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Contents In particular, infrared-visible SFG provides the only means
, to obtain surface vibrational spectra of liquid interfaces that
1. Introduction - 1140 yield direct information about liquid interfacial structure. One
2. Surface Sum-Frequency Vibrational Spectroscopy 1141 of the very early surface vibrational spectra ever recorded
3. Sumf—Frequency Vibrational Spectra of Water 1142 was on a water interfacdd-25
Interfaces

Several research groups have used sum-frequency vibra-

3.1. Vapor/Water Interfaces 1142 tional spectroscopy (SFVS) to study various types of water
3.2. Hydrophilic Solid/Water Interfaces 1145 interfaces2226-29 The results have aroused great interest
3.3. Hydrophobic Interfaces 1146 in recent years. The surface vibrational spectra generally
4. Phase-Sensitive Sum-Frequency Vibrational 1148 exhibit a set of characteristic features indicating that the water
Spectroscopy molecules form a hydrogen-bonding network more ordered
5. Phase-Sensitive Sum-Frequency Vibrational 1149 than the bulk. Although this is more or less expected from
Spectroscopy on Quartz/Water Interfaces the known surface tension of water, SFVS gives the first
6. Discussion 1151 molecular-level evidence to the effect. Despite the similarity
7. Conclusion 1152 of the spectra obtained by different groups, however, detailed
8. Acknowledgment 1153 interpretation of the spectra often varies and causes a great
9. References 1153 deal of confusion. The difficulty usually arises because of

ambiguity in analyzing the spectra and because of lack of
sufficiently accurate theoretical calculation to compare with
experiment. More recently, a phase-sensitive SFVS technique
has been developed, allowing measurements of both the
amplitude and the phase of the SF respcfidehelps in
analysis and interpretation of the spectra and is likely to
provide a more stringent test of theory on water interfaces.

scanning tunneling microscopy (STM) and atomic force Intensive theoretical investigation of water interfaces
microscopy (AFM) may apply to thin films of liquids on already started half a century ago (see, for example, refs 31
solid substrates but suffer from molecular movement at liquid @nd 32). With the advent of powerful computers, a large
interfaces in the general cage®.X-ray spectroscopy and number_of articles on m(_)lecular dynamics and Monte.CarIo
neutron reflectivity are more effective and informatfé’ qalculatlgg_sg’z of water interfaces have appeared in the
but they are not highly surface-specific because they probelitératurez== Many of them provide such microscopic
a surface layer o1 nm and are not easily applicable to information as_the density pro_flles and orientations of water
buried liquid interfaces. The attenuated total reflection (ATR) Molecules at interfaces. While the qualitative features of
method has been used to probe buried liquid interfaces, butVarious calculations appear the same, the quantitative details
it is not very surface-specific, because the wave has aCta" be different depending on the assumed interaction
penetration length of 100 nm into liquid. Recently, optical  Potential between molecules. Both the density profile and
second-harmonic generation (SHG) and sum-frequencythe molecular orientation are not directly assessable by
generation (SFG) have become the preferred techniques tXPeriment. Some calculations have produced surface vi-
study liquid interfaced2? Being second-order nonlinear brational spectra that allow direct comparison with experi-
N . . . 36,38,39,45,46,5355 1 i
optical processes, they are forbidden under electric-dipole MeNt: - but the accuracy of the calculations is
approximation in media with inversion symmetry like liquids Ot Yet sufficient for the quantitative comparison needed for
but necessarily allowed at surfaces or interfaces. They extracting a detailed structure of a water interface. A very
therefore can be highly surface-specific. Furthermore, they "€C€Nt paper on SF spectra of a vapor/water interface
can have submonolayer sensitivity and, with the output highly c@lculated using an improved time correlation function
directional, can be used for in situ remote sensing of any &PProach may have bent the trefid’ o
interface accessible by light. Over the past 18 years, they This paper reviews the experimental findings by sum-
have been repeatedly proven to be the most powerful andfrequency vibrational spectroscopy (SFVS) on water inter-

versatile methods for interrogating surfaces and interfaces.faces. It is organized as follows. Section 2 briefly describes
the theory and experimental arrangement of SFVS. Section

* Corresponding author. E-mail: yrshen@calmail.berkeley.edu. 3 presents the _SF vibrational spectra Of_ various Wa_ter
 Present address: General Electric Global Research, Niskayuna, NY 12309interfaces and discusses the results obtained by various

1. Introduction

Although the importance of water interfaces has long been
well recognized, studies of the interfaces at the molecular
level only began more recently® The difficulty lies in the
fact that only a few surface techniques are effective to probe
liquid interfaces at the molecular level. Among them,
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Figure 1. Schematic representation of (a) the sum frequency
generation process at an interface detected in the reflection direction
and (b) the sum-frequency generation process wijat resonance
with a vibrational transition.
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where@ is the SF exit angle, (w), &w;), ni, andl; are the
transmission Fresnel factor, polarization unit vector, refrac-
tive index, and intensity of the beam at, respectively A

is the overlapping beam cross-section on the sampleTand
is the input pulse width. We assume here that the SF
nonlinear response is dominated by the surface non-
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vibrational resonances (Figure 1@‘}5) can be expressed in
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Here, 7 &) is from the nonresonant contributiof, g, and

Iy are the strength, resonant frequency, and damping

research groups. Section 4 introduces a new SFVS _technique;oefﬁcient of thegth vibrational mode, respectively, ang,
that permits simultaneous measurements of amplitude andjs the central frequency of the Gaussian profile of ¢

phase of the SF vibrational spectra for water interfaces.

mode. When eq 3 is usell; is usually assumed to be much

Section 5 then shows how the new technique can yield newsmaller thanA,. In eqs_2 and 3, if interactions between

information with unprecedented details on the water/silica
interfaces. Finally, section 6 summarizes the common
features of SF vibrational spectra of water interfaces,

discusses usual difficulties in interpretation of spectra, and

gives a plausible picture of the water interfacial structure
that we conceive from the result obtained with the new SFVS
technique.

2. Surface Sum-Frequency Vibrational
Spectroscopy

molecules are neglected, takes the forrf1°

Ay = NE&ED 4)
whereN is the surface density of molecules in the surface
layer, 8, is the tensorial mode strength of individual
molecules, and the angular brackets refer to an orientational
average over the molecules in the surface layer. As a third-
rank tensor describing electric-dipole resporn&gis non-
vanishing only if there exists a net polar orientation of

Figure 1 describes a surface SFG process in which two molecules. If the orientational distribution is random, then

input laser beams at frequenciess and wr overlap on a

Aq vanishes.
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Figure 2. A typical experimental arrangement for SFVS. OPG/ no ' '

OPA refers to an optical parametric generator/amplifier system, and  o.s | .
PMT denotes a photomultiplier tub,;s, Pir, andPsg are polarizers

for visible, IR, and sum-frequency beams, respectively. The
propagation direction of the output SF beam is defined by the
tangential wave vector matching condition at the interfakle=

