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Abstract: Sum frequency generation (SFG) vibrational spectra gb [And/or acetonitrile (CECN) on a

Pt(111) single-crystal electrode were obtained as a function of applied poterdiélinol % water/acetonitrile

mixed solvent with different 0.1 molar MSOF; salts (M= HT, Li™, Na", KT, and Cg). The results provide

a very specific model for the composition of the inner Helmholtz layer as a function of potential and surface
charge. Acetonitrile dominates the inner layer with the CN group directed toward the metal at potentials where
the metal has a positive charge. As the surface becomes negatively charged, the acetonitrile orientation flips
18, with the CH; group pointing toward the surface. At even more negative surface chag@ediBplaces
acetonitrile from the inner layer and is the predominant molecule on the surface. Here water is present as an
oriented molecule with the oxygen end pointing toward the metal. The potential (and surface charge) where
water is the dominant molecule in the inner Helmholtz layer is determined by the solvation energy of the
cation.

Introduction positive charge, at+400 to 1200 mV vs Ag/AgCl. As the
surface becomes negatively charged {&00 to +400 mV),

the acetonitrile orientation flips 180 with the CH; group
predominantly pointing toward the surface. At even more
negatively charged surfaces,@begins to displace acetonitrile
from the surface and is the predominant molecule on the surface
at—200 to—800 mV (vs Ag/AgCl). The potential where water

is the dominant molecule at the surface is determined by the
solvation energy of the cation, i.e., the more strongly solvated

it will, in _the electric dipole approximation, only detect the cation the lower the potential for oriented water to form at
molecules in a noncentrosymmetric environment. Therefore, thethe surface

peaks in a SFG spectrum are due to molecules at the interface
that have a preferential orientation along the surface normal, Experimental Section
and molecules in the bulk solution that are randomly oriented

do nOF gl\./e ”SFT' to.a sum frequer_my signal. This permits the cell that has been described in detail elsewHheérke cell is equipped
SE|eCt,'Ve investigation of the relatively feW surface molecules with a Pt(111) working electrode, Pt wire counter electrode, and a Ag/
even in the presence of an overwhelming number in the bulk oqcy reference electrode. The experiment involves spatially and
solution. In this study, we usea 5 mol % water/acetonitrile  temporally overlapping a tunable infrared and fixed frequency visible
mixed solvent and found that either water or acetonitrile {CH  |aser beam on the surface of the electrode. The generated sum frequency
CN) is the dominant molecule in the inner Helmholtz layer, that occurs at the metal electrode is spectrally filtered and detected
depending on the electrode potential and the surface chargewith a photomultiplier tube. The energy densities are 3 and 10 niJ/cm
Acetonitrile dominates the surface coverage with the CN group for the 532 nm and infrared beams, respectively.

directed toward the metal at potentials where the metal has a The only significant SFG signal is generated at the metal/solution
interface. This is evident by the dependence of the SFG signal on

* Address correspondence to this author: (e-mail) Somorjai@ electrode potential, on the polarization of the light fields, and on the
chem-_bﬂk,e'e)’-edu-, _ thickness of the layer of trapped electrolyte. All spectra presented here
University of California at Berkeley. are taken with ppp polarized laser beams (p-sum frequency, p-visible,

§ Lawrence Berkeley National Laboratory. . ; L
T Present Address: Department of Chemistry, University of Houston. p-infrared). Some SFG signal from acetonitrile ofMat the Cak

The properties of the sokieliquid interface are controlled in
large part by potential and charge. To obtain molecular details
of this interface the use of spectroscopic methods proves to be
extremely beneficial=2 In this study, sum frequency generation
(SFG) is used as a vibrational spectroscopic probe of the
structure of solvent molecules adsorbed at the Pt(111) electrode
SFG is an ideally suited technique since ag?aspectroscopy

