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The Raman intensity versus electrode voltage behavior of a series of substituted pyridines and saturated nitrogen 
heterocycUc compounds was studied at two laser excitation energies. The voltage (resonance) maximum shifts to more 
positive potential with increasing excitation energy for the substituted pyridines (case I) and to more negative potential 
with increasing excitation energy for the saturated nitrogen heterocyclic compounds (case II). The voltage maxima can 
be correlated with the Hammett sigma function for substituted pyridines and with pK a for the saturated nitrogen hetero- 
cycles. The results are consistent with charge transfer from the metal to molecule (adcluster-molecule complex) in the 
case I system and from the molecule (adcluster-molecule complex) to the metal in the case II system. 

1. Introduction 

The possibility that a charge-transfer mechanism 
involving an adsorption induced electronic resonance 
is at least in part responsible for the phenomenon of  
surface enhanced Raman spectroscopy (SERS) was 
first suggested by theoretical work from this lab [1] 
in 1979. A qualitative discussion of  charge transfer 
mechamisms was also given about the same time [2]. 
It has since been developed by several groups [ 3 - 7 ] ,  
and stimulated numerous experiments [ 8 -12 ] .  The 
topic has been examined in several recent reviews 
[13,14].  

The basic idea is that proximity to the surface and 
resulting mixing of  molecule-metal  energy levels re- 
sults in a process similar to a resonance Raman effect. 
If  the incident photon energy matches an electronic 
transition of  the combined system, then the polariza- 
bilities of  particular vibrational modes of  the system 
are drastically augmented. As in normal resonance 
Raman spectroscopy, the relative intensities o f  the 
Raman lines differ considerably from those observed 
at non-resonant frequencies. Since the energies at 
which SERS is normally observed are in the visible, 
far below energies required to reach regular excited 
states of  typical molecules involved, it is probable 
that the resonant state is some type of  charge transfer 
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excitation of  the molecule-metal  complex. Indeed 
Demuth and Sanda [15] have observed a charge trans- 
fer excitation at 1.9 eV in the electron energy loss 
spectrum (EELS) of  pyridine on the (111) surface of  
crystalline Ag. 

In addition there is some evidence that metallic ad- 
atoms play an important role in the process [14,16,17], 
since the enhancement factor is greatly diminished on 
a smooth metal surface. The latter effect could be at- 
tributed to the electrodynamic contribution to the 
mechanism. However, there is evidence that the impor- 
tant species is a molecule-adatom complex [18-20]  
most likely associated with an active site [8 -12 ,21  ]. 
It is postulated that this complex may have allowed 
transitions which are absent in the bulk metal since 
the normal momentum selection rules imposed by 
highly delocalized electrons would be relaxed for such 
complexes. 

The usual picture then is that of  photoexcitation of 
an electron in an adatom cluster causing charge trans- 
fer from the metal to the adsorbed molecule, followed 
by emission of  a photon after the electron has returned 
to the metal while leaving the molecule in a vibration- 
ally excited state. I f  the hole created by the initial ex- 
citation has not migrated, the energy of  the scattered 
photon will be shifted by exactly the energy gain in- 
volved in the molecular transition. 
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It is possible to scan such resonances by at least 
two techniques. One is to vary the excitation frequen- 
cy, or alternatively one can vary the position of the 
metallic Fermi level by varying the applied potential 
as in an electrochemical cell [12,22]. In either case a 
maximum is reached and a resonance energy and its 
width may be determined [8]. Note that in this model 
as the excitation energy is increased the voltage at 
which resonance occurs should shift more positive. 
This was observed by Furtak and Macomber for pyri- 
dine on Ag. We concur with their measurements in 
this paper and extend them to several other molecules 
(substituted pyridines). However, there is also another 
possibility as pointed out originally in 1979 [1 ], and 
only recently revived [8] which is that charge transfer 
may also be possible from molecule to metal. In this 
case, the laser photon excites a molecular electron 
which has sufficient energy to tunnel into an empty 
metal band. On return to the molecule it scatters 
light at a shifted frequency leaving the molecule in an 
excited vibrational state. In this situation we should 
expect just the opposite behavior from above, name- 
ly that as the excitation energy is increased, the voltage 
at which resonance occurs should shift more negative- 
ly. This was recently observed by Furtak and Roy [10] 
for SCN-. In this paper we show this effect exists for 
a series of molecules with saturated nitrogen atoms. 
Furthermore, we have examined the nature of the 
shift of voltage at which resonance occurs with the 
chemical properties of the two series of molecules. 
These experiments allow us to draw conclusions about 
the types of energy levels of the adatom-molecule com- 
plex important in the enhancement mechanism. 