H\lis + HiIR 0.2 | i

Measurements of the SF output with selected input/output ~ 9-0 ——— 3500 To00 3000 3500 1000

polarization combinations allow determination of various (e)

independent elements Qf)Z(SZ)I. As wr scans over the 1.0
surface vibrational resonances, the SF output is resonantly
enhanced, thus yielding SF surface vibrational spectra. Fitting
the spectra with eqs 1 and 2 (or 3) permits deduction of the
parameters;\2, Aq, wq, andTy or A, for each vibrational
mode, providing structural information about the surface or
interface. In more complex cases where clear decomposition
of a spectrum into individual resonant modes is not possible
or reliable, one would have to rely on fitting the observed Wavenumber (cm”)

spectrum by, for example, molecular dynamic calculation Figure 3. SFVS spectra (ad) of the water/vapor interface at four

to deduce information on the surface structure. This is temperatures collected with SSP polarization combination (Re-
analogous to determination of the band structure of a crystalprinted Figure 3 with permission from ref 23. Copyright 1993 by

from observed spectra of the dielectric constant. the American Physical Society. http:/link.aps.org/abstract/PRL/\70/
For SFVS on water interfaces, a typical experimental p2313), (€) Bulk absorbance of hexagonal iG# &t 100 K (from

arrangement is shown in Figuré®'° A picosecond pulsed data in Bertie et al., ref 59), and (f) bulk absorbance of bulk water

YAG laser is used to pump an optical parametric generator/ (ffom data in Querry et al., ref 60).

amplifier (OPG/OPA) system and produce coherent tunable

infrared radiation that covers the frequency range of interest. SSP denotes the polarization combination with the SF output,

The infrared pulse and the frequency-doubled pulse from visible input, and infrared input being S-, S-, and P-polarized,

the laser then overlap on the sample to generate SF outputespectively. (According to eq 1, the SF signal is proportional

in the reflected direction. The output signal was detected ;, AS-E{(SZ):QADF; P and S refer to the in- and out-of-plane

and recorded by a photomultiplier and gated integrator ,,arization components with respect to the beam incidence
system. For details, we refer the readers to ref 19. __plane.) Although the spectral data exhibit a fair amount of
The water samples in our experiments were prepared infjctyation, it is clear that the spectra roughly consist of three
the usual way. Distilled water with a resistance larger than y,ain peaks. A sharp peak at 3700 ¢nis associated with
18 MQ-cm and total carbon content less than 10 ppb was {he stretch mode of the OH dangling bonds at the water
used. The vapor/water interface of water in a sealed cell wasgrface. Being characteristic of the surface, it is absent in
accessed by light through entrance and exit windows on theie |R pulk spectra. The two broad peaks~e3400 and
cell. The cell was .thorc.)ughly'cleaned in strongly oxidizing 3200 cntt are close in positions with the stretch modes
solution before being filled with water. For substrate/water . ine bonded OH in bulk ice and water. We label them as
interfaces, access by light was often through the substrate;cejike and liquidiike peaks, respectively. As the temperature
Before immersion in water, the solid substrates were cleaned;creases. the liquidlike peak increases in strength and the
in hot chromic acid for several hours and then extensively jcelike peak decreases. These spectra indicate that the water
rinsed with purified water. surface structure is partially ordered and partially disordered,
3. Sum-Frequency Vibrational Spectra of Water presumably in t.he form of a mixed ordered and disordered
Interfaces hydrogen-bonding network. The temperature dependence of
the spectra suggests that the surface structure becomes more
disordered at higher temperature, as expected.
3.1. Vapor/Water Interfaces In a separate experiment, it was found that the dangling
SFVS is so far the only method that can produce OH peak gradually reduced in strength as methanol was
vibrational spectra for liquid interfaces. Du et al. obtained mixed into the bulk water and completely disappeared as
the first set of vibrational spectra for water interfaces in the methanol concentration reached 11 vétdtwas known
1993-199423-25 Figure 3 displays their SSP spectra of the in an earlier surface tension measurement on water/methanol
vapor/water interface at various temperatures in comparisonmixtures that at 11 vo% concentration of methanol, the
with the IR spectra of bulk i and liquid watef® Here, corresponding surface concentration of methanol should be
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. . . Figure 5. SFG vibrational spectra of water/vapor interface taken
Figure 4. Molecular structure of hexagonal icg)(crystal: (a) with (a) SSP, (b) PPP, and (c) SPS polarization combinations.

side view of the bulk near the (0001) surface; (b) top view of the Reprinted Figure 2 with permission from ref 62. Copyright 2001

(0001) plane. Red spheres represent O atoms (dark and light shadef, ‘ie American Physical Society. http://link.aps.org/abstract/PRL/
highlight higher and lower submonolayers in a single ice mono- v86/p4799.

layer); gray and white spheres represent H atoms that are hydrogen-
bonded to neighboring molecules and free-dangling nonbonded

surface species, respectively. Dotted lines indicate hydrogen bonds1S usually an indication that the surface molecules are fairly

well oriented, thus again supporting the notion that the water

25%$! One could then imagine that each methanol molecule surface structure is fairly well ordered. The 3600 ¢mpeak
at the water surface would have grabbed a dangling OH bondcan be assigned mainly to the bonded OH stretch mode of
and eliminated its contribution to the dangling OH peak. surface water molecules with one bonded OH and one
Comp]ete Suppression of the dang”ng OH peak«kgts% dangling OH?2 Because the bonded OH is tilted close to
surface concentration of methanol means that there is athe surface plane, its stretch mode is more easily excited by
quarter m0n0|ayer (ML) of dang“ng OH bonds at a free S—polar!zed, rather than P_-polal_’ized, IR input. To confirm
water surface. This suggests that the water molecules at théhe assignment, a polar orientation measurement must show
surface form a more or less icelike hydrogen-bonding that the bonded OH is pointing away from the interface.
network, although the network is expected to be highly — Several other laboratories have also conducted SFVS on
distorted or disordered. As seen in Figure 4, the hexagonalvapor/water interfac&?2".53% The observed spectra are
ice has a tetrahedral bonding structure. Each monolayernearly the same. Richmond and co-workers found a small
consists of two submonolayers. At the free ice(0001) surface, Peak, not seen by others, at the blue tail of the dangling OH
each water molecule in the top submonolayer should havepeak in their SSP spectrutfi?-#They used eq 3 in eq 1 to
one of its tetrahedral bonds broken, and the probability of fit the spectrum and obtained two additional vibrational
the broken bonds terminated by H is 50%. This points to 'ésonance modes at 3662 and 3763 toverlapping with
the existence of 0.25 ML of dangling bonds in the surface the dangling OH mode at 3700 c#f® which they assign
m0n0|ayer_ These dang"ng bonds are a|ong the Surfaceto surface molecules with both OH not bonded to neighbors
normal. Therefore even if the network is severely distorted, (labeled as vapor phase molecules). Their interpretation was
their number is not likely to change significantly. We can supported by molecular dynamics simulati8 and by
then conclude that the water surface has a partially disorderedX-ray spectroscopic measurement of Saykally and co-
icelike structure. This result is also what one would expect Workers'?% This result is rather surprising because the
from the least number of broken hydrogen bonds at the surface density of such molecules, if indeed present, would
surface® be very small and their detection by SFVS would be very

