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Abstract: In situ infrared visible sum frequency generation spectroscopy (SFG) is used to examine the
structure of water at the Ag—water interface in NaF and KF electrolyte solutions. Water is observed in
environments associated with both the electrode surface and the diffuse double layer. Peaks are observed
that are correlated with low-order water, water interacting with electrolyte ions, specifically adsorbed water
to the electrode surface, and hydronium. Spectra obtained from a thiol-modified Ag surface enabled
discrimination between surface-bound water and that in the double layer. The water organization is
dependent on applied potential, with the observed intensities for specifically adsorbed and ion solvating
water diminishing near the pzc.

1. Introduction (either physical or electronic) is not sufficient to inhibit surface

diffusion, and the waterwater interaction energy is comparable
The structure of water at the electrified metbd]wd interface to the water-metal interaction ener@_

influences electrochemical reactivity in ways important to fields  The condensed phase electrochemical environment differs

as diverse as corrosion, electrodeposition, and fuel t&lhere from that present in UHV studies in a number of important

are numerous studies examining the structure of water at metalparticulars. The temperature of the condensed phase interface

surfaces both_in_the UItrahigh Vacuum (UHV) envi_ronment and g typically at room temperature, while that in UHV is of

at the metatliquid interface itself: In the UHV environment, o cessity at temperatures below water desorption, which occurs

the structure of water at a metal surface depends on the identitypanveen 130 and 250 K. Additionally, the electrochemical

of the metal, the amount of water present at the interface, andgpyironment is complicated by the presence of electrolyte and
the presence of any additional adsorbates, such as halides Ohpplied potential.

other aniong.0On metal surfaces, such as Pt, Ag, Au, and even
some faces of Cu, water adsorbs molecul&fe structure of
this water depends on the identity of the metal. For example

At the electrochemical interface, the higher temperatures
relative to the gassolid work and the presence of electrolyte
s y . : .~ and excess solvent complicate surface solution interactions. In
water forms a "bilayer” on Pt(111) wherein water n the first the electrochemical environment, interfacial structure is de-

layer bonds to the metal surface through lone pair electrons scribed by the GouyChapman-Stern (GCS) theory, which has
donated by the Oxygen. A second layer .Of water Is hydfoge” been used to model differential capacity measurements. Specific
bonded to the first with one hydrogen oriented _perpend|cular predictions of this theory with regard to the potential dependence
to the surfacé? Subsequent layers of water (‘multilayers”) may ¢\, capacity only hold at potentials near the pzc before
pe disordered. However, on metals, such as Ag and Au, Waterbreaking down. GCS theory fails to account for idon

Is weakly adsorbed and d°"?‘5 not form the ordered structure S€€orrelations, strong nonspecific interactions of ions with surface
on surfaces such as Pt, Ni, and Rf.The water structur(_a at charge, and variation with applied potential that will all affect
Fhe surface of metals,_ such as Ag and Au, at the_—gaﬂud the capacitance of the double layddiscrepancies between the
interface reflects the interplay between the relatively weak theory and experimentally measured capacity have also long

H ZO_Sl.Jrfr?zce 'n:e.rac.t on and the relatlvelyhs'lf'rolng:] I leo. been ascribed to the presence of an organized H-bonded layer
interaction? resulting in a water structure with little correlation ¢\ 5”2+ "o interfacé. More recent models that include

to the surface. In the case of Au and Ag, the surface Corrugation yicte et ion interactions demonstrate improved ability to
reproduce the observed electrochemical respdridét has long

(1) Menzel, D.Science2002 295, 58—59.
(2) Henderson, M. ASurf. Sci. Rep2002 46, 1—308.
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(4) Ikemiya, N.; Gewirth, A. A.J. Am. Chem. Socl997 119 9919- Applications 2nd ed.; John Wiley & Sons: New York, 2001.
9920. (8) Parsons, RChem. Re. 1990 90, 813-826.
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been understood that water is organized around ions in solu-the broken symmetry present at the interface, which eliminates
tion, 12 a point emphasized in recent gas-phase cluster measureeomplicating contributions from bulk 4D above the surfacé:33
mentg3.14 SFG studies of nonconducting surfaces in solution, such as

