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Surface-enhanced Raman scattering (SERS) from the platinum electroetenitrile interface in the presence

of iodide, the lithium cation, water, and pyridine was analyzed as a function of applied potential. It was
found that the typical Raman band of cyanide species by the dissociation of the solvent acetonitrile upon
adsorption onto highly roughened platinum electrode surfaces was detectable for all of the systems that were
studied. However, the onset potential of the dissociation reaction of acetontrile differed for the four systems.
We assume that competitive adsorption may exist between each of the above four species and the solvent
acetonitrile molecule, especially at the dissociation reactamtive sites of the Pt surface. This competitive
adsorption therefore significantly inhibits the decomposition reaction of acetonitrile. The interactions of these
adsorbates with Pt are assumed to weaken in the sequence pyridiine water~ Li* on the basis of the
observations of different negative shifts of the onset potential of acetonitrile decomposition. For the system
with water or iodide, double-band character for the CN band was also detected. It is assumed to be due to the

existence of two types of adsorbed ion pairs at the Pt surface:--@DH;CN and CN---Li*/Na'.

Introduction silver)?? or the latter onto the former metal as a substtéte.
. The enhanced scattering of adsorbates on these transition-metal
Surface-enhanced Raman spectroscopy (SERS), first observed taces is normally assumed to originate from the long-range
by Fleischmann et al. in 1974nd later confirmed by Jeanmaire  g|ectromagnetic effect of SERS-active metals. This strategy has
and VanDuynéand Albrecht and Creightohhas stimulated ooy employed to investigate the interactions of some organic
considerable interest in the development of Raman Spectroscopynipitors with iron®® However, because of the presence of the
as a technique for examining electrochemical interfdddest SERS-active metal, the interactions of the adsorbate with this

of the SERS investigations were carried out in aqueous media. jata] surface may be reflected in the obtained spectrum and
Only a few papers appearing in the literature were concernedy, o may bring about some ambiguities.

with electrode-nonaqueous solution interfaces. The structure
and composition of the latter interface is undoubtedly strongly
controlled by the behavior of nonaqueous solvents. Investiga-
tions of the solvent role in the double-layer region will help to
clarify the nature of the electrode process occurring in these

~ to the study of the adsorption of carbon monoxide on rhodfum

232;%2?50% systems, for instance, electrochemical organiCyng thiocyanate on platinum electrodé$rom recent studies

) L in our laboratory, we have found that by applying special
However, because of the low surface-detection sensitivity of surface-roughening procedures for transition metals we can

Raman spectrometry in nonaqueous systems and interferenceyyain 5 significant SERS signal of pyridine from bare platinum,
from large quantity of organic solvents, reports on the SERS pickel and iron surfaces in aqueous soluti®hidé No deposi-
spectra of adsorbates from metalonaqueous solution inter-  tjo of SERS-active metals is needed. The adsorption behavior
faces are relatively few in the literature. Moreover, previous pyridine 1516 benzotriazolé/ and thiocyanafé on these
related studies were almost restricted to three well-known yansition-metal surfaces has been probed on the basis of the
roughened coinage-metal surfaces: copper, silver, and gold. Thisyeasured spectrum. The success in obtaining valuable in situ
undoubtedly impeded the development of the SERS techniquegpaman scattering signals of adsorbates from aqueous media for
as a versatile surface analytical tool applied particularly t0 yansition metals stimulated us to extend this strategy to the

nonaqueous solutions. Several methods have been employedecirode-nonaqueous solution interface. The adsorption and
successfully to extend in situ SERS to other transition metals g|actro-oxidation of carbon monoxide at the platinsateto-

such as platinum and irén' over the last two decades. These jyje interface has been investigated recently in our labora-
methods include the deposition of particles or thin layers of (., 19
transition metals onto a SERS-active substrate (for instance,

Recently, Weaver and co-worké¥sclaimed that they had
obtained pinhole-free ultrathin (three to five monolayers) films
of Pt-group metals on gold by a judicious modification of the
electrode deposition procedures. The strategy has been applied

As part of these ongoing studies, this paper deals mainly with
the competitive adsorption occurring at the-RH;CN interface.

