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An improved time correlation function description of sum frequency generd86i@ spectroscopy was
applied to theoretically describe the water/vapor interface. The resulting spectra compare favorably in shape
and relative magnitude to extant experimental results in theKDstretching region of water. Further, the SFG
spectra show a well-defined intermolecular mode at 875 dhat has significant intensity. The resonance is
due to a wagging mode localized on a single water molecule. It represents a well-defined population of water
molecules at the interface that, along with the free-®l modes, represent the dominant interfacial species.
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Liquid water interfaces are ubiquitous and important inbut with the same central frequency and integrated intensity.
chemistry and the environment. Thus, with the advent ofThis suggests that the intramolecular INM spectra represent
interface specific nonlinear optical spectroscopies, such inan underlying spectral density that is dynamically motionally
terfaces have been intensely studied, both theoretiteHg]  narrowed in the actual line shap&0]. This is also found to
and experimentally7-9]. Sum frequency generatidiSFGQ be the case here for SFG spectra in all polarization condi-
spectroscopy is a powerful experimental method for probingions. This means that motional narrowing effects are impor-
the structure and dynamics of interfaces. SFG spectroscopgnt at interfaces and the dynamics is intermediate between
is dipole forbidden in isotropic media and interfaces serve tdhe fast and slow modulation limits of motional narrowing.
break the symmetry and produce a dipolar second-order pdMost importantly this is a clear demonstration that SFG
larization signal. The SFG experiment employs both a visiblespectra contain both structural and dynamical signatures.
and infrared laser field overlapping in time and space at the Previous TCF investigations of the water/vapor interface
interface, and in the absence of any vibrational resonance ¥¢ere limited to only following short time correlations and
the infrared laser frequency, a structureless signal due to tHPtaining high-frequency spectra and used incorrect theoret-
static hyperpolarizability of the interface is obtained Ical €xpression§l-3]. In order to obtain better TCF results,
[1,3,7,9. When the infrared laser frequency corresponds to £especially at lower frequencies, long time correlations be-

vibration at the interface a resonant line shape is obtainefveeg tge system ?lpolle and ploltgnzab:cll_tyt n(;,\ed to bg fczl-
with a characteristic shape that reflects both the structur pwed. because molecular simufations of interfaces in .arte-

: : : Sian space necessarily produce two interfaces, simulation
and dynammal_enwronment at the m;erfa[d@]. times were limited to the molecular diffusion time between
Here, classical molecular dynami¢MD) methods are

; . interfaces so that molecules cannot contribute to signal at
used to model the dynamics Qf the water/vapor mterfaceboth interfaces during one MD rUii]. In this paper, a weak
Two complementary . theoretl'cal approaphes—quantumfestraimng potential is added that confines the molecules
corrected time correlation functioffCF) and instantaneous

normal modeINM) methods—use the configurations gener over time to the half of the simulation box they start in
) - “without significantly perturbing the relevant dynamics and
ated by MD as input to describe the SFG spectrum of th g y P g y

) . or Ghe average structure of the liquid that contributes to the
interface and to ascertain the molecular origin of the SFGInterfacial spectroscopy

signal; both INM and TCF methods use a suitable spectro- This modification permits the calculation of TCF's out to

scopic(dipole and polarizabilitymodel. This dual approach |, times resulting in well-defined spectra that include in-
was demonstrated to be highly effective in understanding

- rmolecular spectral line shapes. Surprisingly, a well-
condensed phase spectroscopy of water, other liquids, ar% P P P g

. ' . . ; fined intermolecular mode was found to be prominent in
interfaces; classical mechanics, especially in the context %he spectrum. It is centered at 875 ¢rand is comparable in