There have been a number of studies directly examining the quartz, sapphire, and Cafhave shown that the orientation of
structure of water at the electrified metdiquid interface. Toney H2O molecules is highly sensitive to the charge present at the
and co-workers used X-ray reflectivity to show that oxygen interface34~36 Molecules, such as GEN, H, CO, and CN,
distributions for water at the Ag(111) surface changed at have been observed by SFG spectroscopy at the electrochemical
potentials on either side of the pzc. This result was interpreted interface?®3! Interestingly, the vibrational mode of under
to suggest that water molecules exhibited different orientations potential deposited hydrogen on Pt is influenced by hydrogen
depending on surface charfeAtaka et al. used surface bonding to watef’ However, there are no reports examining
enhanced IR absorption spectroscopy (SEIRAS) to examinethe OH stretch above the well-defined single-crystal metal
potential dependent changes in the bending modes of water thasurface in the electrochemical environment. This lack of
confirmed water reorientation on different sides of the pzc on information is in contrast to the detailed picture of water
Au(111) in HCIQ, electrolyte'® Iwasita ascribed IR intensity ~ emerging at the liquigtliquid or the liquid-insulator interface,
changes in the OH stretches on a Pt(111) surface to the inversiorwhere the exquisite environmental sensitivity of the OH stretch
of water as the potential was scanned past thepaddition- is utilized to report on water structure. In this paper, we address
ally, STM measurements have long reported evidence for athe structure of water at the electrified methitjuid interface
condensedy(3 x /7) phase, likely consisting of a 1:1 bisulfate/ by using the surface sensitivity of SFG spectroscopy to probe
water layer at potentials positive of the pzc on many (111) faces the fundamental OH stretching mode of(®at the Ag(100)-
of fcc materials'®26 More recently, infrared visible sum  solution interface. Because these measurements are performed
frequency generation (SFG) spectroscopy has examined the OHwith the metal surface in the electrochemical environment, we
stretches on polycrystalline Au with specific reference to the can examine the response of this stretching mode in the presence
water reorientation questidi. Two reports using SFG to  of electrolyte, solvent, and applied potential.
examine the OD stretch inJD-containing solutions also address
the potential dependent water structure at a Pt suffae.
However, there is still little understanding concerning the exact  For this study, the silver surface was a Ag(100) single crystal
nature of the structure of water at the electrified metal interface, (Monocrystals Co.), whose orientation was confirmed by Laue’ X-ray
the relationship of this structure to that found in UHV, and the backscat_tenng_. The. crystal was po“.Shed to m|rror_f|n|sh using
role of electrolyte in altering or controlling this structure. prOgre.Ss'VEIy finer grit A powders O.rd'am‘.)nd SQSpenS'OnS.(Bighler

. . . . . Metadi Supreme) followed by a chemical polish using a £@ution?

V'PfaF'O“E_" spectroscopy could, in concept, pr0\_/|_de f:ons'der' Following the chemical polish, the crystal was maintained in water
able insight into the structure of water at the electrified interface, (willi-Q Uv-Plus, 18.2 MQ cm) to prevent oxidation of the surface.
and indeed, it has a major role in developing the understanding The electrolyte solution was either 0.1 M KF or 0.1 M NaF (Alfa Aesar,
described above. Traditional vibrational spectroscopies are oftenPuratronic 99.995%). Isotopic substitution was performed usig@ D
hampered by their inability to discriminate interfacial water (Aldrich 99.9% isotopically enriched). The solution was bubbled with
structure from that present in the bulk above the interfdce.  argon for at least 30 min to remove residual oxygen, prior to filling
this paper, we use interface specific, in situ SFG to examine the spectroelectrochemical cell. A Au wire was used for the counter
the structure of water at the Agvater interface with and electrode, and potentials were measured relative to a Ag/AgCl reference

- . - lectrode. All potentials stated are reported relative to this Ag/AgCl
without electrolyte. In SFG spectroscopy, the signal arises from © . .
y P py ghatarses ro reference. Hexane thiol monolayers were prepared by soaking a Ag(111)

(12) Conway, B. EPhys. Chem197Q 9A, 1—166. surface in a solution of 10 mM hexane thiol (Aldrich) in ethanol
(13) Weber, J. M.; Kelley, J. A.; Nielsen, S. B.; Ayotte, P.; Johnson, M. A. overnight. The monolayers were rinsed with ethanol and water prior

2. Experimental Section

(14) Ayolte, P Nielsen, S B.. Wede, G, H. Johnson, M. A; Xantheas, s, s, © ITImersion in the spectroscopy celL
J_yphyé_ Chem. A999 103 10665-106609. T "7 Cyclic voltammetry (CV) and differential capacitance measurements

(15) Toney, M. F.; Howard, J. N.; Richer, J.; Borges, G. L.; Gordon, J. G.; were obtained in a two-compartment glass cell with a Au wire counter

4Mﬂ£°zzlé)' R.; Wiesler, D. G.; Yee, D.; Sorensen, L.Neature1994 368 electrode and a Ag/AgCl reference electrode. CV was performed using