* Corresponding  author.  E-mail: ragu@suda.edu.cn.  Tel: e

86512+ 65112813, 65112645, Fax: 8612165231018, The' role of the solvent acetonitrile has. been analyzed on the
t Suzhou University. basis of_ the measured spectra. Interesting results regard|_ng the
* Xiamen University. adsorption sequences of the adsorbates have been obtained.
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Experimental Section

Chemicals. The solvent acetonitrile (HPLC grade, 0.003%
water) was distilled twice from calcium hydride and stored

before use in sealed containers over Woelm alumina. Pyridine MWMWMW
was of analytical reagent grade and was used without further

purification. The anhydrous salts used in this work, lithium

perchlorate and sodium iodide, were of analytical reagent grade -1.8V
and were dried by heating under vacuum up to°60for 6 h
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2021

before use. 3
Roughening Methods.An electrochemical oxidatioareduc- 8

. . . -1.4V

tion cycle (orc) was applied to roughen the platinum electrode. WMWWAW

Detailed information on the roughening procedure was described

elsewheré? What should be emphasized here is the possible 89

existence of unstable atoms or clusters at the surface. They & ~

should be removed from the electrode surface to obtain a stable W

SERS-active substrate. This is of key importance in obtaining

reproducible SER spectra of adsorbates. It is also an advantage

of Pt over other SERS substrates. Additionally, because of the Wm

chemical inertness of the platinum metal, the roughened = E

electrode can be reused several weeks later only after cycling

the electrode in sulfuric acid solution for several minutes. After W
roughening the Pt electrode, it was immersed in acetonitrile . ;
solution prior to the Raman measurement to remove the 1850 2050
contamination of water.

Raman Measurements A three-compartment spectroelec-
trochemical cell was used to perform the in situ Raman
measurements. The cell was dried in a vacuum oven atC20
before use. The working electrode was described above. A large
Pt ring served as the counterelectrode. All of the potentials
unless otherwise specified, are reported versus a Ag/Ag
reference electrode in GBN containing 0.1 M LiCIQ and
0.01 M AgNG; (0.268 V versus a saturated calomel electrode,
see ref 20). An EG&G model 173 potentiostat was employed
to control the applied potential.

Raman spectra were recorded on a confocal microprobe
Raman system (LabRam | from Dilor, France). Exciting
radiation of wavelength 632.8 nm was provided by an inner
air-cooled He-Ne laser with a power of 10 mW and a spot of
size 3um at the sample surface. The slit and pinhole that were
used were 200 and 8Qam, respectively. The acquisition time

Wavenumbers / cm”

Figure 1. Representative potential-dependent SER spectra from a
roughened platinum electrode in 0.1 M LiCl@cetonitrile.

and Villegas and Weavér.Only agostic bond features (where
' no bonds are broken) of acetonitrile, for instance, the large red
shift of CH stretches (30 cm), were observed with infrared
reflection absorption spectroscopy (IRRAS) by Norton e¥al.
In the studies of CO chemisorbed onto smooth polycrystalline
Pt surfaces from acetonitrile solutions, the decomposition of
acetonitrile was also not observ&®® This may be caused by
the different metallic surface features, with the roughened
platinum surfaces used in the present study having highly
catalytic properties. As is known to us, the roughened metal
surface has many kinks, edges, and steps. These surface features
probably facilitate the interaction and subsequent decomposition
of acetonitrile on the roughened metal surfaces. However, when
Bhe flame-annealed Pt(111) sample was cooled above an aqueous
solution of acetonitrile, the decomposition of acetonitrile into
cyanide species was also detected by Dederichs and co-
workers30 as evidenced by the appearance of the sum frequency
generation band of cyanide. Another important finding in their
studies is that the contamination of CO was observed upon
changing the electrolyte to neat acetonitrile. The product CO
Acetonitrile. First, we examined the behavior of acetonitrile was postulated to originate from the further oxidation of
as a solvent at the roughened platinum electrode surface.acetonitrile. However, in the present study, this phenomenon
Previous studiéd showed that the solvent may decompose at was not observed for the electrode potential being applied in
the catalytic roughened surface, yielding cyanide species, asthe relatively negative potential region. Furthermore, the usually
characterized by the spectral features presented in Figure 1. Thebserved PtC bond associated closely with the adsorption of
electrolyte was 0.1 M LiCIQCH;CN. The two new bands  CO was not detectable throughout the potential region.
located at ca. 2147 and 2115 chmwhich are not components The above discussions show that acetonitrile may decompose
of the Raman spectrum of free or coordinated acetonitile, upon adsorption onto highly roughened platinum electrode
exhibit similar frequency values and potential dependencies of surfaces. In addition, the double-band character of the two new
the cyanide iorf3 Hence, the presence of the new bands is bands (Figure 1) was also noted and has been discussed in detail
reasonably attributed to the CN stretching mode of the decom- in our previous studie®. Two corresponding different adsorp-
position product cyanide ion. This decomposition adsorption tion modes were proposed to explain this phenomenon. Ac-
of acetonitrile has also been observed on copper and gft¢er.  cording to the potential dependence of the spectral features, the
All of these observable decomposition reactions occur at high-frequency component has been assumed to be related to
roughened metallic surfaces. No dissociation of acetonitrile or the adsorption of the ion pair CN--Li*.21 Other surface-
reaction products such as CMere detected on smooth Pt(111) adsorbed cyanide ions may be surrounded by solvent molecules,
surfaces according to the studies of Norton and co-wofkers resulting in the appearance of the 2115=¢rband.