Figure 5 shows the improved SF vibrational spectra for a difficult. In a more recent article, however, Raymond and
vapor/water interface with three different polarization com- Richmond stated that these peaks do not exist at a neat water/
binations, SSP, PPP, and SPS, obtained more recently by/apor interfacé®® The confusion seemed to come from
Weib2 All the peaks in the SPS and PPP spectra are analyses of the measured spectra. As we shall discuss in a
significantly weaker than those in SSP except that the Spslater section, fitting a sum-frequency vibrational spectrum

spectrum appears to have an extra peak at 3600.cFhis of |j?(32)| with eq 2 or 3 in eq 1 is somewhat arbitrary
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10— — restore the more ordered icelike surface water struéture.
(a) This was actually reflected in the SF spectrum displayed in
08f i Figure 6¢. Richmond’s group has studied in detail the effects
0.6k J of temperature, ionic strength, and surface charge density
ﬁ on the spectrum and structure of the interfacial water layer
04f ] beneath charged surfactant lay&$> They observed that
02l ?«’a Y the water layer approached its best polar ordering (in terms
& (¥ of the strength of the icelike peak) long before the surface
00— 1 charge reached its maximum. Patey and Torrie predicted
— 1O — earlier that a surface field could induce more ordering in
3 " (b) the hydrogen-bonding network of an interfacial water |&§er.
‘5 1 Earlier SFVS measurement by Du et al. found no ap-
2> o6} g preciable change in the vibrational spectrum of a vapor/water
e interface upon dissolution of up to 0.5 M Na&k*Raduge
£ 04r O et al. studied watersulfuric acid mixtures’ They observed
O a2l S | that as the concentration of sulfuric acid first increased, the
» surface water spectrum appeared stronger in the icelike
0.0 e region, presumably because of more polar ordering of the
0 y surface water network. At very high sulfuric acid concentra-
25t (c) - tions, the spectrum became weaker and finally disappeared.
20k | It was believed that the sulfuric acid molecules at such high
’ f concentrations are no longer ionized and they form a quasi
15F . 2-D crystalline structure at the surface that would not
10k ¢ J contribute to the SFG. Schultz and co-workers obtained
/ i\ similar results and suggested that the spectral enhancement
051 i was due to surface-field-induced ordering of water molecules
0.0 30'00 35'00 4000 in a double-charge layer formed by cations and anions at
Wave number (cm™) the surface®72738They however believed that the decrease

Figure 6. SFG spectra of water interfaces with (a) an octadecanol of the sp(.actrallintensity at high sulfuric Concentrations were
monolayer on water and (b,c) a hexacosanoic acid monolayer ondue to disruption of the water hydrogen-bonding network
water at (b) pH= 3.9 and (c) pH= 8.0. Reprinted from ref 84, by ion complexes or sulfuric acid molecules at the surface.

Copyright 1998, with permission from Elsevier. They have also studied the effects of other acids and salts
on the water surface, and concluded that ions appearing at
without knowledge of the phase §f2(w) or signs of,Kq for the surface could influence the surface water spectrum via

different modes. Much of the uncertainty in interpreting the Surface-field-induced reorientation of surface water mole-
SF vibrational spectra would be removed if the latter could cules!*7®#More recently, additional investigations, both

be measured. (|n a recent theoretical paper, Space and Comeoretlcal and prerlmental, have confirmed that suff|C|entIy
worker$? suggested that the wagging mode of a similar high concentration of acid, base, and salt could affect the

species at-875 cnt may be observable but not the stretch vapor/water interfacial structurgz"-37:4¢42.52698.50olecular
mode.) dynamics simulations predict that larger and more polarizable

A monolayer of molecules covering the free water surface Negative ions would have more excess at the water surface,
while positive ions would be repelled from the surfae-+2

can significantly change the surface water structure. As seen_l_he SFVS result of Liu et al. on aqueous sodium halide

in Figure 6a,b, the spectrum of a long-chain-alcohol-covered ; e ;
water interface has a much more prominent icelike péak,  Solutions supported the conclusiéi a”g so did the recent
while that of a fatty-acid-covered water surface is very much SHG result of Saykally and co-workets* (No appreciable

distorted from the free water spectrdf® The former change of the spectrum was observed with dissolution of
suggests a more polar-ordered hydrogen-bonding waterNaCl up to 1.5 M, consistent with the earlier result of Du et

network and the latter a more distorted one assuming thatal***) Richmond’s group also reported an SFVS study on
there is no surface field. In a classical experiment, Leiser- S0lutions of halides in mixtures of normal and heavy weter.

owitz et al. demonstrated that the freezing temperature of a 1hey found that the icelike (tetrahedral bonding) peak
water drop could increase by several degrees if it was coated?®€Med to be most sensitive to change of the anion from F
by a monolayer of long-chain alcoh®IThey found thatthe ~ t© |, and two new peaks at-3650 and~3750 cm
lattice of the alcohol monolayer matches fairly well with that @PPeared that could be assigned to weakly bonded water
of the hexagonal face of ice and could help induce ice mqlecules solvating the ions. They then concluded that the
nucleation in neighboring water through epitaxial interaction. 2n1ons would not approach the topmost water layer but rather
We can expect that the same mechanism would induce asSpread throughogt a wider mterfacu’_;ll region, perturbing (in
more ordered icelike structure in the water interfacial layer, the case of Cl, Br, and I') or enhancing (F) the hydrogen-

as the spectrum seemed to have shown. On the other hand?0nd network. This conclusion is in conflict with the
the fatty acid monolayer has a significant lattice mismatch Molecular dynamics predictions by Jungwirth and Tofftas,
with ice. The interaction between water and fatty acid 2S well as the recent X-ray photoelectron spectroscopy studies
molecules would significantly distort the usual icelike DY Salmeron and co-workefs.

hydrogen-bonding network of the surface water layer. With acid in water, hydronium ions likely appear at the
lonizing the fatty acid monolayer by increasing pH in bulk surface with their oxygen end facing the surf&&¥:*Figure
water, however, produces a surface field that can orient and7 presents the interfacial water spectra of different solutions
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Figure 7. SFG spectra of water/vapor interfaces for neat water Planeé of a-quartz and (b) fused silica as a function of pH.

and several acid base. and salt solutions. The inset shows arlarization combination is SSP. A spectrum of the ice/fused silica

extended view of the dangling OH peak on neat water (blue), 1.2 Intérface is shown for comparison (filled squares). The spectra are
M HCI (yellow), and 1.2 M HBr (brown). Reprinted Witlh offset vertically by 2 units for clarity. Reprinted from ref 100,

permission from ref 80. Copyright 2005 American Chemical COPYright 2004, with permission from Elsevier.
Society.

reported by Allen and co-workef8.Compared with the (@) (b) &
spectrum of the neat water, the icelike peak for acid solutions 1 i
appears significantly stronger. It was interpreted as due to t.. "'% PO Y ¥
the presence of hydronium ions at the surface, although their r t' 8
vibrational resonances and polar orientation are yet to be

identified. For solutions of HBr and HlI, both icelike and

liquidlike peaks show significant enhancement, which can (c) T
be understood as due to the presence of a surface field created I
by excess negative ions at the surface. The free-OH peaks : %— % e silica
for the acidic solutions are weaker and were also interpreted % Q"&@d water
as due to hydronium ions at the surface. Obviously, at this l

point, all interpretations appear somewhat speculative. They _ 4
could be substantiated or refuted provided that the polar v ; , -
orientations of the OH bonds responsible for the various \ :

spectral peaks could be determined. i b ey -
. . Figure 9. Possible hydrogen-bonding configuration of water
3.2. Hydrophilic Solid/Water Interfaces molecules on hydrophilic silica surface: (a) protonated (SiOH)