(16) Ataka, K.-i.; Yotsuyanagi, T.; Osawa, NL.Phys. Chenl996 100, 10664~ a 50 mV/s scan rate. Capacitance measurements were obtained with
10672. o 4
(17) wasita, T.: Xia, X.J. Electroanal. Chem1996 411, 95-102, an excitation of frequency 10 Hz and an amplitude of 5 mV at a 7
(18) Edens, G. J.; Gao, X.; Weaver, M.1l.Electroanal. Chem1994 375, mV/s scan rate.
357-366. The details of our celt and SFG spectromet@have been previously

(19) Magnussen, O. M.; Hageboeck, J.; Hotlos, J.; Behm, Rarhday Discuss.
1992 94, 329-338.
(20) Nishizawa, T.; Nakada, T.; Kinoshita, Y.; Miyashita, S.; Sazaki, G.;

reported. Briefly, the visible and infrared beams are arranged in a co-

Komatsu, H.Surf. Sci.1996 367, L73—L78. (30) Bain, C. D.J. Chem. Soc., Faraday Trans995 91, 1281-1296.
(21) Wan, L.-J.; Yau, S.-L.; Itaya, KI. Phys. Chem1995 99, 9507-9513. (31) Tadjeddine, A.; Peremans, A.Electroanal. Chenil996 409, 115-121.
(22) Wan, L.-J.; Hara, M.; Inukai, J.; Itaya, K. Phys. Chem. B999 103 (32) Shultz, M. J.; Schnitzer, C.; Simonelli, D.; Baldelli,I8t. Rev. Phys. Chem.

6978-6983. 200Q 19, 123-153.
(23) Wan, L. J.; Suzuki, T.; Sashikata, K.; Okada, J.; Inukai, J.; Itaya].K. (33) Richmond, G. LChem. Re. 2002 102 2693-2724.

Electroanal. Chem200Q 484, 189-193. (34) Becratft, K. A.; Moore, F. G.; Richmond, G. Phys. Chem. Chem. Phys.
(24) Funtikov, A. M.; Linke, U.; Stimming, U.; Vogel, RSurf. Sci.1995 324, 2004 6, 1880-1889.

L343—-L348. (35) Yeganeh, M. S.; Dougal, S. M.; Pink, H. Bhys. Re. Lett. 1999 83,
(25) Funtikov, A. M.; Stimming, U.; Vogel, RJ. Electroanal. Chem1997, 1179-1182.

428 147-153. (36) Du, Q.; Freysz, E.; Shen, Y. Rhys. Re. Lett. 1994 72, 238-241.
(26) Wilms, M.; Broekmann, P.; Stuhimann, C.; Wandelt,3urf. Sci.1998 (37) Peremans, A.; Tadjeddine, Rhys. Re. Lett. 1994 73, 3010-3013.

416, 121—-140. (38) Hamelin, A.; Doubova, L.; Stoicoviciu, L.; Trasatti, B Electroanal. Chem.
(27) Nihonyanagi, S.; Ye, S.; Uosaki, K.; Dreesen, L.; Humbert, C.; Thiry, P.; Interfacial Electrochem1988 244, 133-145.

Peremans, ASurf. Sci.2004 573 11—-16. (39) Schultz, Z. D.; Biggin, M. E.; White, J. O.; Gewirth, A. Anal. Chem.
(28) Zheng, W.; Tadjeddine, Al. Chem. Phys2003 119, 13096-13099. 2004 76, 604—-609.
(29) Baldelli, S.; Mailhot, G.; Ross, P. N.; Somorjai, G. A.Am. Chem. Soc. (40) Mani, A. A.; Dreesen, L.; Hollander, P.; Humbert, C.; Caudano, Y.; Thiry,

2001, 123 76977702. P. A.; Peremans, AAppl. Phys. Lett2001, 79, 1945-1947.
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Figure 1. (a) CV and (b) differential capacitance obtained from a Ag(100) 5 27 e "0 + Peakt
surface in a solution containing either 0.1 M NaF or 0.1 M KF as indicated. < 100 ‘
The pzc of Ag(100) is denoted by the line in the differential capacitance > b . + {; L i posk 2
measurement. 2 2 T e e
Q
g 100 .
propagating geometry incident to the sample normal at 55 afd 65 © %l © e e .
respectively. The spectroelectrochemical cell consists of a glass/Kel-F I A I Peaks
body sealed by a 60equilateral Cakprism. The prism is sealed to fg d Peak 4
the Kel-F base by means of a Teflon-coated O-ring. The single-crystal ofe®*® ., s }
electrode is attached to a glass/Kel-F plunger and pressed against the
. S ) . -1.2-1.0-0.8-0.6-04-0.2 0.0
prism to minimize beam attenuation due to solvent. The solution layer V vs Ag/AGCI

thickness is estimated to be between 1 andrh0Spectra were acquired ] ) ) )
with the ppp laser beam polarization combination. To account for Figure 3. Peak intensity versus potential for (2) peak 1, (b) peak 2, (c)
variation in laser power, each SFG spectrum was simultaneously pfegkl ?A ?\lndF(d) peak 4, all obtained from a Ag(100) surface in a solution
; . ' of 0. aF.
normalized to the infrared power.
The intensity of the SFG response can be modeled, as shown in eq