quanturn—correct.ed TCF'S’ has proven tq be surprisingly ef(integrate()i intensity to the rest of the intermolecular line
fective in modeling intramolecular vibrational spectroscopyshape_ The line shape also has an intensity that is about a
[1.2,10-14, o . sixth of the magnitude of the intense free-€H stretching
An IN.M approximation to SFG spectroscopy Is quantlumpeak. Thus, a large and distinct population of interfacial wa-
mechanical by construction but offers a limited dynamicaliy, ngjecyles has been identified. These modes, along with
description. As a result, e.g., in bulk water, INM intramo- o \ve|| known free O—H oscillators are the dominant con-
lecular resonances are broader than their TCF counterpartgents of water/vapor interfaces and determine the physical
and chemical properties of the interface.
Using INM methods the resonance is found to be due to a
*Electronic address: space@cas.usf.edu wagging mode localized on individual water molecules. The
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water molecules responsible are nearly parallel to the interlassical limit. Cx(w) is obtained for high frequencies via
face with their oxygen atoms anchored in the interface andjuantum correction using a “harmonic correction” factor:
the hydrogen atoms wagging normal to the interface. Th&Cg(w)=[(Bhw/2)coth(Bhiw/2)] Cq(w) [1,2). This correc-
hydrogens, pointing into the vapor phase, are hydrogefion factor is exact in relating th@eal part of thg classical
bonded to oxygen atoms at the interface. The presence ¢farmonic coordinate correlation function to its quantum me-
another distinct population of interfacial molecules, otherchanical counterparC,(w) is then obtained using the exact
than the free ©—H stretch, was recently propospi15,16.  result C,(w)=tani hw/2)Cr(w). Thus the procedure is to
That hypothesis is strongly supported by this paper. Here, galculate a classical TCEq(t), using MD and a suitable
spectroscopically distinct species is directly observed and thgpectroscopic model, Fourier transform into frequency and
vibrational mode responsible for the line shape is clearlygyantum correct it to obtai€x(w) and thenC,(w) that can
identified. Thus, experimental SFG setups that permit takinge sed in Egs(2) and (3).

spectra at relatively low wavelengths could probe this mode 14 construct an INM approximation to E€) it is suffi-

as a complement to the information contained in the free andient 1o evaluate the trace in E¢f) for a harmonic system,

donor O—H stretching modes. , giving (in its classical form for consistengy
The second-order response is given theoretically by a

combination of resonant and nonresonant terms kT
[2,3,7,17,18 The resonant terms can be grouped to give a Cei(w) =\ (il 9Q)) (detjd Q) e — w|)g (4)
simple expression in terms of the systems polarizability and
dipole. x**{w) is given by[1,17,19: In Eq. (4), w is the frequency of mod€, and the angle
i brackets here represent averaging over classical configura-
XReiw):—f dte“Tr{[p, pilaj(1)} . (1) tions of. the system generatedc,(w) is then back trans- _
hJo formed into the time domain and used in place of the classi-
_ . o cal TCF, in the procedure given above, to obtain an INM
In Eq. (1), p=€ PH|Q for a system with Hamiltoniafi and approximation topthe spectrgscopy.
partition functionQ at reC|pr_ocaI temperatu@zl/kT, ant;ik The MD methods and spectroscopic model have been de-
IS Bo_Itzm_anns constaniy is the systgm dipole, and its scribed previously1]. Briefly, microcanonical MD was per-
polarizability tensor where t_he subscripts re'present the VectQfmed on an ambient water/vapor interface to generate a
and tensor components of interest, respectively. The operator o ordered series of configuratioti 1.0-ns data sets-a
evaluated at time is the Heisenberg representation of theerXibIe simple point chargeéSPQ model was used. The
— @HtA o it/ .
operatoray,(t) =" aye """, Tr represents the trace of the g ,ation consisted of 64 water molecules, and the spectra
operators. It is convenient to proceed by_ rewriting the\yare checked for convergence by comparing with a 216-
Fourier-Laplace transform in E(L) as the Fourier transform a1 molecule simulation and the spectra were statistically
of a TCF that can then be interpreted in the classical limitgistinguishable. The interface was constructed using the
and quantum corrected. . standard MD geometry with vacuufmapon above and be-
Equation (1) can be simplified, defining the real and o, the water. Unfortunately this produces two interfaces

imaginary parts of**Yw) = xg () +ix{*{w) gives[2]: with average net dipoles in opposite directions and if mol-

o > (* ecules were allowed to diffuse from one interface to the other
Xl(w)z—tam(,gﬁw/z)cR(w):—J sin(wt)C,(t)dt, the SFG signal would be perturbéd]; each interface is

h hJo treated as a separate entity in calculating TCF’s. This limited

(2) earlier investigations to relatively short time simulations and
resulted in noisy spectra that were limited to the high fre-
guency Q—H stretching regiori1,3].