. . . . surface sites, low pH; (b) deprotonated (S)Qurface sites, high
SFVS is also the only vibrational spectroscopic tool for - ¢y structure of water/silica interface at low pH. Red and gray

probing buried interfaces, in particular, the solid/liquid spheres represent O and H atoms of water molecules; large gray-
interfaces. The first SF vibrational spectra of solid/liquid green, pink, and white spheres represent Si, O, and H atoms of
interfaces are on hydrophilic fused silica/water interfaces SiOH groups at silica surface. Dotted lines indicate hydrogen bonds.
obtained by Du et al. at various bulk pH vali#&€3he same
interfaces were also studied by others using SE¥Y%.The dictated by the reaction SiO&: SiO~ + H™. According to
spectra obtained by different groups are qualitatively the the literaturé! the surface remains as SiOH in the neutral
same, but there were some quantitative differences that couldstate, if the pH of bulk water is lower than 2, becomes
be traced to instability of the surface structure of silica in jncreasingly deprotonated as pH increases, and is completely
Wftg undergoing the equilibrium reaction SIGHSIO™ + deprotonated and saturated with negative charges at pH
H™.” We present in Figure 8b a set of recently measured ) hat produce a surface field .07 V/im. To both neutral
SSP spectra of silica/water interfaces at different bulk{H. (SIOH) and charged (SiQ surfaces, the water molecules
It is seen that they are qualitatively the same as that of the ; ! .
vapor/water interface except that the dangling OH peak at can be bonded via hydrogen bond_lng (sge Figure 9). In the
former case, two molecules can bind with H to O and one

3700 cm! is missing. The presence of the liquidlike and :
icelike peaks indicates that the interfacial water molecules With O t0 H on SIOH. In the latter case, three molecules

must again form a partially ordered hydrogen-bonded ¢&" bind with H to O of SiO. In both cases, the dangling
network. Both peaks increase with pH, but the icelike peak OH bonds are eliminated. The strong surface field at high
grows more appreciably at high pH, suggesting a better polar-IOH should help orient the water molecules with H bonding
ordered network at high pH. to the surface and establish a more ordered hydrogen-bonding

It is known that a fused silica surface properly cleaned in network. This was predicted earlier in molecular dynamics
acid and rinsed by water is passivated by hydrogen. Whensimulation by Lee and RosskKy* and now seems to be
immersed in water, it adjusts to the equilibrium structure confirmed by SFVS.
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We note that as a second-order nonlinear requ?@e, possible change of polar orientation of water molecules.
of SFVS will have its phase changed by 18Cthe net polar Again, its validity can be tested by the phase measurement
orientation of interfacial water molecules is reversed, as of ‘)’{(SZ)(w).
presumably occurs when the bulk pH switches from low to  Nihonyanagi et al. applied SFVS to a gold/electrolyte
high value. To prove the phase change, we need aninterface with an external potenti#l.With the potential
interference measurement on the SF output. This was actuallyvaried across the zero-charge point, the liquidlike peak
demonstrated by Du et al. at the peak frequency of the icelikereduced to a minimum and increased again, suggesting
peak? However, as we shall see later, icelike and liquidlike maximum molecular disordering when the surface was
peaks come from different interfacial water species. They neutral. From the interference of the water spectrum with
respond differently to change of pH. Therefore, for a the background contribution from the gold substrate, the
complete picture of how water molecules reorient at the authors concluded, however, that water molecules remained
interface in response to pH variation, we need to know how oriented with their hydrogens toward the surface even after

the phase off@(w) changes over the spectrum. As we the surface potential had switched from negative to positive.
mentioned earlier, the experimentally determined phase of They suspected that it was the result of the sulfate ion
y(82)( ) or the signs ofA, are generally important. Without adsorption onto the surface at positive potentials, but this

them, a mere fit of a spectrum by eq 1 could lead to incorrect €XPlanation seemed to be in conflict with the observed

; ; fth _ change of the liquidlike pegk. o
Interpretation of the spectrum Ostroverkhov et al. obtained SF vibrational spectra of

Yeganeh el al. used SFVS to probe alumina/water inter- aterf-quartz(0001) interfaces for different pH values and
faces and also observed the icelike and liquidiike pé&ks. comnared them with those of the water/silica interfaces in
They found that the spectrum varied with pH and the overall fjgre 8100 The two sets are qualitatively very similar, but
strength of OH stretch modes reached a minimum a&pH 14 icelike peak of the former is red-shifted B0 cni?,

8. Fitting of the spectra suggested tf&t(w) was 180 out much closer in position to the real ice peak (also shown in
of phase at high and low pH. Thus pH 8 appeared to be  Figure 8 for comparison). The frequency shift suggests that
the isoelectric point for the interface. The alumina surface the water structure next t-quartz is more ordered. In fact,
would be positively and negatively charged below and above there exists in the literature a conjecture that the interfacial
pH = 8, respectively, under the reactions AICHH" == water structure next to a crystalline face should be more
AIOH;" and AIOH == AIO~ + H*. The surface field  ordered, presumably because of quasi-epitaxial lattice match-
resulting from the surface charges would reorient the ing. Here, the SFVS result seems to have provided the first
interfacial water molecules to yield the net polar orientations evidence. We note that the water/crystalline alumina spec-

observed fromx(sz)(a)). Clearly, their interpretation should trum of Yeganeh et al. also revealed an icelike peak red-
be checked or substantiated by measuring the phase ofhifted by~50 cn1.102

%(w). Richmond and co-workers studied Gafater in- It is fair to say that the interfacial water structure next to
terfaces with SFVS and observed again both the icelike and@ hydrophilic solid surface generally appears as a mixed
the liquidlike peaks and their dependence on'pH*Below ordered and disordered hydrogen-bonding network, as char-

the isoelectric point, the surface having haddissolve into acterized by the icelike and liquidlike peaks in the vibrat.ional
water became positively charged. The resulting surface field SPectrum. (Recent X-ray and electron diffraction studies of
oriented the interfacial water molecules and made the icelike Several crystal/water interfaces also reported the observation
peak significantly stronger than the liquidlike peak. Con- _of coexistence of icelike _and liquidlike structure at the
trolled adsorption of sodium dodecyl sulfate (SDS) surfactant interfacest*19.1% The details may vary depending on how
anions on the surface could be used to adjust the net surfacdhe interfacial water molecules bond to the solid surface,
charge density?*1%5As the surface charge density changed which can t_>e af_fected by modlflcatlon of the surface_ through
from positive to negative, the intensity of the SF vibrational deprotonation, ion adsorption, or molecular adsorption at the
spectrum first decreased, went through a minimum at the surface. Surface pharge_s, and hence surface field, can induce
zero-charge point, and then increased. PresumaBliw) more polar ordering of interfacial water molecules perhaps

had undergone a 18(phase shift upon crossing over the EVEN Up to a few monolayers. However, the direction of polar
zero-charge point, and the interference between the cHorientations of interfacial water molecules often cannot be

stretch modes of SDS and OH modes of water seemed todetermined from the conventional SFVS with certainty. To
have supported the interpretation. However it is unclear obtain information on polar orientation, phase measurement

whether the orientation of the Gigroups could be regarded ~ Of %% () is important.
as unchanged in their analysis when the adsorbed SDS

formed bilayers. 3.3. Hydrophobic Interfaces
Cremer and co-workers studied water interfaces with bare  Water molecules wet a hydrophobic surface poorly because
silica and silica covered by a thin film of Ti{nanopar- they interact less strongly with the substrate than among

ticles% They observed different pH dependence of the SF themselves. Air is an ideal hydrophobic surface; water curls
spectrum for the two interfaces because of the shift of the up into a droplet in air. Therefore we would expect the
point of zero charge. Adsorption of charged polymers on surface vibrational spectrum of water at the interface with a
the bare quartz surface also significantly alters the point of strongly hydrophobic substrate to be similar to that of the
zero charge. Adsorption of phosphate buffer ions on,TiO vapor/water interface. In particular, the peak from the
enhanced the liquidlike peak relative to the icelike peak. They dangling OH bonds should show up since they would not
interpreted the result as due to blocking of surface registry be bonded to the substrate. This was actually first observed
sites by phosphate ions and forcing the interfacial water by Du et al. for a water/OTS-covered silica interféte.
molecules to form a more disordered hydrogen-bonding As mentioned earlier, molecular adsorption on a substrate
network. This interpretation does not take into consideration can drastically alter the surface properties. In the case of a
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Figure 10. SFG spectra of water on solid and liquid hydrophobic
interfaces: (a) water/octadecyltrichlorosilane (OTS)/fused silica
interface; (b) water/vapor interface; (c) water/hexane interface.
Reprinted with permission fror8ciencghttp://www.aaas.org), ref
24, Copyright 1994 AAAS.