SFG spectroscopy is performed using a thin-layer electrochemical

O University Blaise Pascal. window is seen with ssp polarization at higher beam energies (532 nm
(1) Iwasita, T.; Nart, F. CProg. Surf. Sci1997 55, 271. = 30 mJ/cmM and infrared= 20 mJ/cm), but the signal is about; of
(2) Nichols, R. JIR Spectroscopy of Molecules at the Self8blution that from the metal with ppp polarization using the beam energies given

Interface Lipkowski, J., Ross, P. N., Eds.; VCH: New York, 1992, p 347.  in the previous paragraph. No SFG signal is seen with ppp polarization
(3) Pettinger, BlIn-situ Raman Spectrscopy at Metal Electrademp-

kowski, J., Ross, P. N., Eds.; VCH Publishers Inc.: New York, 1992; Vol. (4) Baldelli, S.; Markovic, N.; Ross, P. N.; Shen, Y. R.; Somorjai, G.
1, p 414. A. J. Phys. Chem. B999 103 8920.

10.1021/ja016063e CCC: $20.00 © 2001 American Chemical Society
Published on Web 07/13/2001



7698 J. Am. Chem. Soc., Vol. 123, No. 31, 2001 Baldelli et al.

1.5
s 5
8 1.0 s
2 2
%) »
[ C
e " A 9
£ 0.5 1 - - . £
O] -.- [ e 0OmV 0]
L LEWAE ) 5 P " +400 mV
n = y ) ] o Y
0.0 - = +400 mV 0.0 +m , , _
2500 2600 2700 2800 2900 2500 2600 2700 2800 2900
-1
Wavenumber(cm ') Wavenumber(cm ')
1.5 1 Cst
- —_ -800 mV
3 3 . - .
© © i -
= =10 =TT, 400 mv
= =
g 5
g E 0mV
. ol - 0mV o
(.f - > +400 mV
< m +400 mV 00 . . | |
0.0 4 r : . ' 2500 2600 2700 2800 2900
2500 2600 2700 2800 2900 Wavenumber(cm )

Wavenumber(cm )

Figure 1. SFG spectra of OD vibrations for 5 mol %0 in acetonitrile solution on Pt(111) as a function of potential. The electrolyte is 0.1 M
MSGOsCFR; (M = Li, Na, K, Cs). Potential is with respect to a Ag/AgClI reference. Lines are a curve fit from eq 2.

from the window/solution interface using the lower beam energies. If whereP is the induced polarization in the surface layer &hd and
the solvent layer between the electrode and window is more than ca. Er are the electric fields of the visible and infrared beams, respectively.
0.5 mm thick, the infrared light is completely adsorbed and does not The susceptibility contains resonant and nonresonant components that
reach the electrode surface, and no SFG signal is detected. Only pppinterfere with each other. This interference depends on the magnitude
spectra will be presented here to ensure there is signal from only the and phase of the two components and can produce complex line shapes
Pt surface. in a SFG spectrurfr.it Qualitatively, the intensity in an SFG spectrum
The solutions used here are 5 mol %in acetonitrile prepared depends on the orientation of the functional group (only the component
volumetrically. Alkali triflate salts were prepared by mixing the alkali  of the transition dipole projected along the surface normal is detected),

hydroxide, MOH (M= Li*, Na*, K*, Cs") ,with triflic acid, HSOs- the square root of the number of molecules contributing to the signal,
CFs. All reagents were purchased from Sigma-Aldrich and used without and their infrared and Raman cross-sections.
further purification. The solutions are 0.1 M salt in 0:0§mole To extract relative peak intensity information abow(Dadsorbed

fraction) D,O/acetonitrile. All other experimental details are presented at the platinum surface the spectral analysis of the SFG spectra was
in a previous publication on the Pt(111) electrode in acetonitrile/water performed as follows. Each spectrum was fit to eq 2, whéves the
mixtures®

Background 2= XR(Z) + XNR(Z) = XNR(z) + Z +_T (2

The SFG process involves three photons, two input beams and one TR P!
output®~8 The output signal is coherent and directional, based on phase
matching condition8.The polarization of the beams can be varied
independently to access different components of the susceptibility
tensor. The SFG signal intensitlsg, is related to the second-order
macroscopic susceptibility®, by

second-order susceptibilityy, is the mode strengthyir and wq are
the infrared frequency and normal mode vibration, respectivelyl'and
is the damping factor for the vibration.