13 of Ag™ back to Ag metal. At cathodic potentials, the onset of
H, gas evolution is observed at a potential-¢9.85 V in 0.1
_ A, 2 M KF and —1.15 V in 0.1 M NaF. There are no other features
lse O |y x €94+ ) ——m88m8— (1) present in the voltammogram, consistent with earlier redérts.
TR — o, il

In Figure 1b, differential capacitance obtained from both
_ ~ electrolytes exhibits a minimum at 0.8 V (marked with a line),

In eq 1,ynr corresponds to the nonresonant electronic contributions indicating the potential of zero charge (pzc). The pzc is found
and is fit as a constang is the energy of the tuned infrared power.  hoar the potential of hydrogen evolution for the KF solution,
Vibrational modes are modeled as a sunndforentz-type functions as evidenced by the sharp rise in the capacity at more negative

with intensity A, energyw,, and a damping coefficielt,. ¢, represents - . - ;
the difference between the nonresonant phase and the phase of thgotentlals. The pzc obtained here agrees with values previously

vibrational modes. Fitting was accomplished using routines developed reported for the Ag(100) surfacé.

at the University of Illinois as well as that obtained from Dr. Lee Richter ~ 3.2. SFG from Ag(100) with Electrolyte.Figure 2 shows
(NIST). In our fits, there was no clear feature negative of the baseline the potential dependent SFG spectra obtained using a Ag(100)
to accurately account for interference between the nonresonant andsingle crystal in a solution containing 0.1 M NaF. The spectra
resonant signals, so a common phase angléar each resonance was  in Figure 3 were obtained over a potential range (0.6-03

used in our model. SFG spectra of alkane thiols on Ag were adequatelyy/, ) selected to avoid oxidation of the Ag surface at positive
fit by eq 1. SFG spectra in the OH stretching region exhibited a large otentials and to avoid evolution of large amounts of hydrogen
inhomogeneous broadening component. To compensate for this ad'gas at negative potentials as determined by CV. Fitting analysis

ditional broadening in the water spectra, the Lorentz profile was . ..
convoluted with a Gaussian intensity distribution in a manner similar indicates the presence of peaks at 3370 (peak 1), 3250 (peak

fo previous reporta3 2), and 2970 (peak 3) cmh. As the potential is made negative,
the intensities are observed to diminish. As the potential
3. Results approaches the pzc, a fourth feature is observed at 2808 cm

_ _ (peak 4). SFG spectra obtained in 0.1 M KF (Supporting
3.1. Electrochemical ResultsFigure 1 shows the CV and  |nformation) exhibit the same peaks, with similar potential

and 0.1 M NaF electrolytes. In Figure 1a, the CV shows the
oxidation and dissolution of Ag at potentials positive of 0.2 V. (41) valette, G.; Hamelin, AJ. Electroanal. Chem. Interfacial Electrochem.
for both electrolytes. Upon reversing the potential scan direction 1973 45, 301-319.

. i i ' (42) Valette, GJ. Electroanal. Chem. Interfacial Electrocheh®87 224, 285—
there is a small negative peak corresponding to the re-reduction’ ~ 294.

15918 J. AM. CHEM. SOC. = VOL. 127, NO. 45, 2005
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M NaF also evince the same peaks (Supporting Information). 75
Peaks 1 and 2 exhibiting similar behavior were observed above %0 a st + t
a disordered Au surface in acid solution in SFG obtained in the ~ ol ** Peak 1

75 b +
50 X .
25; o ) Y + ® Peak 2

ATR configuratior?”