a holographic notch filter and a CCD detector, it has an
extremely high detecting sensitivity. A 50ong-working-length
objective (8 mm) was used, so it was not necessary for the
objective to be immersed in the solution.

Results and Discussion
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Figure 3. Potential dependence of the ratio of the band intensity for
’\;% (a) 2147 cm?/2115 cnT! with LiClIO, as the electrolyte and (b) 2056
cm Y2031 cm with Nal as the electrolyte. (See the text for a detailed

description.)

-1.2V
WM the decrease in the CN-band intensity of acetonitrile can be

clearly observed in their studies. This supports the dissociation
-08V " . i .

of acetonitrile at roughened silver surfaces at negative potentials.
In the present study, there is the possibility that the SERS band
of acetonitrile is rather weak and that it may underlie the intense
bulk solvent bands. Exactly those bands with different and well-

' I ' ! resolved band frequencies, such as the-Gidnd, would be

2031
2056

1850 2050 2250 expected to be apparently observable. Although we applied a
Wavenumbers / cm™ subtraction method to the spectra, no obvious SERS bands of
acetonitrile could be seen. This is reasonable because of the

Figure 2. Representative potential-dependent SER spectra from a
roughened platinum electrode in 0.1 M Nal/acetonitrile. rather low surface enhancement factor (SEF) of the Raman

signal for platinum (16-120). Moreover, the SEF further

lodide. Figure 2 shows the SERS spectra from a Pt electrode decreases by a factor of ca. 10 for platinum when using
at different potentials after changing the electrolyte to 0.1 M Nhonaqueous solvents in comparison with the widely used
Nal/CH;CN. Unfortunately, the band reflecting the Rt aqueous systents.
interaction in the low-frequency region was not observed, which  All of these spectra show that the adsorption of iodide ions
is possibly due to the rather low detection sensitivity for such or related ion pairs onto the surface reaction-active sites greatly
an intermolecular vibrational mode. However, the adsorption inhibits the decomposition of acetonitrile. No direct interaction
of the iodide ion can be deduced by the spectral features of acetonitrile with the surface reaction-active sites would be
presented in the CN stretching-mode region. As can be seenexpected at potentials positive tdl.2 V. Then, the acetonitrile
from Figure 2, the appearance of the Tbland occurs at more ~ molecule would be expected to adsorb via the methyl group
negative potentials, namely, atl.2 V, in comparison with the ~ with |7, resulting in a difficult electron transfer between the
system without the addition of iodide (Figure 1). This clearly metal substrate and acetonitrile. The possible direct interaction
shows that the decomposition reaction of acetonitrile was of acetonitrile with surface sites other than the reaction-active
inhibited significantly by changing the electrolyte to sodium sites also does not facilitate the dissociation of acetonitrile. Thus,
iodide. Hence, we assume that there may be some blockingit is reasonable to assume that the adsorption of iodide
factors that occupy the surface decomposition reaction-active significantly inhibits the decomposition reaction of the solvent
sites, most probably the kinks, edges, and steps of the Pt surfacein the vicinity of the electrode surface. This phenomenon has
which were originally associated with the solvent acetonitrile also been observed on a silver electrétié/hen the potential
molecules. In the system used in Figure 1, these reaction-activeis changed to sufficiently negative values, the iodide ion desorbs
sites were occupied by acetonitrile and subsequently facilitated partially or completely from the surface because of the
its dissociation adsorption. As a result, it is reasonable to assumeelectrostatic repulsion of the negatively charged surface, and
that the specific adsorption of iodide ions or related ion pairs solvent decomposition then occurs. Additionally, the wide
onto the Pt surface reaction-active sites may be the main causgootential range observed for the adsorption of the product
of the inhibition of acetonitrile decomposition. Certainly, the cyanide ion (Figure 2) may be indicative of a stronger interaction
solvent molecules may also adsorb onto Pt surface sites othewith Pt than with both iodide and the solvent.
than the reaction-active ones. However, these site-associated Another interesting feature in Figure 2 is the reappearance
solvent molecules should not decompose, or they decomposeof the double-band character for the CN stretching mode,
at a rather low speed or in a quantity that is below the detection namely, at 2031 and 2056 crhat —1.2 V. This again can be
limit of Raman spectroscopy. explained by the existence of two types of surface ion pairs:

The effort to measure the SERS features of adsorbed CN~---Na"and CN---CH3CN. However, careful examination
acetonitrile failed. The characteristic band observed at 2254 of the spectral features in Figures 1 and 2 shows that there is a
cm™! at all potentials that were investigated (Figure 2, similar difference in the potential dependence of the relative band
band features were omitted at potentials other th@ V for intensity of the two bands. Figure 3 compares the relationship
clear presentation) corresponds to the CN triple-bond stretchbetween the applied potential and the ratio of the band intensity
of bulk solvent acetonitrile. However, the SERS spectra of with the higher frequency to that with the lower frequency. As
acetonitrile has been observed on a roughened silver electrodecan be seen from the Figure, the ratio value changes with
by Irish and co-worker&! With the onset of the decomposition,  potential in two different directions. The electrolyte anions of
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Figure 4. Representative potential-dependent surface Raman spectra from a roughened platinum electrode in acetonitrile with satwated LiCIO
three frequency regions: 26@000 cnt?, 1600-2200 cnt?, and 3406-3700 cn?. Asterisks refer to the solvent bands.

ClO4~ and - would be expected to have little effect on this covering the Pt surface may destroy part of the SERS-active
observation because they possibly desorb from the surface insites. This is in agreement with the observations of the relatively
the potential region where the adsorption of Cdtcurs. As a low signal-to-noise ratio (S/N) in comparison with that in Figure
result, the different behaviors of the relative intensity of the 2.
above two bands upon variations in the potential may be caused Lithium Cation. The above results show that the cation in
by the existence of different cations in the double-layer region. the double-layer region plays an important role in the surface
It is reported that the potential of zero charge (pzc) for a adsorption process. We estimated that it should also have some
platinum electrode in a neutral aqueous solution is arouD@ effect on the surface structure of the double layer at the
to 0 V (vs SCE)2 Although we have no accurate data for Pt, nonaqueous platinuracetonitrile interface. Considering this
with Hg/NaClIQ; the pzc shifts 0.18 V in the negative direction assumption, a saturated electrolyte of Li¢li@ acectonitrile
from the aqueous to the GBN solution3® Hence, we expect  was used in following SERS measurements to probe the role
the pzc of Pt/CHCN to be shifted by a similar amount (i.e., at of the lithium cation in surface configurations.
about—0.38 t0—0.18 V (vs SCE). In the presence of the iodide Figure 4 shows a typical set of SERS spectra from a
ion, the pzc may further shift with a slightly negative value. roughened Pt electrode at different potentials in such a solution.
On the basis of these assumptions, the adsorption of cyanideThe spectra were presented in three frequency regions:- 200
species should occur at negatively charged surfaces in the abovd 000, 1600-2200, and 34083700 cnT. The applied potential
two systems studied. This facilitates the adsorption of sodium was varied from positive, near the open-circuit potential of the
or lithium cations, thus supporting the existence of ion pairs at system, to negative values. The bands marked with an asterisk
the surface in the whole potential region where the adsorption correspond to the vibration of the bulk solvent. Additional bands
of CN™ occurs. observed at 458, 625, and 933 thcome from the perchlorate
When the potential is moved to more negative values, more anion in the bulk solution. As discussed in the lodide section,
cations (for instance, sodium cations in Figure 2) will be the competitive adsorption of the lithium cation with the solvent
attracted to the vicinity of the surface, resulting in an increase molecule can also be deduced by the negative shift of the initial
in the relative intensity of the band associated with the ion pair, onset potential of the acetonitrile decomposition (fref.2 to
CN~---Na'/Li™. As a result, the increase upon the negatively —0.6 V, see Figures 1 and 2). Because of the presence of
going potential regarding the relative intensity of the 2056em  saturated LiCIQin solution, a large quantity of ffimay transfer
over the 2031-cm! band is observed (Figure 3). For the system to the vicinity of the Pt surface even at potentials slightly
with the lithium cation, there should be another contributing negative to the pzc of the system, namely, fre.2 to —0.4
factor having the opposite effect. We will show in the later part V. The decomposition of the solvent would occur at more
of this paper that the trace water existing in the double-layer negative potentials. By contrast, the negative shift value of the
region may decompose while applying negative potentials to onset potential for the present system (ca. 400 mV) is less than
the electrode; the resulting OHthen combines with L, that with the addition of iodide ions (ca. 1000 mV, see Figure
yielding the deposition of LiOH on the surface. Because of the 2). Additionally, the disappearance of the double-band character
rather low solubility of LiOH in acetonitrile, the normal Raman appearing in Figures 1 and 2 can also be explained by the
scattering of the stretching band arising from the combined OH existence of a large number ofLin the double-layer region.
can be detected, as presented later in Figure 4. On the basis oft is reasonable to assume that almost all of the adsorbed CN
these observations, the formation of LIOH may be the main anions are surrounded by lithium cations. Only one type of ion
reason for the decrease in the intensity of the 2147Xdmand pair, CN---Li*, is expected to exist at the electrode surface,
associated with the CN--Li™ ion pair at more negative resulting in the appearance of a single band of the CN vibration.
potentials. Additionally, the yielding of insoluble LiOH layers Another striking feature in Figure 4 is observed for the
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Figure 5. Potential dependence of the intensity and frequency of the
CN~ band in acetonitrile with saturated LiCl@see text).