Typically two resonant modes and a nonresonant backgro/f,
were included, e.g. the symmetrig) and asymmetricig) OD vibration
of D,O and a broad background feature. The fitting of methyl
lge O |P@)?2 = I)c(z)ZE\,isElRl2 (1) resonances in the CH region was described in detail previdusly.

(5) Baldelli, S.; Mailhot, G.; Ross, P. N.: Shen, Y. R.; Somorjai, G. A. Results

J. Phys. Chem. B001, 105 654. . . . .
(6) Hunt, J. H.: Guyot-Sionnest, P.: Shen, Y.Ghem. Phys. Letf.987, The SFG spectra in the OD stretching region are shown in

133 189. Figure 1 as a function of potential and electrolyte. The OD peak
(7) Zhu, X. D.; Suhr, H.; Shen, Y. RPhys. Re. B 1987, 35, 3047.
(8) Superfine, R.; Guyot-Sionnest, P.; Hunt, J. H.; Kao, C. T.; Shen, Y. (10) Miranda, P. B.; Shen, Y. R. Phys. Chem. B999 103 3292.

R. Surf. Sci.1988 200, L445. (11) Braun, R.; Casson, B. D.; Bain, C. D.; Ham, E. W. M. v. d.; Vrehen,
(9) Bloembergen, NNonlinear Optics 1st ed.; Benjamin/Cummings: Q. H. F.; Eliel, E. R.; Briggs, A. M.; Davies, P. B. Chem. Phys1999

New York, 1965. 110, 4634.
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Figure 2. SFG spectra of OD vibrations of 5 mol %0 in acetonitrile solution as a function of potential. The electrolyte is 0.1 M ¥Fo
Potential is with respect to a Ag/AgCl reference. Lines are a curve fit from eq 2.

shows a strong intensity at negative potentials, e.g. bel@@0 ~3000 cnt! that are due to the symmetric and asymmetric
mV vs Ag/AgCl. Depending on the type of electrolyte used, stretching vibrations of acetonitrilé,while no distinct peak is
the peak intensity appears at different potentials, as seen inobserved in the OD region. As the potential becomes more
Figure 1. The only two peaks seen are~&680 and~2800 negative, the peak at 2950 chturns into a dip in the spectrum
cm%; no intensity is noted in the lower wavenumbe2200- at about 2930 cmt and the RO features appear at 2680 and
2550 cntl) region where water OD peaks with hydrogen 2750 cnt?l. The features in the CH region become weak as the
bonding are expected. ;D peaks generally become more potential goes below-200 mV vs Ag/AgCl. At even more
narrow, blue-shifted, and intense as the potential becomes morenegative potentials, the OD peaks become more prominent
negative. Peak width for theJD resonances is about 30 cin reaching a maximum at800 mV. The features in the CH and
this is comparable to that measured in bulk acetoniti@ter OD regions are reversible for several cycles of the potential
solution with infrared spectroscopy.Qualitatively, the two between—800 and+1200 mV, after which all peaks lose
peaks in the spectra have the same potential dependence fointensity. Apparently there is some decomposition of acetonitrile
their intensity and frequency shift. For the™.iK™, and Na at the potential limits leading to contamination of the electrode
cations the maximum intensity is at800 mV while for C¢ it surface. The general features in the spectra were similarfor D
reaches a maximum nea200 mV, and then decreases at lower concentrations up to 20 mol %. However, the spectra became
potentials. The same qualitative features were observed in thenoticeably noisier for concentrations above 10 mol %. The CH
OH region with HO as the solute. However, due to the effect spectra of acetonitrile are insensitive to the identity of the cation
of atmospheric water on the absorption of the incident infrared (except for H, discussed below) and have the same potential
beam, these results were not used. dependence.