SFG contributions from the CaWwindow—solution interface
were determined to be negligible by backing the crystal away
from the cell window and observing the signal go to zero, in
agreement with previously reported results at this?pBf.At Xl e et * Peax?
other pH values, Cafevinces a substantial signal from water 200 4
that must be accounted for in the thin layer configuraftbhhe 10 e
potential dependence of the observed peaks additionally suggests ° M
that the molecules interrogated by SFG are associated with the -1.0 -0.8 -06 -04 -02 0.0
electrode surface. Since the CV measurements indicate no redox V vs Ag/AgCI
activity over the potential region interrogated here, the composi- Figure 4. Peak intensity versus potential for (a) peak 1, (b) peak 2, (c)
tion of the bulk solution does not change with applied potential. psgkl :’\)’A aKan (d) peak 4, all obtained from a Ag(100) surface in a solution
At the electrolyte concentrations used, the Debye length is 0.96 ~ '
nm. This length is 3 orders of magnitude smaller than the gap
between the electrode and the prism in our thin layer config-
uration. Changes observed in the resonant portion of the SFG
spectrum must be related to changes in molecular behavior at
the electrode surface. - P + YT

The observed SFG response is the product of the Fresnel P N 2475 cm? |
coefficients and the nonlinear susceptibility. In the region /_N\M
between 3000 and 3800 ci the infrared absorption of bulk
water makes the Fresnel coefficients low and depend intimately
on the separation between the Ag crystal and the, @aBm. i ()

These low Fresnel coefficients make detailed analysis of line _ i .

L . . . Figure 5. SFG spectra from 20062550 cnv! obtained from a Ag(100)
shape challenging in this wavelength region. Increased disper-g t-cq in (3) 0.1 M KF in kD and (b) with 30% BO added at 0.0 V.
sion in the absorption region may influence the observed line
shape of peaks 1 and 2. However, the Fresnel coefficients are 33 sEG in DO-Containing Solution. The features in the
insensitive to applied potential. Thus for a given crysfaism SFG spectra were confirmed to arise from the OH stretches by
distance and experimental setup, potential dependent changegotope substitution, as shown in Figure 5. Figure 5a is the SFG
in the SFG must be associated with changes in the nonlineargpectrum obtained in the spectral region between 2000 and 2500
susceptibility and thus interfacial molecules. The observation ¢m-1in H,0 4+ 0.1 M KF at 0.0 V. This spectrum exhibits a
of potential dependent SFG shows that the observed bandls 1 fj5¢ response, as expected. At this point, the crystal was retracted,
are not artifacts arising from the low Fresnel coefficients in this potential control maintained, and sufficient® added to the
spectral region. cell to give approximately 30% . The SFG spectrum

The potential dependent SFG peak intensities for Ag(100) obtained immediately following at 0.0 V (Figure 5b) exhibits
in 0.1 M NaF are plotted in Figure 3. In Figure 3, the intensities two broad features centered at 2200 and 2475'ctdsing the
of peaks 2 and 3 show monotonic decreases as the potential igsotope factor of 1.35, these features correspond to modes at
made negative. The intensity of peak 1 shows a small decrease2970 and 3341 cri, in agreement with the features seen at
in intensity as the potential is scanned negatively. The intensity higher energy in bO.
behavior of peak 1 could also be described to remain constant 3.4, SFG from a Thiol-Modified Ag(111) Surface.Figure
over much of the potential region showing only a slight increase 6 shows the SFG spectrum obtained from a Ag(111) surface
at positive potentials. At potentials just negative of the pzc, only decorated with a monolayer of hexanethiol in 0.1 M NaF. Thiols
peaks 1 and 4 show substantial intensity. As the potential is are known to form well-packed monolayers on Ag(111)
made sufficiently negative, the spectra again exhibit increasing surface<3 Figure 6a shows that addition of the thiol to the Ag
contributions from peaks 2 and 3. The potential dependence ofsurface yields five new bands in the region between 2800 and
peak 4 in 0.1 M NaF shows interesting behavior. At potentials 3000 cn1?, a blow-up of which is given in the inset. Addition-
near the pzc, peak 4 is observed to increase and persist untiklly, the SFG spectrum exhibits broad features in the energy
—1.2 V, where it shows a marked decrease in intensity. The region corresponding to peaks 1 and 2, described above. The
potential dependence in 0.1 M KF (Figure 4) is similar to that inset to Figure 6a also shows the fit to eq 1 for the thiol region.
in NaF; however, the onset exhibits decreased intensity relative This fit was accomplished using only modes corresponding to
to that in NaF electrolyte. the thiol. These modes arise from both methyl and methylene

H, gas evolution (vide supra) at a less negative potential stretches of the adsorbed molecti&rom the fit, the energies
precludes investigation at potentials substantially negative of of the modes are 2852, 2878, 2920, 2935, and 2968 cin
the pzc. In NaF electrolyte, peak 4 is prominent at poten- exact agreement with previous repctt§he magnitude of the
tials negative prior to kigas evolution. In KF electrolyte, peak
4 is observed, but at less than 50% the intensity observed with (43) Laibinis, P. E.; Whitesides, G. M.; Allara, D. L.; Tao, Y. T.; Parikh, A.