.8

changing of the CN band intensity and frequency upon

Cao et al.

On the basis of the above assignments, the behavior of the
CN~ band with respect to applied potential can be explained as
follows. As discussed in our previous stuththe red shift of
the frequency of the CN band upon variations in potential is
mainly caused by the electron transfer between the adsorbate
and Pt (i.e., the electrochemical Stark tuning effé&tjBriefly,

CN~ has one electron sitting on its wealo @ntibonding
orbital*® When the potential is moved to a positive value
compared to the pzc of the Pt electrode, the electron density of
this orbital will be reduced, leading to an increase in the
frequency of the CN band. On scanning the potential to negative
values, the electrode surface donates electrons to the 5
antibonding orbital of CN, resulting in a weakening of the CN
bond and hence a decrease in frequency. In the present study,
the variation of the CN band frequency at potentials positive to
ca.—1.4 Vis in good accordance with the Stark tuning effect.
When the potential is altered to more negative values, the
formation of an overlayer of LiOH would be expected to inhibit

variations in potential, as presented in Figure 5. The band the electron transfer between Pt and the Giiion. In other
intensity has been normalized. It can be seen from the FigureWords, the vibronic structure of the overlayer-adsorbed @GN
that the CN' band first increases in intensity and then reaches MOt sensitive to the change in the applied potential, resulting in

its maximum at ca—1.0 V, followed by a slight decrease then
remaining almost constant at potentials negative 104 V. The
frequency of this band shifts to lower values first but is then
constant at more negative potentials. It seems that the applie
potential has no effect on the Cband, particularly at potentials
negative to—1.4 V. More interestingly, this phenomenon was

an almost constant frequency of the CN band. However, the
deposition of CN in the surface crystal lattice of LiOH is also
reasonable. Thus, the relatively intense CN band observed at

0potentials negative to ca:1.4 V in comparison with Figure 1

may not arise from the direct metaCN~ interaction but from
normal Raman scattering of the inbuilt Ci the LiOH crystal
lattice. Therefore, the intensity of this band should be determined

accompanied by the appearance of two new bands located ahy the quantity of the inbuilt CN. However, the assumption

ca. 328 and 3663 cm in lower- and higher-frequency regions,
respectively. The band at 3663 chis extremely narrow with
a fwhm (full width at half-maximum) of 6 cmt. Taking into

of the inbuilt CN in the LIOH crystal lattice should be further
confirmed by other techniques. The spectral features in Figure
4 indicate that the quantity of CNexisting at the interface may

account the possible existence of trace water in acetonitrile, thebe constant in the potential region negative-th4 V. Therefore,
decomposition of water molecules would be expected to occur no further decomposition of acetonitrile would occur in the same
at a more negative potential. The adsorption of water molecules potential region because of the covering of the LiOH layer on

in acetonitrile has been confirmed on silvétUnfortunately,

the Pt surface. However, the growth of the LiOH layer continues,

the characteristic band of the adsorbed water molecule was no@S evidenlced by the increase in the intensity of the 328- and
observed in the present study. This is possibly due to the rather3663-cnm* bands, indicating continuing water decomposition

low detection sensitivity, particularly in the high-frequency
region for Pt compared with silver.