It is important to note that whatever the mecha- 
nism, it is highly unlikely that any molecular state but 
the ground state is involved in scattering. This is be- 
cause, e.g. for pyridine, the observed frequency shifts 
exactly match those of the (solvated) ground state. 
For the first excited (A 1B1) state of pyridine the vi- 
brational frequency of the totally symmetric mode is 
shifted to lower energies by over 20 cm -1 [23]. Sim- 
ilarly, vibrational frequencies of the ground state of 
the pyridine negative ion [24] displays shifts of up to 
30 cm -1 to lower energy. 

Another important consideration to keep in mind 
is that the voltage at which resonance occurs varies 
with vibrational mode. This was first observed by 
Jeanmaire and van Duyne [25], and of course is con- 

sistent with the observation made above that a reso- 
nance Raman spectrum will involve considerably dif- 
ferent relative intensities from a normal (non-resonant) 
Raman spectrum. This led Adrian [7] to include both 
Franck-Condon and Herzberg-Teller mechanisms in 
a calculation of charge-transfer effects. Recently [26], 
we have shown in piperidine that the voltage depen- 
dence of the relative intensities of vibrational bands 
of different symmetry could be explained by a field 
induced vibronic mixing mechanism similar to 
Herzberg-Teller types. It is clear then at any complete 
description of these surface induced charge transfer 
resonances, must include field effects on vibronic mix- 
ing of molecular wavefunctions. In this paper several 
molecules were studied in two vibrational modes, in 
order to examine more closely the charge transfer. 

2. Experimental 

The experimental apparatus is similar to that de- 
scribed elsewhere [ 18,26]. Laser excitation was pro- 
vided at two frequencies by a Spectra Physics model 
64 argon ion laser (488.0) nm, and a model 590 dye 
laser, pumped by the argon laser, operated at 600.7 
nm using rhodamine 6G. The laser intensity at the sur- 
face of the electrode was between 50 and 120 roW. 
All samples were dissolved in aqueous KC1 (0.10 M) 
solution to a concentration of 0.05 M and placed in 
an electrochemical cell. The pretreatment of the silver 
electrode was accomplished by applying a double-step 
oxidation-reduction cycle (ORC) from -0 .6  to 
40.25 V where the potential was held for 2 s and then 
returned to -0.2 V. In some cases the anodic potential 
was +0.35 V. All potentials are versus the saturated 
calomel electrode (SCE). For each molecule an initial 
spectrum was obtained in order to select several rea- 
sonably intense vibrational modes to study. The spec- 
trometer slits were widened to 200-200-200/am in 
order to insure that intensity variations do not result 
from the slight frequency shifts commonly observed 
in SERS. At the fixed selected scattering frequencies, 
voltages were scanned usually from 0.0 to -1 .2  V. 
Then the excitation frequency was changed and the 
process was repeated starting with the ORC. 
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3. Results and discussion 

A 

Typical results are shown in fig. 1. For  2-methyl- 
pyridine (2-picoline) a shift in laser excitation fre- 
quency from 488.0 to 600.7 nm causes a shift in the 
resonance voltage (voltage of  maximum intensity) 
from - 0 . 6 3  tO - 0 . 7 6  V (fig. 1A); whereas, for 
imidazole the same frequency shift causes this volt- 
age to shift from - 0 . 7 0  to - 0 . 5 0  V, i.e. in the oppo- 
site direction. 