N.; Nuzzo, R. G.J. Am. Chem. Sod.991 113 7152-7167.
NaF. (44) Potterton, E. A.; Bain, C. Dl. Electroanal. Cheml1996 409, 109-114.
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associated with OH stretches speaks to water molecules in
different environments.
4.1. Assignment of Peaks-14. The energy of an OH stretch
02 I from H,O is associated with the environment experienced by
o the molecule. A higher degree of hydrogen bonding lowers the
1 energy of the OH stretct. In the OH stretch region, liquid
water exhibits a broad envelope between 3000 and 3700,cm
which is typically deconvoluted into stretches at 3620 and 3435
cmtand sub-bands at 3540 and 3240 ¢énattributed to the
overlap of bending overtones with these two stretfes.
Intermolecular coupling makes interpretation complicated, and
these modes remain the focus of rese&fchihe vibrational
modes of amorphous solid water in this region are an antisym-
metric OH stretch at 3253 cmh, a symmetric stretch at 3191
L . . . p cm 1, and a combination of the symmetric stretch and a lattice
2800 3000 3200 3400 3600 mode at 3367 cmt.*? Ice (I,) exhibits modes at 3080, 3420,
wr(cm) 3210, and 3320 cnt assigned to symmetric in-phase, symmetric
Figure 6. SFG spectra obtained from a thiol-decorated Ag(100) surface out-of-phase, and antisymmetric ¥QO splitting modes,
in 0.1 M NaF in (a) HO and (b) RO. Solid lines are the fitting result.  respectively! At an interface, modes located between 3100 and
Inset shows the fit for the thiol region of a. 3500 cnt! are commonly assigned to OH stretches of hydrogen-
bonded wate??

0.6}

0.4}

0.2F

Intensity (A.U.)

0.0

nonresonant background was found to be nearly zero. This

spectrum exhibited little potential dependence over a region 4-1.1. Peak 1.0n the basis of the correlation between the
between 0.2 ane-0.7 V, consistent with the nearly potential- Pand observed at 3370 cfnin our spectrum and the symmetric

independent capacity found for thiol systems in this potential OH stretch in liquid water at 3435 cr we associate peak 1
range?546 At potentials outside this range, thiol desorption and with water exhibiting the degree of hydrogen bonding similar

oxidation is known to occuié4’ The presence of the thiol results to that found in liquid. This correlation is common in the SFG
in the disappearance of features associated with peaks 3 and Aterature?**¢ The energy of peak 1 suggests that the water
observed on the bare Ag surface. associated with this OH stretch exhibits a low level of hydrogen

Figure 6b shows the SFG spectrum obtained from a hexaneP0nding and weakly interacts with the Ag surface. In UHV, a
thiol monolayer on Ag(111) in a solution containing 0.1 M NaF band at 3390 cm' observed in HREELS measurements was

in D,0. There are two major changes in Figure 6b relative to ascribed to disg)rganized and weakly adsorbed water on a
the spectrum obtained in 4 in Figure 6a. First, the OH Ag(lOO) surfacé? Independent low-temperature STM measure-
stretching modes observed in Figure 6a are no longer present™Ments in UHV of BO adsorbed on Ag(111) confirm the
Second, the thiol peaks in,D-containing solution appear as Presence of a disordered water adlayer at low water covérage.
derivatives, rather than peaks. The origin of the derivative shape Peak 1 exhibits only a weak potential dependence, with
is ascribed to interference between the resonant and nonresonar0ssibly higher intensity at the most positive potentials examined
components of the SFG signal and has been reported previouslyhere. Additionally, intensity in the energy region of peak 1 was
for Ag surface$®48 The solid line in Figure 6b is the result of ~ also observed when access to the Ag surface was restricted by

fitting the spectrum to eq 1. The energy of the peaks obtained the thiol monolayer. This indicates peak 1 is associated with
from this fit matched exactly those found from the fit to the Water found in the solution above the surface. On the basis of
spectrum in Figure 6a. However, the spectrum obtained from this, we associate peak 1 with disorganized “liquidlike” water
D,O-containing solution required a significant nonresonant above the Ag surface in the diffuse double layer region.
component in the fit. 4.1.2. Peak 2.Peak 2 is observed at an energy that is
commonly associated with water hydrogen bonded in a tetra-
hedral manner similar to that found in ié&‘lcelike” modes in