Therefore, the band at 3663 cimay be related to the

at the Pt surface.

Water. The above discussions suggest the existence of trace
water in the electrochemical double-layer region of the Pt/
acetonitrile system because the utter remove of trace water from

adsorbed water molecules. However, the rather high frequencythe solvent is difficult to realize. Probing of the possible

and narrowness may reflect very little hydrogen bonding. On

competitive adsorption of water and acetonitrile was then

the basis of these observations, it is reasonable to postulate thaperformed by adding water to the solution used in Figure 1.

the 3663-cm?! band should arise from the product of water
decomposition, the hydroxide anion. As described above; OH
subsequently combines with the lithium cation, yielding an
insoluble overlayer of LiOH at the Pt surface. The assignment
of OH™ is in accordance with the peak position reported in the
literature3>36 The normal Raman spectra of solid LiOH and
LiOH-H,0 have OH stretching modes at 3664 and 3563 ¢ém
respectivel\>3¢supporting the above assignment. Although no

characteristic band of hydrated LiOH was observed, the presenceI

of this species may not be ruled out because the band is possibl
weak. Additionally, it is reported that LIOH crystals have a
layered structure, (OF,LiT2,(OH )37 so it is possible that

The corresponding SERS spectra from the same roughened Pt
electrode at different potentials in 0.1 M® + 0.1 M LiCIO4/
CH3CN are presented in Figure 6. Again, the competitive
adsorption of the water molecule could be anticipated. As seen
from the Figure, the onset potential of acetonitrile decomposition
is shifted in a negative direction t60.7 V by ca. 500 mV in
comparison with that in Figure 1 but is comparable to that in
Figure 4. This may suggest the predominance of water molecules
in the vicinity of the electrode surface at relatively positive
otentials, which inhibits the approach of the solvent molecule
o the surface, particularly those reaction-active sites for the
decomposition of acetonitrile. Unfortunately, direct evidence of
the SERS bands from interfacial water was not obtained. This

such a structure forms in layers at the Pt surface. The relatively may be caused by both the rather low detection sensitivity and

intense and narrow band observed at 328 ¢in the low-
frequency region is probably from the crystal lattice vibration
of LIOH, supporting the formation of LiOH at the surface. Such
a LiOH crystal layer was also observed in the Ag/acetonitrile
system

the rather small Raman scattering cross section for water
molecules. However, because of the great enhancement of the
surface Raman signal for silver, the SERS bands of trace water
have been observed at the roughened silver electraceto-
nitrile interface in our laborator§t



Competitive Adsorption at the PCH3CN Interface

! M

-1.9V

M

-1.3V

2043
2098

11V

MWMMWWW

0.7V

0.5V

T 1
2000 2200
Wavenumbers / cm’™

Figure 6. SERS spectra from a roughened Pt electrode at different
potentials in 0.1 M HO + 0.1 M LiClO4/acetonitrile.

1800

The spectral feature in Figure 6 again gives the double-band
character of the CN mode. This can also be explained by the

existence of two ion pairs at the surface: CMNLi™ and
CN~---CH3CN. Additionally, the intensity of the two bands
exhibits a similar potential dependence to that in Figure 1. This
may suggest a similar effect of the lithium cation on the
adsorption of the CN anion. A difference is also observed for
the two systems. The CN band is widened, particularly at
relatively positive potentials (for instance, atl.1 V; Figure

6). This may be caused by the contributions from the interaction
of water with adsorbed CN

By comparing the negative shift of the onset potential of
acetonitrile decomposition upon the addition of water, the
lithium cation, and iodide, we estimate a stronger surface
interaction of iodide with Pt than with both the water molecule
and the lithium cation. This is in accordance with the specific
adsorption property for halide ions, irrespective of the use of
an agqueous or nonaqueous solution.