Results with triflic acid (hydronium as cation) are shown in .
Figure 2. The OD peaks are at 2530 and 2620 tnThe Discussion
intensity in this region reaches a maximum-&00 mV. Spectra

. A Sum frequency generation allows the study of the vibrational
could not be obtained below 200 mV due to H evolution

' ’ - spectra from molecules adsorbed at the metal/solution interface

from the Pt. The vibrational features are reversible between without contributions from the same molecules in the bulk

—200 and+1000 mV. _ _ solution. The first characteristic to be noticed about the spectra
The SFG spectra in both the CH stretching and OD region i, Figure 1 is the presence of only two relatively narrow peaks.

are presented in Figure 3 for 0.1 M LiSCR; electrolyte. At These features are a2650 and~2750 cnt! and are assigned
more positive potentials, two features are seen at 2950 and

(13) Herzberg, GInfrared and Raman Spectra of Polyatomic Molecples
(12) Bertie, J. E.; Lan, ZJ. Phys. Chem. B997 101, 4111. II; Krieger Publishing Company: Malabar, FL, 1991; Vol. 2.
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Figure 3. SFG spectra for 0.1 M LiS§CF; in a 5 mol % DO—acetonitrile mixture as a function of applied potential (vs Ag/AgCl). The line is
the curve fit from eq 2.

to the free OD stretching vibrations of,0, v, and vs, the indicates that both OD bonds are pointing away from the surface
symmetric and asymmetric stretches, respectittljhe peak with the oxygen toward the metal (state Il in Figure 4). The
positions are close to the OD symmetric stretch vibrations of a low concentration of BO used here (5 mol %) does not allow
free D,O molecule in the gas phas&This indicates that the  an extensive hydrogen-bonded network to form that results in
OD oscillators are not hydrogen bonded, and are not similar to peaks only in the high wavenumber region of the vibrational
the free OH seen on liquid water surfaces observed with spectrum. Compared to liquid water/air and ice/air sur-
SFG1516 where only one OH group is pointing out of the faces!®1819the D,O molecules are isolated from neighboring
surface. The peak is broadened3Q cnt?) relative to the gas- D,0 molecules on the platinum surface. The precise frequency
phase peak, and is likely due to interactions with the acetonitrile position of the peak is different for the different cations. The
solvent or the metal surfaéél” The OD peak frequency v is about 2675 cmt® for Li* and Na, 2650 cnt?! for K+,

(14) Thiel, P. A.; Madey, T. ESurf. Sci. Rep1987, 7, 211. (17) Takamuku, T.; Tabata, M.; Yamaguchi, A.; Nishimoto, J.; Kuma-
(15) Baldelli, S.; Schnitzer, C.; Campbell, D. J.; Shultz, MJ.JPhys. moto, M.; Wakita, H.; Yamaguchi, T. Phys. Chem. B998 102, 8880.
Chem. B1997, 101, 4607. (18) Wei, X.; Miranda, P.; Shen, Y. Rhys. Re. Lett.2001, 85, 4779.
(16) Du, Q.; Superfine, R.; Freysz, E.; Shen, Y ARys. Re. Lett.1993 (19) Su, X. C.; Lianos, L.; Shen, Y. R.; Somorjai, Bhys. Re. Lett.
70, 2313-2316. 1997 80, 1533.
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Figure 4. Molecule adsorption on the Pt(111) electrode at different
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and shifts to 2600 crit with Cs". There is a peak at2750 to
2800 cnt! due to the asymmetric stretch of@, but the more
complex line shapes and weak signal, however, limit the utility
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Figure 6. Potential dependence of,0 peak for HSGCF; in 0.05x
D,O—acetonitrile solution. Potential scale is with respect to a Ag/AgCI
reference.

1000

6). It is also notable that acetonitrile does not appear to “flip”
orientation at more positive potentials as it does in alkali metal
salt solutions. This is presumably due to the presence of protons
that stabilize a side-bonded-coordinated CN (CN parallel to

the metal electrode) species as was observed by Weaver et al.
in agueous solutiof?

