 117.3 117.3 0.0
o, Hio N 30, H,—Cs—Cs 1215 1216 -0.1 1221 1221 0.0
2

Ce—Cs—Cis 121.0 121.0 00 1211 1211 00
| Co—C8-H, 119.6 1196 00 1196 119.7 —0.1

Figure 2. Molecular structure of PIMX (X= H or Ag).

L= 633 nm PIMAg 1%
580

spectrum is for the gas phase system. The observed relative
intensities in the Raman scattering (RS) spectrum of the solid 684 1013

may differ significantly from the gas-phase intensities. ° LL=780 nm

Raman Spectrum of the PIMAg Salt. The molecular 5
structure of PIMAg complex is shown in Figure 2. The PIMAg g s M n
salt corresponds to the parent molecule PIMH with the hydrogen g ! ! A ! h i ‘\

replaced by an Ag atom. It therefore has the same connectivity Hartree-Fock
and symmetry as the free molecule and has 42 normal modes L
with the total irreducible representation: A 15a + 6& +
7 + 14b,. The optimized bond lengths, interatomic angles,
and the change upon bonding to silver, at Harteeck and

o ALJL

T T I T T T T T
200 400 600 800 1000 1200 1400 1600
Wavenumber/cm™

S-VWN levels of theory are presented in Table 1. The geometric F/9uré 3. Raman spectrum of PIMAg salt recorded with the 633 nm
laser line and the 780 nm laser lines. The bottom spectrum are the

perturbation caused by replacing the imide hydrogen by the yeqretical gas-phase Raman intensities calculated using S-VWN
silver atom is localized in the five-member ring and carbonyls method.
closest to the silver, and is negligible on the opposite side of

the molecule. These geometric changes are indicative of changegetween the gas-phase theoretical Raman spectra of the complex
in bonding upon substitution of hydrogen with silver. and the experimental spectrum is good. The Raman relative
The Raman scattering spectra of PIMAg excited with the 633 intensity pattern in this spectral region is successfully predicted
and 780 nm laser lines are shown in Figure 3. The scaled by both theoretical computations. Next we consider the agree-
theoretical gas-phase Raman spectrum for PIMAg is also ment in the upper part of the spectra. Here the two theoretical
included in Figure 3. The RS spectrum of the PIMAg is methods fail to predict the intensity of the 1393 cnband. An
substantially different from that of PIMH shown in Figure 1. It immediate observation is that the gas-phase Hartreek
is also quite different from the RS spectrum of potassiumi3alt. spectrum shows many more bands of substantial intensity than
In the Raman spectra of PIMH and PIMK the most intense band is observed in the PIMAg spectrum. The band at 1312%is
corresponds to the stretching vibration of the carbonyl groups in the most obvious disagreement. Also, in the€and G=0
at 1757 and 1706 cm, respectively. The corresponding band region Hartree-Fock gives three bands with high intensity,
in the RS spectrum of PIMAg is only of middle intensity. where S-VWN gives two. The S-VWN spectrum is in better
Notably, the lowering in the Raman intensity for the=O agreement with the observed PIMAg spectrum than Haftree
stretching mode in PIMAg is also reproduced in the calculated Fock, both in predicting the number of modes with high intensity
HF and DFT Raman spectra. The wavenumbers of tsOC and in the prediction of vibrational frequency. In summary, for
stretching mode are observed at 1706 érm PIMAg and the spectral region above 1000 cththe theoretical methods
PIMK, but is 1757 cm? in PIMH. The ionic character of the  employed here fail to quantitatively reproduce the relative band
salts is reflected in lowering of the intensity and wavenumber intensities observed in the experimental SERS spectra. This
of the C=0 stretching mode. Comparing the theoretical spectra shortcoming can be partly attributed to the basis set employed
to the PIMAg spectra below 1100 wavenumber shows that both for these calculations. The basis set employed in this work,
Hartree-Fock and S-VWN predict the same number of bands Lanl2DZ, is one of the only basis sets available for both organic
of substantial intensity. For this region, the overall agreement and late transition metals, and is relatively small. Past experience
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TABLE 2: Observed and Calculated Raman Wavenumbers

and Raman Intensities (in
Lanl2DZ Level of Theory

A amu?) of PIMAg S-VWN/
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PIMH SERS on Ag ﬁ Evaporated film at 780 nm