Pyridine. Now we choose pyridine, a typical heterocyclic

J. Phys. Chem. B, Vol. 107, No. 24, 2008323
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Figure 7. Typical set of potential-dependent surface Raman spectra
from a roughened platinum electrode in 0.1 M pyridin®.1 M LiCIO,/
acetonitrile in two frequency regions: 950150 and 15062150 cnt™.

at 992 cmt is caused by the interference of the bulk pyridine
because of the use of a relatively high concentration of pyridine.
Two other bands, located at ca. 1031 and 1595crare also
observed and are ascribed to the asymmetric ring-breathing and
ring-stretching modes, respectivefy.

The intensity of the symmetric ring-breathing mode first
increases to a maximum value at e€0.5 V and then remains
almost constant when the potential is changed to more negative
values. In comparison with SERS of pyridine in aqueous
medial* the potential region where pyridine adsorption occurs
is extended greatly from about 1.4 +®.6 V (Figure 7). This
may be attributed to the elimination of the hydrogen-evolution
reaction at the negative potential limit in the present system. It
again shows the advantage of using an organic solvent over
the aqueous solution.

The CN~ band normally observed in several of the former
systems is hardly detected at potentials positive to-cdab V

adsorbate on metallic surfaces and widely used as the probing(Figure 7). Only when the electrode is polarized at-¢4.6 V
molecule in SERS studies, as the present test molecule. Unlikecan the CN band be resolved. Moreover, the S/N ratio is rather
the water molecule with a small Raman scattering cross section,poor, suggesting a rather small number of adsorbed cyanide ions
the pyridine molecule has large cross-sectional value and isat the Pt surface. On the basis of these observations, we postulate
hence estimated to exhibit SERS bands when added to thethat the strong adsorption of pyridine on Pt significantly impedes

present Pt/acetonitrile system.

direct interactions of the solvent molecule with the surface

Figure 7 shows a typical series of potential-dependent SER reaction-active sites. As discussed above, the surface reaction-
spectra of pyridine adsorbed onto a roughened platinum active adsorption sites would be occupied by pyridine molecules

electrode in 0.1 M pyridinet 0.1 M LiClO4/acetonitrile. The
spectra are presented in the frequency ranges of 8580 cnt?!
and 1500-2150 cntt. The applied potential is varied from

over a wide potential region. Hence, the solvent acetonitrile
could hardly exhibit decompositions because of the difficulty
of electron transfer. The surface-activation properties of pyridine

positive to negative. As can be seen from the Figure, the bandmolecules in acetonitrile are then clearly concluded.

centered at ca. 1016 crhfrom pyridine is well resolved. A

In comparison with the former three systems studied, the

change in the frequency of this band upon adsorption is also adsorption ability of pyridine at the Pacetonitrile interface

clearly observed, suggesting that the 1016-tband attributed
to the symmetric ring-breathing mode of pyridiAes from the

would be the strongest. The interactions of these molecules/
ions with Pt are assumed to decrease as follows: pyrigihe

surface species rather than the bulk solution. The band observed> water~ Li™.
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Summary (5) Hutchinson, K.; Mcquillan, A. J.; Hester, R. Ehem. Phys. Lett.
) o ) 1983 98, 27.
The electrochemical Pinonaqueous acetonitrile solution (6) Pemberton, J. E.; Bryant, M. A.; Sobocinski, R. L.; Joa, SJ.L.

interface in the presence of iodide, the lithium cation, water, Phy(s%)cgemlggzv%,l 37h76b £3. Phys. Chemi994 98, 9371

FRE ; ; eng, Z. Y.; Irish, D. EJ. Phys. Che , .
ek .py“dme mmeCUIeS’. reSpeCtlvely’ was examined as a (8) Mengoli, G.; Musiani, M.; Fleischmann, M.; Mao, B. W.; Tian, Z.
function of applied potential employing surface-enhanced Ra- q. Electrochim. Actal987 32, 1239.
man spectroscopy (SERS). The special roughening pretreatments (9) Uehara, J.; Nishihara, H.; Aramaki, B. Electrochem. S0d.99Q
of the Pt electrode helped us to obtain high-quality Raman 137 2677.

signals. The main observations and conclusions have beeq_'.(éﬂ)ss?)blg_nslzl%" Lélégtgi‘égi‘.Ts'ol\éégfelr‘if'ggi;;e”y’ S. S.; Mao, X.