Yr() = EPJ tanr(Bhw/Z),CR(w )dw’ To overcome this limitation, a wealtaterally isotropi¢
fi J_.. ot restraining potential in the direction normal to the interface
5 [ was employed to keep a molecule in the half of the box that
= —f coq wt)C,(t)dt. (3) it started in for the length of the simulatid@,20]. The re-
o straining potential becomes negligible near the interface and

is only significant within=2.0 A of the box center. The in-

Note that previous expressions in the literature were misgq 4 cial density profile was unchanged by the restraining

taken although the expressions used did not significantly efs,iantial and it onlv sianificantly affects the long time diffu-
fect the modulus of the sign@l,3,19. In Eq. (3), P desig- P YS9 y g

IS sion constant in the normal directi¢a].

nates the principle part and the TCE(t)={x;(0)a(t)) The induced dipoles and polarizability tensor of each con-

=Cr(1)+iCy(1), is defined in terms of its real and imaginary figyration is then calculated using a point atomic polarizabil-

parts and their(rea) Fourier transformsC(w)=Cg(w) ity approximation(PAPA) polarizability model that includes

+Cy(w). The focus of SFG experiments is on high-frequencymany-body polarization effects explicitly and accounts for

spectra wheréfw>KkT) and classical mechanics are clearly polarizability derivatives with bond-length-dependent point

invalid. polarizabilities. The permanent dipoles are calculated based
The classical TCF resulC¢(t) can be calculated using on ab initio data as described previous§,3]. The TCF,

MD and TCF methodsCq(w) is the same a€g(w) in the  Cg(t), was calculated out to 50 ps where it has nearly de-
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FIG. 1. (Color onling TCF SFG spectra in the-O-H stretching FIG. 2. (Color onlineg TCF SFG spectra for the entire water

region for three polarizationsSSP (thick, solid black ling, PPP i aiional spectrum for three polarizatior@SP(thick, solid black
(dashed red line and SPS(thin, solid green link The inset is  |ine) ppp (thick, dashed red lineandSPS(thin, solid green ling

experimental datd7] for the same polarizations using the same The SSPINM SFG spectra is also showthin, dashed blue line
color scheme. The inset highlights the intermolecular resonance at 875.cm