Casted film at 633 nm

KL,/&\&
wave
mode symnumber scaled Raman observed assignment mw/LJ J 1607

5 a 212 208 192 192 NAg stretching s \““” (.

8 a 334 328 12 377 CObending gl LWJ Colioids at 514.5nm
12 a 570 560 117 580 CCdef CO bend NN Y
14 670 658 37.3 684 CN bend CC def
18 Z 798 785 6.4 774  ring deformation 1 679 P‘M'Qt"?”g?)",fﬁ,' oolids|
24 1019 1002 29.0 1013 CH bendin ’LA
27 2 1151 1132 51.4 1153 CH bend br%athing MJ W
28 a 1185 1166 69.3 1166 CH bending 200 800 1000 1200 1400 1600
31 a 1300 1279 3.8 1314 CHbendCN stret Wavenumber/cm
gi gi ﬂ% ﬂéz 4111 iig; gg zggigﬂ:ﬂg Figure 4. SERS spectra of PIMH on silver islands and colloidal silver.
gg 2 iggg 1251 ég:g i%é gg zttrrgtt(c:mr:]g spectra shown in Figure 4 do not agree with the reported SERS
40 a 3151 3098 86.6 3060 CH stretching spectrum reported by Tsai and co-workers, obtained from a spin-
42 a 3172 3119 269.6 3084 CH stretching coated thin solid film of PIMH on a silver island film using the

3 & 139 137 16 CC torsion 514.5 nm excitation (Figure 3, ref 14). The reproducibility of
10 a 459 451 06 CC torsion the results presented in Figure 4 was tested by fabricating several
13 & 669 658 0.5 CC torsion - . :

17 a 796 782 0.0 CH wag- CC tors PIMH samples by vacuum evaporation W|th_mass thickness
21 & 910 895 0.1 CH wagging between 10 and 30 nm onto silver island films. In all the
23 @ 1012 995 0.0 CH wagging experiments, reproducible SERS spectra were obtained. How-

2 b 66 65 18 N-Ag wagging ever, the effect of increased laser power is evident under the

4 b 171 169 03 192 COwagging optical microscope where changes in the color of the film

6 b 229 225 3.1 263 CNC wagging .

9 b 413 406 0.6 405  Ring torsion expos_ed.to laser power higher than.l mW can .b.e seen. The
16 b 718 706 0.6 726 CMCH wagging latter indicates the surface complex is light sensitive and that
19 b 799 786 0.1 789 CMCH wagging photochemistry or photodissociation is occurring. The same
22 b 978 962 0.0 952  CH wagging SERS spectrum is obtained when a phthalimide film is casted

1 b 42 41 05 N-Ag bending onto the silver islands using phthalimide solution in ethanol and
11 % ggcl) ggg 8}1 é%g E‘Lé‘%s"e.mh'ng acetone. The SERS spectrum obtained at 633 nm is shown in

ending . . . -
15 b 678 667 15 669 CN bentt CC def Figure 4. Here again, the low radiant flux is the necessary
20 b 844 830 108 857 CC deformation condition to obtain reproducible SERS spectra. “Burning” of
25 b 1076 1058 1.4 1005 CH bending the surface complex results in the appearance of variable Raman
26 b 1138 1119 0.0 1135 CH benftlbreathing spectra that ultimately gives the typical spectrum of carbon on
29 b 1195 1175 217 1166 CH bending the surface. The SERS spectra of PIMH on silver colloids are
30 b 1276 1255 0.0 1195 CH benredCN stret . .
33 b, 1464 1440 77 1461 CC stretching shown for the two extreme laser line frequencies. The SI_ERS
36 h 1656 1628 353 1591 CC stretching spectra are also practically the same spectra observed on island
37 h 1664 1636 0.5 1718 CO stretching films. The advantage of colloidal SERS is that they are more
39 b 3139 3087 37.2 CH stretching resilient to the effect of the radiant flux. In summary, the same
41 b 3161 3108 44.0 3073 CH stretching