All o f  the results are summarized in tables 1 and 
2 where we have divided the molecules into two 
classes, those for which the resonant voltage increases 

(becomes more positive) with excitat ion energy (table 
1) and those for which resonant voltage decreases 
with excitation energy (table 2). Furtak and Macomber 
[8] showed that the resonance peak in pyridine 
changes linearly with excitat ion in this region. We 
therefore report in the fifth column of  tables 1 and 2 
the slope defined as ( E l  - E 2 ) / h ( 6 0 1  - 602) where 
Elm '2 are the voltages at which maxima are observed 
at laser frequencies 601 and 602" Thus molecules in 
tables 1 and 2 are distinguished by whether the slope 
is positive or negative. We take this as diagnostic as to 
whether charge transfer is from metal to molecule or 
the reverse respectively. 

- . 5 0  

z 

z 

- . 7 3  

6 0 0  rlrrl 

488  nm 
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Fig. 1. Relative Raman intensity versus voltage. (A) 0.05 M 2-methylpyridine in 0.1 M KCI for the 1008 cm-1 band. Scan rate: 
20 mV/s. (B) 0.05 M imidazole in 0.1 M KCI for the 1163 cm -1 band. Scan rate: 10 mV/s. 

Table 1 
Molecules for which resonance voltage increases with excitation energy 

Molecule Vibration Voltage maximum (V) Slope a x p K  a I.P. 
(cm -1) ref. [271 ref. [27] 

488.0 nm 600.7 nm 
(2.54 eV) (2.06 eV) 

Pyridine 1006 -0.58 -0.79 +0.44 0.0 5.25 9.6 
2-methylpyridine 1008 -0.63 -0.76 +0.27 -0.22 5.97 9.5 
3-methylpyridine 1030 -0.53 -0.80 +0.56 -0.07 5.68 
4-methylpyridine 1008 -0.66 -0.85 +0.40 -0.17 6.02 9.5 
4-aminopyridine 1006 -0.77 -1.05 +0.58 +0.66 9.11 9.2 
3-cyanopyridine 1027 -0.23 -0.41 +0.38 +0.56 1.5 10.17 
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Table 2 
Molecules for which resonance voltage decreases with excitation energy 

3 February 1984 

Molecule Vibration (cm-1) Voltage maximum (V) 

488.0 nm 600.7 nm 
(2.54 eV) (2.06 eV) 

Slope pK a 
ref. [27] 

Quinuclidine 1324 -0.52 -0.10 -0.88 11.0 
982 -0.55 -0.17 -0.79 

Imidazole 1163 -0.70 -0.50 -0.42 6.95 
1267 -0.71 -0.50 -0.44 

Pyrrolidine 893 -0.61 -0.20 -0.85 11.27 
-0.63 -0.12 -1.06 

Piperidine 1022 -0.50 -0.28 -0.47 11.12 
Piperazine 1204 - 0.64 -0.32 -0.67 9.83 

1020 -0.61 -0.31 -0.63 

It is worthwhile to see if there are any apparent 
regularities in the chemical or physical properties of  
the molecules in each table. Note firstly that all ob- 
served substi tuted pyridines with an extensive 7r sys- 
tem fall in table 1 whereas all saturated compounds 
fall in table 2. The only unsaturated compound which 
appears in table 2 is imidazole which, however, has a 
saturated nitrogen in its ring. Because of  these obser- 
vations, it is tempting to implicate the low-lying un- 
filled 7r* orbitals o f  the substituted pyridines in the 
metal  to molecule charge transfer mechanism. That 
this is a risky course is made clear by several consider- 
ations. Firstly, there is no correlation between spec- 
troscopic molecular zr* levels and the observed reso- 
nances. Secondly, energetically these orbitals are still 
considerably higher than can be conveniently reached 
by visible photon energies. 