The effect of potential on the acetonitrile molecules has been
discussed thoroughly in a previous publicatfolriefly sum-
marizing here, at potentials positive of 400 mV vs Ag/AgCl,
acetonitrile is oriented with the CN group directed toward the
metal (state | in Figure 4). As the potential becomes more
negative, more acetonitrile molecules become oriented with the
CHs; pointing toward the metal (state Il in Figure 4). This is
explained as due to the surface charge causing the dipoles to
reorient in response to the changing electric field. At the point
where the number of molecules pointing up and down is equal,
the surface charge is considered to be zero, which defines the
potential of zero charge, or PZC. With no excess surface charge,
the dipoles have no preferred orientation on the surface and the
SFG signal goes to zero. This occurs nea00 mV vs Ag/
AgCI.

In the bulk solution, the cations are solvated primarily by
water, since this is the more polar component in th©/ Hs-

CN solvent mixture. This is related to the commonly known
salting out effect324 This may be viewed as cations with a
primary solvation shell of water that are contained in the
homogeneous solution of acetonitril@ater. For the concentra-

tions used here, the bulk solutions are completely miséible.

of this vibrational feature. The potential dependence of the peak However, it has been reported that the infrared spectra of

amplitude forv, of DO for the different cations is summarized
in Figure 5. The intensity is normalized to potential where the
highest intensity occurred for each cation, respectively.

The behavior of BO and acetonitrile is different in the
presence of hydronium ion versus the alkali cationic solutions.
The most notable effect is the limited potential window for the
stability of H". The lower limit here is about200 mV vs Ag/
AgClI below which there is Kevolution from the Pt. Despite
this, the low potential does appear to bringto the surface
as a free hydronium, (D)FD.O, ion. This lower frequency peak,
red shifted~150 cnt?, is consistent with hydronium ion in
water clusterd®21The overall signal intensity is greater for the

acid solution and the potential dependence, although shifted

positive by 600 mV, is similar to that of the alkali cations (Figure

(20) Schwartz, H. AJ. Chem. Physl977, 67, 5525.
(21) Okumura, M.; Yeh, L. I.; Myers, D.; Lee, Y. T. Phys. Chem.
199Q 94, 3416.

miscible solutions also show significant broadening and fre-
guency shifting (up to 100 cm shifts) of the OD vibration
with increasing water content. These effects are attributed to
the formation of clusters between acetonitrile and watér
even in miscible solutions. The presence of ions would further
complicate this structure due to the combined effects of
clustering and solvatiof? These complications limit the degree
of detail in the structure of the inner layer that be extracted
from the vibrational spectra by themselves.

Despite the complexity in the vibrational spectra, there are
clear changes of the J® peak with applied potential (Figure
5) that can be interpreted at least qualitatively. As the surface

(22) Morin, S.; Conway, B. E.; Edens, G. J.; Weaver, M. Electroanal.
Chem.1997, 412, 213.

(23) Conway, B. Elonic Hydration in Chemistry and Biolog¥lsevier
Scientific Publishing: New York, 1981.

(24) Bockris, J. O.; Reddy, A. K. N\Modern Electrochemistry: loni¢s
2nd ed.; Plenum Press: New York, 1998; Vol. 1.
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potential is adjusted more negatively, the cations will move from

the outer diffuse double layer and into the Helmholtz |&e?’ 1.04
When the cations move into the inner layer the solvent water =)
molecules move with them to the surface. This is shown in < 0.8+
Figure 5 for Lit, KT, Na*, and C¢. In Figure 5, the potential ;
where the RO signal starts to increase is dependent on the < 0.6+
identity of the ion. The potential is most negative forLi %_
followed by K* then Na and finally Cs. Water molecules £ 0.4
are more tightly bound to the smaller cation as observed in 3 0.2
thermodynamic and spectroscopic measureni&ntsThe more o
. ol
tightly held the water molecules are the more work needs to be T ol
done to break the solvation shell, and this translates to the need :