SERS spectrum is observed for all laser lines and different
adsorption techniques. The most important finding is that the

computing vibrational properties of molecules has indicated that SERS spectra are in agreement with the Raman scattering
the calculation of spectral intensities requires much larger basisspectrum of the PIMAg complex, as can be seen by comparing
sets than is required to obtain acceptable harmonic frequenciesFigures 3 and 4. The differences in intensities should be
which can be easily scaled to compare with experimental attributed to the fact that the PIMAg salt spectrum corresponds
fundamentals. Recent work by Halls and Schl&yehs shown to a random molecular orientation in the solid salt, while the
that the dominant consideration in achieving quantitative Raman SERS spectra are due to surface complex with a preferred
intensities in the double harmonic approximation is the quality molecular orientation at the silver surface. Therefore, SERS
of basis set employed. They found that, in comparison to infrared spectrum of the complex may deviate from the Raman spectrum
intensities, Raman intensities are extremely slow to converge of the PIMAg in the bulk. The spectral evidence is sufficient
and require extensive basis sets, augmented with additionalto conclude that the PIMH on silver islands and silver colloids
polarization and diffuse functions. Therefore, a substantial forms a PIMAg surface complex. The observed SERS spectrum
contribution to the relative intensity differences between the is the electromagnetically enhanced spectrum of the surface
simulated and experimental SERS spectra can be attributed tocomplex.
basis set effects. Observed Raman wavenumbers and the The general procedure for the interpretation of chemisorbed
calculated spectra are listed in Table 2. SERS spectra consists of the following basic steps: (1)
Interpretation of the Experimental SERS Spectra. The identifying or choosing a molecular complex to model the
SERS spectra of phthalimide chemisorbed onto rough silver surface species, (2) computing the normal modes, vibrational
surfaces were recorded with three laser lines: 514.5, 633, andfrequencies and polarizability derivative tensor elements, and
780 nm. Silver colloids were prepared following the same (3) assuming an orientation of the complex that will allow the
procedures reported in the first study of PIMHSERS spectra  computation of simulated SERS spectra using only the relevant
obtained on silver islands films and colloids are presented in polarizability derivative tensor elements for each irreducible
Figure 4. The top spectrum is one of many similar SERS spectrarepresentation (by virtue of their alignment with the electric
recorded using evaporated PIMH films. However, the SERS field at the surface).
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a | PIMH - DFT results a.
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a, b,
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Figure 5. Correlation of the simulated S-VWN SERS spectrum and 2950 3050 3150
the experimental SERS spectrum showing symmetry assignments. Wavenumber/cm’