Since charge transfer is involved, the molecule neg- 
ative ion should be considered. However, these states 
tend to lie still further up in energy. Nenner and Schultz 
[24] showed by electron transmission spectroscopy 
that the electron affinity of  pyridine is 0.62 eV. On 
the other hand, this molecular negative ion state which 
is most likely the charge transfer state in metal to mole- 
cule charge transfer, could be significantly lowered by 
hydrogen bonding in solution [20] and the adsorption 
process. 

It is clear, then, that we can search the properties 
of  the molecular ground state for patterns in these re- 
sults. In fig. 2 we have plot ted - E m a  x for the substitu- 
ted pyridine compounds against increasing electron 

donating power o f  the substituent on the pyridine ring, 
i.e., versus the Hammett  o x constant [28]. Correlation 
coefficients of  0.96 are found with both  laser excita- 
tion frequencies. It should also be pointed out that ex- 
tremely good correlations can be made for - E m a  x ver- 
sus t h e p K  a ( - 0 . 9 8  for 601 nm and - 0 . 9 6  for 488 

)nm 
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Fig. 2. Voltage maxima versus Hammett sigma function. Data 
in table 1. 
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Fig. 3. Voltage maxima versus p K  a. Data in table 2. 

nm) and for -Ema x versus gas phase ionization poten- 
tial (correlation coefficient of 0.997 for 4-NH 2, 4-CH3, 
2-CH 3, 3-CN, and pyridine itself). All of these correla- 
tions must reflect the substituent effect. 

For the other group of molecules with saturated 
nitrogens which are implicated in molecule to metal 
charge transfer, we have plotted -Ema x versus p K  a 

(fig. 3). If  the molecules are viewed as weakly bound 
to a metal adatom-cluster (or possibly to the d orbital 
of the metal) through the lone-pair of non-bonding 
electrons on the nitrogen atom, we would expect this 
interaction to be related to the electron donating 
strength of the molecule as measured by the p K  a in 
solution [27]. In fig. 3, -Ema x decreases with increas- 
ing p K  a (correlation coefficients of 0.95 for 601 nm 
and 0.80 for 488 nm). 

Note also that in all cases observed the magnitude 
of the slope is less than one except for pyrrolidine. 
From simple energetic considerations one might expect 
the slope to be +1 exactly. However, it is clear that 
other processes are important. Furtak and Macomber 
[8] have attributed this to lack of complete screening 
of the local electrostatic potential by the electrolyte. 

We have taken this one step further by determining 
the effect of voltage induced mixing of vibronic states 
on the relative intensities (and therefore the observed 
resonance maxima) of different vibrational modes in 
piperidine [26]. Although these voltages are not suffi- 
cient to cause significant vibrational shifting, they can 
have a drastic effect on their relative intensities. An- 
other contribution to the lowering of the slopes could 
be the effect of electrode voltage on the energy of the 
charge transfer state. 

It is clear that any comprehensive model of the 
charge transfer contribution to SERS must take into 
account the following observations: 

(1) For some molecules the voltage at which reso- 
nance occurs shifts more positively with increasing ex- 
citation frequency (positive slope) and for others it 
shifts more negatively (negative slope). 

(2) For those molecules with a positive slope we 
find that the resonance maximum becomes more neg- 
ative with increasing electron donating power of the 
substituent, while for those with a negative slope the 
resonance maximum becomes more positive with in- 
creasing p K  a . 
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(3) The slopes observed are typically less than one 
in magnitude. 

These observations can be reconciled if we view 
the molecule as forming a weak complex with either, 
a single adatom or a small cluster of  adatoms on the 
surface. It is assumed that the molecule binds weakly 
through a lone pair of  electrons on the N atom and 
that the resulting splitting of  the molecular orbitals 
of  the adcluster-molecule complex EHOMO 
-- ENHOM O is strongly dependent on the electron 
donating properties ( P K a )  of  the molecule. Since the 
observed Raman frequencies do not appreciably 
change from those o f  the free molecule, it must be 
that this bond is so weak as to only slightly perturb 
the vibrations of  the molecule. 