for a more negative potential. The potential dependence of the 1000 -500 0 500 1000
OD vibrations observed here is interpreted to mean that as Applied Potential (mV
cations move to the inner Helmholtz layer the water of hydration pplied Potential (mV)
becomes oriented with respect to the surface nofh&Eand Figure 7. Scaled peak amplitude for different functional groups at
produces the signal that is detected with SFG (State |1l in Figure fixed potentials: M) v, of DO, (a) symmetric stretch of Chlin
4). The data for Csin Figure 5 would appear to be uniquely acetonlmle dlrect_ec_i away from the surface, a®)l §ymmetric stretch _
different from that of the other cations but in fact are not. The of CHs in acetonitrile dlrectgd _tovv_ard the surface. The electrolyte is
potential where the intensity of the OD symmetric stretch is ghle'v‘l:lz\lrsgggrf' aT gﬁiggt?grt';: és ;’;’/th respect to a Ag/AgCl reference.
maximized is shifted positively by about 86Q000 mV relative '
to the other three cations. This is due to the very low solvation to —800 mV). The potential where water is the dominant
energy of the large Csion, such that only a small negative  molecule at the surface is determined by the solvation energy
surface charge results in formation of the oriented water layer of the cation, i.e., the more strongly solvated the cation the lower
(the PZC in this solvent is ca-400 mV vs Ag/AgCI®). the potential for oriented water to form at the surface.

A summary of the potential dependence of the amplitude in
both the OD and CH regions is given in Figure 7 for the'Na Summary
electrolyte. The potential dependence of these intensities can
be accounted for in the model of Figure 4 and the effect of
surface charge on the composition of the inner Helmholtz layer.
Acetonitrile dominates the inner layer with the CN group
directed toward the metal at potentials where the metal has a
positive charge, at400 t01200 mV vs Ag/AgCl. As the surface
becomes negatively charged (at200 to +400 mV), the
acetonitrile orientation flips 18Qwith the CH; group predomi-
nantly pointing toward the surface. At even more negatively
charged surfaces, X begins to displace acetonitrile from the
surface and is the predominant molecule on the surfaced@®

Sum frequency generation allows the study of the vibrational
spectra from molecules adsorbed at the metal/solution interface
without contributions from the same molecules in the bulk
solution. The results provide a very specific model for the
composition of the inner Helmholtz layer as a function of
potential and surface charge. Acetonitrile dominates the inner
layer with the CN group directed toward the metal at potentials
where the metal has a positive charge. As the surface becomes
negatively charged, the acetonitrile orientation flips %,8Gth
its CH; group predominantly pointing toward the surface. At
even more negatively charged surfacesOlilisplaces aceto-

(25) Grahame, D. CJ. Chem. Phys105(Q 18, 103. nitrile from the inner layer and is present as an oriented molecule
(26) Grahame, D. CChem. Re. 1947, 41, 441. ; inti ;
(27) Bard, A. J.; Faulkner, L. RElectrochemical Method&nd ed.; John with the oxygen end pointing towafd the met"?‘" The potential
Wiley and Sons: New York, 2001. (and surface charge) where water is the dominant molecule at
(28) Born, M.Z. Phys.192Q 1, 45. the surface is determined by the solvation energy of the cation,
(29) Pearson, R. GHard and Soft Acids and Basebst ed.; Dowden, i.e., the more strongly bound the water is to the cation, the more

Hutchinson and Ross: Stroudsburg, PA, 1973.

(30) Irish, D. E.; Brooker, M. HRaman and Infrared Spectral Studies
of Electrolytes Clark, R. J. H., Hester, R. E., Eds.; Heyden & Sons: . .
Philadelphia, PA, 1981; p 149. Acknowledgment. This work was supported by the Office

(31) Lilley, T. H. Raman Spectoscopy of Aqueous Electrolyte Solytions  of Science, Office of Basic Energy Sciences, Materials Sciences
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