well-prepared surface monolayer of octadecyltrichlorosilane
(OTS) on silica, the surface appears as tightly packed
hydrocarbon chains with all-trans conformation and is
therefore highly hydrophobic. Figure 10 displays the SSP [ T r 1 T I
surface vibrational spectrum of a neat water/OTS-covered 2800 3000 3200 2400 3600 2800
silica interface in comparison with that of the neat water/ Wave Numbers (cm'1)

vapor interfacé? The free-OH peak appears at 3680¢m ) o
which is red-shifted by~20 cnt? from that of the water/ F'gt”r? 11. SFG dsDe?r"’;Cogle‘."’?teIo" '”tefrfacesz @) slpectra OII

; LT : . water/vapor and water interfaces from an earlier wor
vapor interface. This indicates that .there is no bonding (Reprinted with permission from ref 65. Copyright 1998 American
between water and OTS, but there still exists weak van der chemical Society); (b) spectrum of water/GGhterface from
Waals interaction between the free OH and the; @fiminal Brown et al. (Reprinted with permission from ref 66. Copyright
group of OTS to cause the red shift. The bonded OH 2000 American Chemical Society}he solid line is a fit using the
spectrum exhibits the characteristic icelike and liquidlike modes described by the bottom curves; (c) spectrum of water/hexane
features, but the icelike peak is relatively more prominent. interface (Reprinted with permission from ref 110. Copyright 2001

: S : American Chemical Society). Vertical lines are guide to the eye

A plausible explanation is ”.“?t In contrast to th(.e free water for the positions of icelike gr)1d liquidlike peaks O?decompositio):]
surface, the OTS-covered silica surface has a rigid wall that i, nanel b.
could force the interfacial water molecules to form a more
ordered bonding network. One would then argue that if this
were true, a water/oil interface that is not rigid would have network. The calculations also showed that water molecules
a spectrum more like that of the water/vapor interface. at a water/decane interface have an orientational distribution
Indeed, as shown in Figure 10c, the spectrum of a water/very similar to that of the water/vapor interfate®®
hexane interface looks quite similar to that of the water/  Richmond’s group has investigated extensively water/oil
vapor interfacé? interfaces using SFV%;110114 |n the earlier work by

Molecular dynamics simulations gave a picture in fair Gragson and Richmorfd,the spectrum of the neat water/
agreement with that presented abé¥&. They found that CCl, interface showed mainly a broad icelike peak (Figure
the need to maximize the number of hydrogen bonds at thella), which increased in strength when sodium dodecyl
surface and to satisfy the restriction on molecular arrange- sulfate (SDS) surfactant ions increasingly adsorbed at the
ment imposed by the rigid wall makes water molecules next interface. Scatena et al. later found for the same interface a
to a solid hydrophobic surface form a better ordered bonding relatively weak icelike peak and a more prominent liquidlike
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peak that was blue-shifted t3500 cn1? (Figure 11b)f6.111
They believed that the earlier spectrum suffered from .=
contamination at the interface, because less thahM 5DS 3
in water could change the spectrum of Figure 11b to one **
like that of Figure 11a% Following the earlier work of water/
vapor interfacé%81.82they identified through fitting of the !
spectrum five modes contributing to the spectrum. In addition ’ ' W s swn o
to the icelike, liquidlike, and dangling OH peaks, there were
also the symmetric and antisymmetric OH stretch modes of
surface water molecules at 3618 and 3708 tthat had b
both of their H ends not bonded to neighb®r&t1(We notice S ST R TR VT
that these experiments were all performed with the visible S - Ao

input in and the infrared input around the total internal ~* % Im{z™]

reflection (TIR) geometry. The Fresnel coefficient for the ] )
infrared beam had a rather strong dispersion as the infraredfigure 12. Simulated spectra of two overlapping spectral peaks

: : with amplitudes having (a) the same relative sign and (b) the
frequency tuned over the vibrational resonances of Water'opposite signs. They@J2 spectra are generated from the corre-

To obtain the correct spectrum m’g)(w)ﬁ care must be  sponding spectra of Regp] and Im[z@).

taken to correct for such a dispersion.) Molecular dynamics

simulations seemed to have supported the pidifde?! . .

However, in more recent articles studying water/vapor &€ often not reliable. Figure 12 shows an example relevant
interfaces of alkali halide solutions, Richmond and co- to the bonded OH spectra of water: TH&(w)| spectra in
workers also found such symmetric and antisymmetric modesFigure 12a,b appear hardly distinguishable, although one is
and assigned them to water molecules associated with halidecomposed of two resonance modes with the same sign and
ions at the interfacé®1Scatena et al. also obtained a similar the other of opposite signs. One would like to obtain the
spectrum for the water/hexane interface, as shown in Figurephase of;fg)(w) directly from experiment and thus unam-
11c1t011Compared to the water/hexane spectrum of Figure biguously determine the relative signsAf More generally,

10c, their spectrum also appears to be blue-shifted. Thegne hopes to directly measu‘f{éz)(w) (both amplitude and
spectra of water interfaces with hexane and other alkanesphase) since it carries the complete information on the
obtained later by Brown et al. showed less of the blue shift nonlinear response of the system. As was already known in
and a more pronounced free OH pé&Rhus itis not clear  the early days of nonlinear optics, the phase measurement
what the true spectrum of a neat water/oil interface is. can be achieved by an interference meth§djthough such

Molecular ions that can be eaSily Segregated to the interfacemeasurements over an entire Spectrum are extremewfréﬁé_
Certainly will affect the interfacial water structure, and hence We have recenﬂy done the Comp|ete measurement on

the spectrum, via the surface field. The change could be morey(sz)(w) for water/quartz interface®.Here, we discuss the
clearly recognized from measurement of the complex

~2) essence of our phase-sensitive (PS) SFVS technique.
xS (). , _ - _ Consider a water interface with a substrate whose bulk
Richmond’s group did study modification of water/oil has a nonnegligible contribution to the SF generation. Then,

interfaces by purposely adsorbing molecular ions, including jnstead of eq 1, the overall SF signal is giverity
SDS!12113As expected, the adsorbed ions created a surface

= | (b)

1

field that enhanced the surface water spectrum. Depending 87rw2sec ) — R ~2)

on the net charge at the interface, the interfacial molecules (@) = —————|[L(®) &w)]*¥ et

would have their net polar orientation with either the oxygen CNN;NiR

end or the hydrogen end facing the interface. Again, this is & VLo &) Lo AT
a picture that could be confirmed if the polar orientation of (o) Lo @) L@ i m
interfacial water molecules were measured. Ygf? = 7(52) 4 7(32)/0 AK) (5)