summarized: (11) Zou, S.; Williams, C. T.; Chen, E. K.-Y.; Weaver, M. J. Am.
(1) Surface-enhanced Raman scattering from a roughened P€hem. Soc199§ 120, 3811. _ _
electrode in acetonitrile is reported. Two new bands observed . (12) Zou, S.; Weaver, M. J./ Li, X. Q.; Ren, B.; Tian, Z. Q.Phys.
; Chem. B1999 103 4218.
at ca. 2115 and 2147 crh were observed and attributed to (13) Luo, H.; Weaver, M. JLangmuir 1999 15, 8743.
adsorbed CN surrounded by solvent molecules and lithium (14) Ren, B.; Huang, Q. J.; Cai, W. B.; Mao, B. W.; Liu, F. M.; Tian,
CationS, respective|y_ Z. Q. J. Electroanal. Chem1996 415 175.

(2) The competitive adsorptions of iodide, the lithium cation, Let(tlg)oocqag'lg'f'; Yao, J.L.;Ren, B Gu, R A; Tian, Z.Chem. Phys.
water, and pyridine with t_he solvent acetonitrile were confirmed  (16) Huang, Q. J.; Li, X. Q.; Yao, J. L.; Ren, B.; Cai, W. B.; Gao, J. S.:
and analyzed on the basis of measured spectra. It was postulatetlao, B. W.; Tian, Z. Q.Surf. Sci.1999 427—428 162. _
that the solvent acetonitrile molecules, particularly those as- Lalgljéguic;g%bzp.lSGIEI.OY()ao’ J. L.; Zheng, J. W.; Gu, R. A;; Tian, Z. Q.
sociated with surfgc_e reaction-active sites, may be replace_d by (18) Cao, P. G.. Yao, J. L.: Ren, B.: Gu, R. A.: Tian, Z. D.Phys.
I~, water, and pyridine molecules when added to the solution, chem. B2002 106, 7283.
which shifts the onset potential of acetonitrile decomposition  (19) _ngbz.g:%lsr; Y.H.; Yao, J.L;Ren, B.; Gu, R. A;; Tian, Z. Q.
; i ~-angmuir , .
to mpre_ negatl\.le values. When_usgd_ ".it a saturated C(.)ncemratlort (20) Larson, R. C.; lwamoto, R. T.; Adams, R. Nnal. Chim. Acta
the lithium cation also has an inhibiting effect on this decom- 1961 25 371.
position reaction. (21) Gu, R. A;; Cao, P. G.; Sun, Y. H.; Tian, Z. @.Electroanal. Chem.
(3) For the systems with water or iodide, double-band 20(()222)52§ 121. - D. Bust. J. Cheml974 27 1855
H ooney, R. P.; Fraser, D. St J. em. y .
character for _the CN band was observed. It is _assun"_led to be (23) Ren, B.. Li, X. Q.. Wu, D. Y.. Ya0, . L; Xie, Y. Tian, Z. Q.
due to the existence of two types of adsorbed ion pairs at the chem. Phys. Lete00q 322, 561 and references therein.

Pt surface: CN---CHsCN and CN---Li*/Na’. (24) Irish, D. E.; Hill, I. R.; Archambault, P.; Atkinson, G. F. Solution
(4) In the presence of pyridine, the decomposition of Ch%’g-lﬁﬁ% 14vh22T1- b C R B. Elect | Chem1og4 177
acetonitrile was almost completely suppressed by the strongmé ) Memagh, T. P.; Cooney, R. B. Electroanal. Chemi1984 177,
interaction of pyridine with the Pt surface. According to the (26) Ou, E. C.; Young, P. A.; Norton, P. Burf. Sci.1992 277, 123.

different negative shift values of the onset potential of this  (27) Villegas, I.; Weaver, M. JJ. Am. Chem. Sod.996 118 458.
decomposition reaction for the systems with iodide, water, or , _(28) Roth, J. D.; Chang, S.-C.; Weaver, M.1.Electroanal. Chem.

L . . . ; 199Q 288, 285.
the lithium cation, the interactions of these adsorbates with Pt (39) fnderson M. R.; Huang, J. Electroanal. Chem991 318 335.

are assumed to weaken as follows: pyridind~ > water~ (30) Dederichs, F.; Petukhova, A.; Daum, W.Phys. Chem R001,
Lit. 105, 5210.
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