cayed to zero and is used to calculate the SFG spectra @ —H stretching regiori2000—5000 crit). This behavior is
described above. strong evidence for the interpretation of the INM line shape
Figure 1 displays the theoretical TCF SFG spectra in theys an underlying spectral density that is motionally narrowed
O—H stretching region for the three independent polarizain the observed spectrum. This result also suggests that SFG
tion conditions that are pOSSibIe in the eIeCtronica”y non-spectra are sensitive to both structure and dynamics_the
resonant experiment, i.&SSRE PPP, and SPS The theoreti-  |NM spectrum clearly exhibits the same resonances but is
cal spectra have been adjusted in relative intensity to accoumfoader implying that the observed line shapes are motion-
for the Fresnel factors that modify the experimental intensi-a||y narrowed and dynamica| contributions to SFG Signa|s
ties[2,7]. The first two(last index can be interpreted as the gre importan{2,7].
element of the system polarizability tens@ipole) that is Most strikingly, Fig. 2 reveals an intense intermolecular
being probed, respectivelyS-denotes directions parallel to resonance at 875 c¢th In contrast, the intermolecular spec-
the surface and® perpendicular. In the data we have in- trum of bulk water is relatively unstructurgd0]. This sym-
cluded the nonresonant contributiog) "*tw), that is a metric line shape indicates a spectroscopically distinct spe-
small negative constan8,8] and the full signal is given by cies and represents—such as the free—-B stretch—a
X(SZ;G(w)oc|XRes(w)+XN Regw)|2. population of water molecules unique to the interface. It is
In Fig. 1, the free O—H peak is prominent at 3700 ¢t roughly as intense as the rest of intermolecular spectrum and
and the rest of the ©-H stretching region has a more com- about a sixth of the intensity of the free-OH peak within
plicated shape. The inset of Fig. 1 displays experimental dataur model(note that the bending line shape at higher fre-
for the O—H stretching region taken in the same polariza-quency is much less intenseRecent experimentgl5,16]
tion geometries[7]. The relative intensities agree nearly and theory[4] indirectly inferred the presence of a surface
quantitatively between theory and experiment. The freespecies—a water molecule with two dangling hydrogens.
O—H stretching line shape is captured very accurately byHere we have directly identified the species and its spectro-
the theory and the rest of the-OH region has a similar scopic signature. The spectrum is expected to be experimen-
shape. The ratio of relative intensities between the fredally measurable using SFG but there has been a lack of
O—H and the rest of the ©-H stretching band are about intense infrared laser sources in this spectral region.
2:1 for both experiment and theory. Clearly the theory cap- Figure 3 displays representative INM’s from the—H
tures the essential features of the spectrum and its polarizaragging region that give rise to the spectral signature. The
tion dependence. To quantitate the polarization dependencmode is a wagging motion localized on a single water mol-
the ratio of the SSP:PPPintensities for the free ©-H ecule, almost parallel to the interface, with two hydrogens
stretch, where the signal to noise is best, is 13Q:1) for displaced normal to the interface and the oxygen anchored in
the theoreticalexperimental spectra, and th8PSis about a  the interface. Further analysis revealed that, while the hydro-
factor of three smaller than tH&PPin both cases. The agree- gens appear to be freely oscillating into the vapor phase, they
ment is well within the relative error demonstrating the suc-are both typically hydrogen bonded to an oxygen in the in-
cess of theoretical methods. terface, based on standard hydrogen bonding crifdtidn-
Figure 2 displays the theoretical SFG spectrum over theleed, it is the hydrogen bonding that provides the vibrational
entire water vibrational spectrum. The theoretical INM spec+estoring force that results in a relatively high frequency in-
trum (for the SSPgeometry is also shown. The INM and termolecular resonance.
TCF spectra were found to integrate to the same veduer The inset of Fig. 2 focuses in on the-©H wagging
the entire 0—5000-cm range and separately over the region and the polarization dependence of the signal is clear.
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snapshots of a water/vapor inter-
face containing 216 molecules and
64 molecules featuring INM’s
from the O—H wagging region at
864 and 950 cmi, respectively.
The INM’s are representative of a
wagging motion localized on a
single water moleculgéshown in
blue), almost parallel to the inter-
face, with two hydrogens dis-
placed normal to the interface and
the oxygen anchored in the
interface.

?f FIG. 3. (Color online Two

Both the SSPand PPP geometries show an intense line tions[4,15,16. The mode is currently difficult to detect us-
shape and are sensitive to motidipole derivativesper- ing SFG spectroscopy. However, electronically and vibra-
pendicular to the interface. TH8PSgeometry shows only a tionally doubly resonant second-order experiments may be
hint of the signal consistent with its sensitivity to modes withable to detect the interfacial mod&1]. Lastly, this paper
dipoles changing parallel the surface. This analysis als@oints out the power of theoretical spectroscopy in providing
highlights the ability of SFG spectra to infer intermolecular insight into MD simulations—many MD simulations of the
molecular geometries by examining the polarization depenWater/\_/apor interface have been conducted but traditional
dence of the spectroscopy. Should appropriate infrared las@halysis techniques do not easily reveal important interfacial
sources become available, this-CH wagging mode may Subpopulations like the ©-H wagging motions.

represent another probe, in addition te-CH stretching, of The research was supported by NSF Grant No. CHE-
interfacial structure and dynamics that couples to lower frep312834 to B. S., a grant from ACS/PRF to B.S., and a grant
quency dynamical processes. from University of the Sciences in Philadelphia to P.B.M.

In summary, a spectroscopically distinct interfacial spe-Acknowledgment is made of financial support from the
cies has been identified at the water/vapor interface via imAmerican Chemical Society Petroleum Research Fund. The
proved theoretical SFG spectra. The mode was found to bauthors would also like to acknowledge the use of the ser-
an O—H wagging motion localized on a single molecule vices provided by the Research Oriented Computing center
and a similar species was suggested from earlier investigat USF.
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