For the case of  molecule to metal charge transfer, 
there must be a low lying charge transfer state, ECT, 
formed from an excited state of  the adcluster-mole- 
cule complex and levels of  the unf'dled conduction 
band and this state is strongly dependent on the elec- 
tron donating power o f  the substituent. The adsorp- 
tion induced resonance energy, EHOMO -- ECT , c a n  
be tuned by either the electrode voltage, V, or the 
laser energy, f i w i ,  since the condition for the resonance 
transition is 

EHOMO -- ECT = EHOMO -- [EF(0 ) + e V ]  - h¢o i , (1) 

where EF(0 ) is the Fermi energy of  an electron in the 
Ag electrode at an arbitrary zero potential and the 
energies are referenced to the vacuum level. This equa- 
tion is expressed in terms Of EHoMO to emphasize 
that a ground state transition is involved. In fact, ECT 
= EF(0 ) + e V  + fi¢o i. This expression has been simpli- 
fied by omitting the damping term and a term due to 
the metal-molecule coupling which moves the reso- 
nance point to slightly below the Fermi surface [1,29]. 
When ~ w  i is lowered the electrode voltage must be 
lowered (moved in a negative direction) to reestablish 
the resonance condition as indicated by the experimen- 
tal results in fig. 2. Thus the line for 601 nm is always 
more negative than that for 488 run and the two lines 
are nearly parallel. Moreover, a change in the substitu- 
ent on the molecule to a more electron donating group 
must cause the charge transfer level, ECT, to move to 
lower energies (with respect to the vacuum level) re- 
quiring a shift in the electrode voltage to more nega- 
tive values to re-establish the resonance condition (fig. 
2). 

For the case o f  charge transfer from the adcluster-  
molecule complex to the metal, the mechanisms has 
not been previously considered in any detail. In order 
to explain our experimental results, we must assume 
that the lower molecular orbital of  the adcluster- 
molecule, ENHOM O, is the ground state of  the photo- 
excited system. Now the adsorption induced reso- 
nance condition is 

ENHOM O -- [EF(0 ) + eV] = h¢o i . (2) 

Ifhcoi is lowered the electrode voltage must be in- 
creased (moved in a positive direction) to re-establish 
the resonance condition as seen in fig. 3. If the mole- 
cule is changed so that its p K  a is larger and the bond 
between the adcluster and molecule strengthened, 
then the energy level ENHOM O is increased with re- 
spect to the vacuum level and the electrode voltage 
must be shifted in a positive direction to re-establish 
the resonance condition 2. This phenomenon gives 
the trend in -Ema x versus p K  a in fig. 3. 

Fig. 4 shows the energy level diagrams for the two 
cases of  adsorption induced charge transfer resonance 
Raman scattering. A tunneling barrier between metal 
and complex exists at the electrode surface which is 
not shown in the diagrams. In both cases, the ener- 
getics involve photoexcitation o f  an electron from 
the ground state, to an excited state with return of  
the electron to the ground state and consequent 
Raman scattering leaving the molecule in the first 
excited vibrational state. This process is more easy 
to visualize for case II of  complex to metal charge 
transfer. Chang and Laube [14] have discussed the 
charge transfer mechanism for case I of  metal to 
complex charge transfer. In this mechanism, in order 
to give a ground state molecular spectrum, a station- 

ary hole must be produced at an energy Of EHoMO 
which is destroyed by electron-hole recombination 
when the electron is returned to the metal. The exact 
evaluation of  energy levels in both mechanisms must 
await further experimental observations and detailed 
calculations for the energy levels o f  the adsorbed 
complex. It is clear, however, that the shifts in -Ema x 
with both molecular properties and ~6o i are consistent 
with the picture presented in fig. 4. 
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Fig. 4. Energy level diagrams. Case I: Metal to adcluster-complex charge transfer. (a) Original resonance condition, (b) change in 
resonance voltage on shift in h w  i to/ico 2, (c) change in resonance voltage on shift in ECT. Case II: Adcluster-complex to metal 
charge transfer. (a) Original resonance condition, (b) change in resonance voltage on shift in h w  i to hw 2, (c) change in resonance 
voltage on shift in ENHOM O. 
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