The results given above show that the bare Ag surface exhibitswater observed by SFG at other interfaces show marked intensity
four peaks in the OH stretching region, the intensities of which changes related to the concentration of ions and the resulting
exhibit potential dependence. These peaks are associated witlinterfacial potentiab* In previous work, this mode is ascribed
H-O on the basis of their sensitivity to isotopic substitution. to water which solvates ionic species at the interface. In our
These peaks do not arise from the @abolution interface, in results, the intensity of peak 2 decreases as the potential moves
agreement with previous results for water at this 3Hd- toward the pzc, which is where the surface excess of both cations
ditionally, passivating the Ag surface with an alkanethiol results and anions is at a minimum. The intensity of peak 2 recovers
in the disappearance of the two low-energy OH stretches on either side of the pzc, albeit less significantly on the negative
observed on the bare surface. The observation of four peaks

4. Discussion
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side due to the restricted potential range available before SFG is sensitive to the orientation of molecules at the
hydrogen evolution. Interestingly, peak 2 is observed nearly interrogated interface. In the present case, the absence of a strong
independent of potential on the thiol-modified surface, consistent nonresonant signal or other phase referghomkes the water
with the Helmholtzian double layer model invoked for this orientation difficult to definitively assign.
interface?® 4.1.4. Peak 4Peak 4 observed at potentials near the pzc is
4.1.3. Peak 3The low-energy peak 3 also is associated with at an energy previously associated with hydronium cation,
the OH stretch of KO, but from HO in an environment H3O*.%0 The presence of this peak at potentials at or negative
different from that of peaks 1 and 2. Surface hydroxide modes of the pzc is expected as the surface becomes more negatively
are found at energies above 3600¢@(#5°too high in energy ~ charged. At the onset of Avolution in NaF, the intensity of
for peak 3. The lower energy of peak 1 must arise from a peak 4 is observed to decrease, presumably because hydronium
mechanism whereby electron density is removed from th&¢lO  is consumed in the hydrogen evolution reaction. At equivalent
bond. Isotopic substitution measurements confirm the associationpotentials, peak 4 is observed with greater intensity in NaF
of this mode with water. electrolyte than in KF. The origin of this behavior likely relates
Water-related bands at this low energy have been observedto the more facile hydrogen evolution observed in the voltam-
previously. Morgenstern and Nieminen used Inelastic Electron metry with KF relative to NaF. The increased overpotential for
Tunneling Spectroscopy (IETS) at low temperature to interrogate hydrogen evolution found in NaF suggests that"Nets to
monolayer water adsorbed on Ag(111). They found a broad peakinhibit hydrogen reduction. The smaller Naation may better
centered at 2900 cm—equivalent to peak 3 in the SFG compete with the hydronium for surface sites, relative to K
spectrum reported heravhich was ascribed to an “anomalous” Hydronium is consumed more readily in KF relative to NaF at
OH stretch. The origin of this band in the IETS remains unclear, @ given negative potential. In either case, at the solution pH
but the authors suggested that the high field attendant the IETS(~6.5) of our experiments, hydronium is not expected to be a
measurement may be at least partly responSilias phase major species as reflected by the low overall intensity of this
cluster work shows that #D solvated around aFanion will peak.
exhibit a peak at 2900 cmd, depending on the number ot@& A peak at similar energy was observed by Friedrich et al.
molecules (and hence the degree of hydrogen bonding) in theusing SFG in acidic solution on Pt; however, they did not report
solvation shelPS Interestingly, Ostroverkhov et al. recently —an assignment for this bafélin their study, these authors also
reported the existence of a broad peak-8000 cnt?! on quartz used a Cajwindow, and the large interfacial water signal
surface in aqueous solutihThey assigned this peak to water ~ attendant the windowacid solution interfacé would compli-
hydrogen bonding with surface SiQyroups. cate interpretation of their results.
On the basis of these previous results and the disappearance 4.2. Thiol-Decorated Ag SurfaceThe SFG spectra obtained
of the peak when the Ag surface is decorated with thiols, we from the thiol-decorated Ag surface are remarkable for several
ascribe peak 3 to water specifically adsorbed to the Ag surface.reasons. First, these spectra obtained in water show that peak 3
Specific adsorption of water to Ag would result in removal of must relate to a surface-adsorbed water species since it is absent
electron density from the OH bond and lower the energy of the in spectra obtained from the thiol surface. The presence of peaks
OH stretch, consistent with the effect observed on quartz. 1 and 2 suggests that these bands are associated with the diffuse
The potential dependence of the energy of peak 3 is similar double layer above the surface. The SFG spectra obtained in
to that found for peak 2 in that its intensity is at a minimum at D20 show that peaks 1 and 2 are related @Hince they are
the pzc, but increases to either side. Theory indicates ts@t H absentin RO. The potential independence of the SFG spectra
associates with a Ag surface absent an applied field in a paralle|obtained from the thiol is expected based on the known low
orientation through electron donation from the oxygen lone pair and flat capacity of thiol-modified surfacés.
electron$859 OH stretches from KD so oriented would be IR The other remarkable feature in the SFG spectra of the thiol-
and SFG inactive. However, when applied potential is included, modified Ag surface relates to the degree of nonresonant
electrostatic effects dominate water orientatfoms is also ~ background obtained in4® and BO. The SFG spectra of the
understood from capacity measureménise field dependence  thiol-decorated Ag surface obtained in®i solution show a
of peak 3 suggests that this peak is associated wié bbund surprising lack of nonresonant background, with no features
to the Ag surface and oriented by the electrolyte and/or the negative of the baseline. This is in contrast to ex situ results
applied field. Near the pzc, the lower intensity of peak 3 is reported from thiol-modified Ag surfaces, the spectra from
ascribed to the lower field (originating from the lower surface Which exhibit derivative looking featuré4 However, in BO-
excess of charged species), which corresponds to water with acontaining electrolyte, the expected derivative features are also
smaller dipole component normal to the surface (i.esHD observed, and theJD spectra demonstrate a substantially higher
bonds more parallel to the surface). We note that several studiedevel of nonresonant background equivalent to that found in
indicate that water reorients as the potential passes through théhe ex situ measurement.