4. Phase-Sensitive Sum-Frequency Vibrational where 7@ is the bulk nonlinear susceptibility of the

Spectroscopy substrate and\k = |kiis; + kirz — ki is the wave-vector

In the previous sections, we have repeatedly stressed thenismatch of SFG along the surface normal direction. For a
importance of measuring both the amplitude and the phasegiven input/output polarization combination, we have
of 7(32)(60), but the signalS(w) from conventional SFVS
yields only [7(w)| through eq 1. It displays spectral Sw) O & + 1 QUi Ak =
features through resonance enhancemenif@t(w)|. The |%(SZ)|2 4 |X§)/Ak|2 — 2|X§) ng)/mq sin®(w) (6)
strength of each mod@.q in 7§>(w), is nonvanishing only

if the assembly of contributing molecules has a net polar \yhered(w) is the relative phase g2 with respect tg,?
orientation, and its sign depends on the direction of the net simply the phase @f(sz) if X(BZ) is real. Equation 6 shows

polar orientation. Interference of contributions féz)(w) that if So) |X(2)(w)| and IX(Z)(w)/ AK| can be separately
from resonant modes generally makes the spectrum appeaf .- cured ,the%)(w) can be %Ietermined

more complex. Fitting a spectrum with eqgs 1 and 2 (or 3) We can imagine finding a substrate with an adjustable

can, in principle, determine the relative signsAyf This @ . @ .
has been the practice in analyzing and interpreting the spectrds (®)/AKl. With [yg*(w)/Ak| adjusted to zero, we have

of water interfaces in the past. However, because of the Ss(w) = Clz£2. With and without water, we hav8ss(w)
limited quality of the spectrum, the signs A§ so obtained = C|X(32) + Xg)/(iAk)F and S(w) = C|X(Bz)/Ak|2, respec-
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tively. Here,C is a proportional constant. We then find

| S6(0) ~ S{0) ~ $(©)
2084@)Ss(e)] 2

In our experiment to be discussed later, we employed a

crystalline a-quartz as the substrate that has nonlinearity

. ) ) _ ) _ 2
dominated bYX(B,)xxx = _X(B,)XYY = _X(B,)va = _X(B,)vallg

Since quartz is transparent in the OH stretch region of
interest, 72 can be taken as real, thus simplifying the
analysis. We consider here a quartz plate withciaxis

normal to the surface and SFVS with SSP polarization
combination. Because of the 3-fold symmetry of quartz about

the c-axis, we have/Z(SSP)= 0 if the X-axis of the quartz
plate is rotated by angl¢ = 30° from the incidence plane.
Then if the SF polarization is selected to be off by a small
angle+y from the S polarization, we have

d(w) = sin t

(")

Xg)(szl:ysp)z Fyxxxx C0S0jg COSOg C)

wherefr and s are the angles between tKeaxis and
the IR and SF fields ab, andw, respectively. For the water/
quartz interface, the corresponding surface nonlinearity is

9)

To find ®(w) from eq 7,32(S.,SP) andy?(S.,SP) are to
be used in eq 6. It is also possible to determin@) from

Se(@,y) — SSB(wi_V)} (10)
4y/Ss(w)Ss(y) cosy

Note thatSs(w) = Ssa(w,y=0) O ¥ (w)|2. Thus we can
completely determine;((sz)(w) = IX(sz)(w)| expli®(w)] =
Rep&(@)] + i Im[E(w)]

22(S.,SP)= y2, cosy

®(w) = sin}

5. Phase-Sensitive Sum-Frequency Vibrational
Spectroscopy on Quartz/Water Interfaces

We have applied PS-SFVS tw-quartz(0001)/water in-
terfaces’® The experimental arrangement is sketched in the
inset of Figure 13. To avoid beam polarization change due
to optical activity of quartz, the visible beam was incident
from the water side, while the infrared beam was incident
from the quartz side at an angle of*&uch that the optical
rotation was less thar0.2°. The SF output was detected
from the water side. For each interface, four spectra were
taken: Ssg(w,y=0), Sse(w,y=5°), Ssg(w,y=-5°), and
Ss(w,y=%5°). From the spectray(w)| and ®(w) were
deduced and Rgf(w)] and Imp2(w)] were calculated.
An example is presented in Figure 13, whé&g(w,y=0),
Sse(w,y=5°), Ssg(w,y=-5°), and S(w,y==5°) for the
quart/water interface with bulk pH of 6.5 are displayed in
panel a andy@(w)|, RefP(w)], and ImpP(w)] in panel
b. Note that Ref?(w)] and Im[&(w)] are related by the
Kramers-Kronig relation.

In our measurement, the crystalline quartz surface had
undergone several cycles of low and high pH values in water
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Figure 13. An example of phase-sensitive SFG spectroscopic
measurement for a quartz/water interface atpB.5: (a) measured
spectra ofS,(y=+5°), S,(y=—5), S,(y=0°), and [x§/AkZ; (b)
deduced spectra 4§22, Re¢?), and Im§?). The inset shows
the experimental arrangement. The azimuthal apgiéthe quartz
crystal is adjusted to suppress SFG in the SSP polarization
combination. The analyzer of the SF output is set either for precise
S polarization or atty angle away from S-polarization. Adapted
figure with permission from ref 30. Copyright 2005 by the American
Physical Society. http://link.aps.org/abstract/PRL/v94/e046102.

(), ReP(w)], and Imp2(w)] at several different
bulk pH values. The spectra ¢z§>(w)| indeed resemble
those of water/fused silica interfaces; they all exhibit the

icelike and liquidlike peaks. But Rgf)(w)] and Imjy2(w)]
appear more complex and vary in both amplitude and sign.

We now focus on Imf?(w)] because it is more infor-

mative. Figure 15 displays a set of Ixéﬂ)(w)] obtained
with successively decreasing pH. We have found that all
spectra of Imf&(w)] can be decomposed into a liquidlike
peak at 3400 cmi with a profile and line width chosen to
be the same as the IR absorption spectrum of bulk water,
and an icelike peak composed of two peaks, one at 3200
cm 1 with a line width (fwhm) of 170 cm! and the other at

for days before the actual spectra were taken. Surface3000 cnt! with a line width of 250 cm?. This is seen in

reactions could have made the quartz surface more like aFigure 14. The amplitude variations of the three peaks with
fused silica surface, which was manifested in a gradual pH are plotted in Figure 16. It shows that they respond to
change of the peak shape. Figure 14 shows the spectra ofhe increasing pH differently. The liquidlike peak is always
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Figure 14. Spectra ofy?|2, Re¢?), and Img?) for waterb.-
quartz interface at several pH values of water. Reprinted figure

with permission from ref 30. Copyright 2005 by the American
Physical Society. http://link.aps.org/abstract/PRL/v94/e046102.