Figure 6. Calculated and observed Raman spectra of theHC

The constraint in the free-molecule selection rules due to stretching modes of the PIMH, the PIMAg and the oriented surface
molecular orientation at the surface interface and the variation complex.
of the tangential and normal components of the electric field
components at the surface determine the SERS selectionaverage difference between S-VWN scaled harmonic frequencies
rules3435 Assuming a predominant normal component, it is and observed SERS frequencies was 31 crit can be seen
expected then that the normal modes with polarizability deriva- that the experimental SERS spectrum is dominated by modes
tive components perpendicular to the surface should dominateOf & symmetry, as is expected from the constraint of surface
the SERS spectrum. With this assumption, the tangential electricselection rules.
field components are neglected in the following discussion. The ~ The characteristic €H stretching modes give further support
molecular complex PIMAg is o€, symmetry and the molec- o the interpretation of the SERS spectrum presented above. In
ular axes are such that thatontains theC, axis of symmetry ~ the Raman spectrum of the PIMH both theaad the b modes
andyzis the molecular plane. The electric field normal to the are observed in agreement with the computed spectrum as shown
surface is assumed to be coincident with %Xis a|0ng the in Figure 6. However, a different pattern is observed in the
N—Ag bond. Therefore, the strongest bands in the SERS Raman spectrum of the PIMAg complex, where only two a
spectrum should belong to normal modes transformingzas ~ Modes (3084 and 3060 c) and one b mode at 3073 cmt
The next intense bands should belong to modes transformingare observed. The predicted spectrum for the surface complex
asxz andyz. Finally, modes transforming as, xy, andyy with a head-on molecular orientation contains solely the two a
should have very weak intensity and may not be observed at modes in full agreement with the observed SERS spectra shown
all. Applying this treatment to the theoretical PIMH SERS in Figure 6. The calculated harmonic-€ wavenumbers shown

spectrum, the modes of irreducible representatioshauld be ~ in Figure 6 are higher than the observed-€& stretching
most intense transforming asx, yy, and zz. Modes of vibrations due to a sizable value of the anharmonicity #+aHC
irreducible representation land b, transforming asz andyz, stretching modes.

respectively, may also be observed. Finally, vibrational modes )
of irreducible representation,aransforming asy, should not Conclusions

be apparent since they have mopolarizability derivative The Raman spectrum of the phthalimicig salt was found
Component. In the double harmonic approximation, the Raman to be in agreement with the observed SERS spectra of
intensity is proportional to the polarizability derivative with  phthalimide adsorbed onto silver films and silver colloids. The
respect to the normal coordinate squarkgnfan] |d0t;/3Qk|?). SERS spectrum is conserved, independent of the origin of the
The gas-phase theoretical Raman spectra can be made morghthalimide state: vacuum evaporated onto Ag, PIMH dissolved
comparable to the experimental SERS spectrum by computingin organic solvents or from aqueous solutions of the PIMK salt.
the relative band intensities from the square ofith@ = x, y, It is concluded that the origin of the SERS spectrum is due to
andz) polarizability derivative tensor elements computed with - the formation of the PIMAg complex on silver surfaces. Since
respect to normal coordinate displacements, which is readily the same SERS spectrum was obtained with laser lines from
obtained from quantum chemistry packages such as Gaussian9814.5 to 780 nm, it was concluded that there no evidence of
This procedure discards modes efsymmetry. new electronic states, at least in this spectral region, that could
To obtain acceptable harmonic frequencies, which can be serve as intermediate in the observation of resonance Raman
easily scaled to compare with experimental fundamentals, ascattering. Therefore, the “chemical effect” is determined by
much smaller basis set is required than is needed to predictthe formation of the surface complex without the complication
vibrational band intensities. The basis set employed in this work, of resonance Raman due to new electronic states or Charge
Lanl2DZ, is one of the only reliable basis sets for both organic transfer states. The interpretation of the SERS spectrum follows
and late transition metals and is relatively small. the common vibrational approach whereby the symmetry species
The final correlation between the S-VWN simulated SERS for the complex are discussed, in conjunction with the con-
spectrum using the model presented here and experimentaktraints imposed by the field polarization at the surface and the
SERS spectrum, along with symmetry assignments, is shownmolecular orientation of the complex (SERS selection rules). It
in Figure 5. Assignments were based on visualization of normal- yas also shown that ab initio methods are effective in simulating

mode displacement vectors and on frequency agreement. In thissyrface-complex spectra providing valuable support to the
StUdy, the S-VWN scaled harmonics were found to be in similar interpretation of the observed SERS Spectrum_

agreement with experimental SERS frequencies as was observed
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