pzc, so a parallel orientation is expected at some gémt. In our system, replacing 4 with D;O results in higher
transmission of infrared intensity to the Ag surface sing®D
(55) ltoh, T.; Sasaki, Y.; Maeda, T.; Horie, Surf. Sci.1997, 389, 212-222. is essentially transparent in the spectral region between 2800
(56) gggﬁg;)gdawég%ﬁ%”g?ﬂ;f; Price, B A.; Shin, J.-W.; Johnson, M- A 414 3500 cml. In eq 1, however, changing the IR intensity is
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94, 046102/1-046102/4.
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L.; King, D. A. Phys. Re. B: Condens. Matter Mater. Phy2004, 69, (61) Friedrich, K. A.; Daum, W.; Dederichs, F.; Akemann, ¥.Phys. Chem.
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Figure 7. Cartoon depicting water environments associated with peaks observed in the SFG spectra. Numbers indicate associated peak label. The surface
charge is positive (right), zero (center), and negative (left).

the resonant and nonresonant components to the SFG signalwith previous observatior$:%6 As the applied potential ap-
Changing the amount of incident IR should attenuate both proaches the pzc, the amount of highly hydrogen bondga, H
components equally. In the present system, differential changesH,O in the solvation shell of ions, diminishes in the SFG
in resonant and nonresonant are observed. spectrum. The removal of highly hydrogen bondegOHs

Of course, changing from 4@ to D,O does more than simply  associated with either the lack of charge at the surface or,
change the amount of IR radiation incident on the surface. Otherequivalently, desorption of anions from the surface. The low
authors have described how changes in the optical system carSFG signal from the covalently bound water (peak 3) likely
change the SFG spectral profile from an oscillator near a metal arises from a change in orientation of the water molecule. As
surface. Wilson et al. examined the line profiles arising from a the potential is made further negative of the pzc, both surface-
polystyrene/spun-on-glass/Au constrfBy manipulating the coordinated and ion-solvating water modes are observed to
Fresnel coefficients for several layers close together, the authorsancrease in intensity. Hydronium is observed at potentials near
were able to adjust the interference between multiple interfacesthe pzc but prior to hydrogen evolution.
achieving dips, peaks, and derivative-looking vibrational reso-  The figure shows that water reorients negative of the pzc.
nances from the same polystyrene modes. Similar effects Measurements by Osa¥faand Toney® showed that water in
achieved by manipulating multiple interfaces were reported by electrochemical systems, different from the one examined here,
Davies and co-worker:54 reorients as the potential is moved through the pzc. While our

In the present system, the change in transmission betweenmeasurements suggest that water adopts a parallel orientation
D20 and RO will result in a change in the Fresnel coefficients  at the electrode surface at the pzc, the data are not yet sufficient
in the system, which gives rise to the observed interferenceto comment on absolute water orientation on either side.
effects. As in the cases above, there are multiple interfacesHowever, the increased intensity in peak 3 away from the pzc
present in our system. In other spectral regions on Ag, where does suggest that water is orienting with a component normal
IR adsorption by water is not found, we showed recently that a to the electrode surface in response to potential. The reorienta-
substantial nonresonant background was indeed pr&€Sent. tion of water suggested here is consistent with the “flip-flop”
Manipulation of the nonresonant component in the electro- model of water developed from SFG measurements at ionic,

chemical environment remains an important challenge. nonconducting, surfacéé:36
4.3. Implications for Double Layer Structure. Our results _
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