positive but increases in strength with increasing pH in the
range between 1.5 and 5, indicating that the interfacial water

species participating in the more disordered part of the -1 : ;
bonding network has an increasing net polar orientation with 3000 3500
the H end facing the quartz surface. The change saturates Wave Numbers (cm™)

around pH~ 7. The two components of the icelike peak Figure 15. A series of Im§®)] spectra of the watertquartz
vary appreciably with increase of pH from 4 to 10. The interface at different values of pH. In each spectrum, the solid curve
lower-frequency component is always negative, but its i @ fit to the data that comprises a liquidlike peak (dashed curve)

i ; _ nd an icelike peak (dotted curves). The liquidlike peak profile is
strength decreases with increase of pH. The higher frequencﬁorrowed from the linear absorption spectrum of bulk water, and

pompor]ent Starts_essem'a”y with Zero strength and become%he icelike component is further decomposed into two subpeaks: a
increasingly positive after pi 4 The increase of strengths  pegative and a positive subpeak centereg2200 and 3200 cri
of the liquidlike peak and the high-frequency component of and having fwhm of 250 and 170 cth respectively. The graph
the icelike peak with pH can be understood by increase of for pH = 6.5 explicitly shows the two icelike components (hatched
the net polar orientation with H facing the surface, knowing Peaks) obtained in the decomposition. Adapted figure with permis-
that the quartz surface should be increasingly negatively S|on.fr9m ref 30. Copyright 2005 by the American Physical Society.
charged with increase of pH and the resulting surface field http:/flink.aps.org/abstract/PRL/v94/e046102.
should reorient water molecules with H facing the surface.
The lower-frequency component at 3000 ¢nis a feature negative charges at the deprotonated sites. Saturation of the
also seen in the spectra of ice/vapor and ice/silica interfacesstrength of the liquidlike peak indicates that these surface
either as a small peak or as a small shoulder of the mainsites are almost fully deprotonated at pH 7. Water
peak!?0121|t comes from the OH of water species in the molecules contributing to the icelike peak (assuming both
icelike ordered structure with a net polarization of O facing components originate from water molecules) are associated
the surface. with surface binding sites that are less easily deprotonated.
The PS-SFVS results provide us with more detailed Below pH= 4, there is a net polar orientation of OH bonds
information about the water interfacial structure at the quartz/ with O facing the surface. Deprotonation of these surface
water interfaces. Immersed in water, the quartz surface issites appears to set in at pH 4. With further increase of
obviously not homogeneous. It appears to have two different pH, the increasing number of negatively charged surface sites
binding sites for water molecules. Those contributing to the poles the associated water molecules with H toward the
liquidlike peak and participating in a hydrogen-bonding surface. Saturation of deprotonation, and hence reorientation
structure very much like that of bulk water are associated of water molecules, at these sites occur atpH0—11.
with binding sites that are more easily deprotonated. They Eisenthal and co-worket$? based on their SHG measure-
have a net polar orientation with H pointing toward the ment, first proposed the presence of two different surface
surface. As pH increases, more of these surface sites aresites for water adsorption on silica. Their result is reproduced
deprotonated, and more water molecules appear to bein Figure 17. It is seen that the SH output field versus pH
reoriented with H toward the surface presumably by the has two plateaus, one at pH 6 and the other at pi: 12.
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description generally accepted by all workers in the field.
Beyond this, in connection with the interfacial water
structure, the interpretation becomes more speculative and
varies among researchers. There are two main difficulties
L] in analyzing and interpreting the spectrum. First, the SF
response comes from an orientational distribution with a net
polar orientational order but not from a distribution with only
a nonpolar orientational order of water molecules. This was
often forgotten or ignored in the interpretation. Thus
enhancement of the icelike or liquidlike peak does not
necessarily mean an increasing number of water molecules
contributing to the peak. It only means that there are more
polar-oriented molecules. Because the SF output is propor-
tional to [y?(w)|? the direction of polar orientation is not
known. Second, decomposition of the $E”(w)[? spec-
Figure 16. Strengths of various components obtained from trum of water can hardly be unique, especially if the relative
decomposition of the spectra in Figure 15 as functions of g@: ( signs of the components are not known. This could lead to
liquidlike peak; @) 3000 cnt? icelike component;¥) 3200 cnt? erroneous interpretation of the spectrum and incorrect
LC;E:;% n%OnTSPOgeen&i:t)edco%zirneedwﬁgeggmigfsigi‘qe f?gr% i?:f”kgo description of the interfacial structure. For example, Rich-
Copyright 2005 by the American Physical Society. http:/ m.ond and co—yvorkers fitted their water/vapor spectra first
link.aps.org/abstract/PRL/v94/e046102. V_V'th t_he amplltude_s,Aq, of the free OH mode and the
liguidlike mode having the same si§rand, more recently,
with opposite sign&’~% The two cases correspond to very
different OH orientations: one has the liquidlike bonded OH
having a net polar orientation the same as that of the dangling
OH and the other opposite. The PS-SFVS measurement
shows that free OH and bonded OH for the liquidlike peak
have the same net polar orientation.

The spectrum obtained by PS-SFVS is an improvement
but does not solve all the problems. It yields separately the
spectra of Ref?(w)] and Imp2(w)]. They can be positive
or negative. The sign of m{?(w)} describes the direction
of the net polar orientation of the molecules, which can now
be determined without relying on fitting of the spectrum.
However, it is still proportional to the surface density of net
polar-oriented molecules and its decomposition into resonant
peaks, although improved, still has some uncertainty. In the
case of silica/water interfaces, we could fit each spectrum
T 1 1 of Im[x¥X(w)] by assuming it is composed of a liquidlike
pH in the bulk 'z 14 peak and an icelike portion. As seen in Figure 15, the fit is
) ) _ .. good for all spectra even if we impose the strict conditions
Figure 17. Second harmonic output field from a water/fused silica that the liquidlike peak has the same profile as the infrared
interface as a function of pH. Reprinted from ref 122, Copyright
1992, with permission from Elsevier. spectrum of the bl_JIk water and the two components o_f the

icelike peak have fixed resonant frequencies and line widths.
They interpreted the result as arising from water molecules The profile of the liquidlike peak assumed here is quite
binding to two different surface sites with differeri palues different from those deduced from fitting the spectrum of
for deprotonation. Our SFVS result supports their conclusion. |X(52)(w)| but is more reasonable considering that the dis-
The gquantitative difference in pH variation could be due to ordered hydrogen bonding of water molecules at the surface
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preparation of the silica surface. and in the bulk should not be very different. An immediate
consequence of the broader liquidlike peak is that the icelike
6. Discussion peak is correspondingly much weaker. The two components

SFVS has been very successful in providing vibrational of thg 'C.e“k.e peakin In){(sz)(w)] have different signs at low
spectra for water interfaces much needed for understandingP: indicating that they must come from two different OH
of interfacial water structure. However, without theoretical SPECieS With opposite net polar orientations. This is also not
guidance, interpretation of the spectra is not an easy matterObvious from the spectrum ¢f$(w)|. The pH dependence
A surface water spectrum obtained by the conventional SFVSOf the peaks allows us to identify the existence of two
in the OH stretch region is usually comprised of an icelike different surface adsorption sites.
peak at~3200 cntt and a liquidlike peak at-3400 cnr?. To understand the results of Figures 15 and 16 and answer
An additional dangling OH peak may appear&700 cm'! the question why molecules responsible for the liquidlike
if the opposite medium is hydrophobic. The broad icelike peak always have a net polar orientation with H pointing
and liquidlike peaks are enhanced if the interface is chargedtoward the surface and molecules for the lower-frequency
by protonation, deprotonation, or ion adsorption, although and higher-frequency components of the icelike peak have
the relative enhancement may be different. This is a net polar orientations with O and H pointing toward the
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surface, respectively, we need theoretical guidance. In itsmore general interference method that would allow PS-SFG
absence, we have to resort to a reasonable physical modelstudies of all accessible interfaces.
Reference 30 used a simple picture that water molecules
would hydrogen bond with O to H at hydrogen-terminated 7 Conclusion
surface sites and H to O at deprotonated sites on quartz. At
very low pH, all the surface sites on silica are supposed to SFVS is powerful as the only technique that provides
be fully protonated. Then the observation that molecules in vibrational spectra for water interfaces. It has been used
the liquidlike peak still had a net polarization with H facing extensively to probe structures of water interfaces of all
the surface could only be explained by assuming the kinds. The spectrum of the SSP input/output polarization
existence of residual surface sites that remain deprotonatedcombinations usually shows an icelike peak-@200 cni*
even at very low pH. On the other hand, molecules in the and a liquidlike peak at-3400 cm, plus a narrow dangling
low-frequency component of the icelike peak have always a OH peak at-3700 cn* if the interface is hydrophobic. The
net polar orientation with O facing the surface even at very icelike and liquidlike peaks suggest that the interfacial water
high pH. This could only be explained by assuming the molecules form a partially ordered and partially disordered
existence of residual surface sites that remain always hydrogen-bonding network. Protonation, deprotonation, and
protonated. The above picture is not very satisfactory. Hereion and molecular adsorption at a water interface may
we present a more plausible model proposed by Lee andsignificantly change the spectrum. A surface field, created
Rossky based on their molecular dynamics simulatbon. by surface charges, for example, tends to enhance the
We consider that the interfacial water structure more or Spectrum.
less resembles a (disordered) tetrahedral hydrogen-bonding Detailed interpretations of surface water spectra, however,
network of hexagonal ice. At each H-terminated silica site, are often misleading because of two difficulties in analyzing
the oxygen of SiOH can have two water molecules hydrogen- a spectrum. First, the SF spectral peak in terms of resonance
bonded to it. (A third water molecule can hydrogen-bond in the nonlinear susceptibilityy2(w)|, is proportional not
with O to H of SiOH; see Figure 9a). If the site is to the total number of contributing molecules, but to the
deprotonated, three water molecules can be hydrogen-bondedumber of net polar-oriented molecules. Thus an increased
with H to the oxygen (Figure 9b). Then, it can be shown strength of the icelike peak does not necessarily mean that
that for interfacial water with a more or less icelike structure, there are more molecules participating in the more ordered
there are always more OH bonds with H facing the surface, regions of the network, but only indicates that the total
and the excess number increases with increasing number ofhumber of polar-oriented molecules in the more ordered
deprotonated surface sites. This explains why molecules inregions has increased. A surface field can induce more polar-
the liquidlike peak and the high-frequency component of the oriented molecules in a spectral peak but does not necessarily
icelike peak always have a net polar orientation with H facing increase the total number of molecules contributing to the
the surface. It also explains why the two grow with increase peak. (More specifically, the observed enhancement of the
of pH. The low-frequency component at 3000 ¢neould icelike peak induced by a surface field does not necessarily
be assigned to the OH stretch of SiOH at the protonated mean that the interfacial water network is more ordered
sites'?® However since it is always seen in the spectrum of unless there is complementary evidence.) Second, decom-
ice interfaces?**'we suspect that it is an integral part of position of a spectrum of overlapping peaks is often not
the icelike spectral peak. As in the ice case, the icelike peakunique. Too much confidence in the decomposition could
would be interpreted as originating from coupled OH |ead to incorrect description of the interfacial water structure.
(phonon) modes of the ordered bonding network. The higher- Molecular dynamics simulations can help, but unfortunately,
frequency component would then have more participation they also have limitations.
of OH with H pointing toward the_ syrfa_xce and the I(_)wer- PS-SEVS vields Ref2(w)] and Imb@(w)] and allows
frequency component more participation of OH with O determinatior){ of the 9rgrét(p<))]lar-0rientbifr?g(di)r]ections of mol-

pointing toward the surface. If this picture is correct, We oo that contribute to the various peaks. Because the signs
should expect to see a similar icelike peak in the spectrum @ @ .
of Re[ys’(w)] and Im[y$’(w)] are now known, decomposi-

2) ; .Y ! |
of Im[x&”(w)] for other water interfaces. Hopefully, molec tion of a spectrum into overlapping peaks becomes more

ular dynamics simulations could also reproduce such an reliable. Work on water/quartz interfaces with different pH

icelike spectral peak. . _ has generated interesting results. The spectrum of
The above case of quartz/water interface illustrates how @ . .
&'(w)] can be decomposed into a liquidlike peak at

PS-SFVS can help analyze and understand the surfacém[x P : !
vibrational spectrum of water and yield more detailed 3400 cn with a profile the same as that of the infrared

information about the water interfacial structure. As in all absorption spectrum of bulk water and an icelike peak

: 1 ;
spectroscopic studies, however, the true detailed understandgv?g:ﬁoiiﬂg aogni'?nocgmgo;ne dntaﬂsvsggk(;?cgvrgho?g?]? at
ing often has to come out of comparison of theory with ( ) P

~ 1 i i i 1
experiment. For water interfaces, all SF vibrational spectra 3000 cnt* with a line width of 250 cm'. The pH
dependences of the two peaks are very different, suggesting

2 T
of |X(s,, )(“_’)|,2 seem to possess the same characteristic icelikeat there are two different surface sites for water molecules
and liquidlike features. The PS-SFVS spectra probably could 1 44sorh. Molecules in the liquidiike peak adsorb at more
reveal more differences in spectra of different interfaces. It easily deprotonated sites. They adsorb with a net polar
is particularly important to obtain the PS-SF spectra for qientation of H facing the surface. Molecules involved in

f for th h terf h he higher-frequency component of the icelike peak also have
as references for the other water interfaces. However, the, et nolar orientation of H facing the surface, but those in

PS-SFG technique described in this paper is only applicabley, low-frequency component have the opposite net polar

to interfaces where the substrate can provide a suitgflle  orientation. Since both components are also observed in the
to interfere withxg). We are in the process of developing a spectra of real ice interfaces, we have to consider them as
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integral parts of an icelike peak resulting from coupled OH
modes of molecules in an ordered network. The weaker
component disappears when the adsorption sites are fully
deprotonated.

The new picture presented above for water/quartz inter-
faces is still speculative and needs to be confirmed by
molecular dynamics simulations. We expect that the inter-
facial structure of water at other interfaces is qualitatively
similar as long as interactions of water molecules with the
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(27) Liu, D. F.; Ma, G.; Levering, L. M.; Allen, H. CJ. Phys. Chem. B
2004 108 2252.

(28) Kim, G.; Gurau, M.; Kim, J.; Cremer, P. Bangmuir2002 18, 2807.
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(30) Ostroverkhov, V.; Waychunas, G. A.; Shen, Y.Fhys. Re. Lett.
2005 94, No. 046102.
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(32) Chemistry and Physics of Interfaces Ross, S., Ed.; American
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substrate do not dominate over interactions between water (34) Rossky, P. J.; Lee, S. KEhem. Scri989 29A 93.

molecules with detailed differences appearing in the net polar
orientations of molecules in the icelike and liquidlike regions.

Thus it is important to obtain PS-SFVS spectra for other
water interfaces. Through correlation of these spectra, we
should be able to paint a more correct picture for the

interfacial water structure and its variation with the substrate
and environment. The neat vapor/water and vapor/ice
interfaces could act as the reference surfaces.
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