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Surface relaxation in liquid water and methanol studied
by x-ray absorption spectroscopy
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X-ray absorption spectroscopy is a powerful probe of local electronic structure in disordered media.
By employing extended x-ray absorption fine structure spectroscopy of liquid microjets, the
intermolecular O–O distance has been observed to undergo a 5.9%expansionat the liquid water
interface, in contrast to liquid methanol for which there is a 4.6% surfacecontraction. Despite the
similar properties of liquid water and methanol~e.g., abnormal heats of vaporization, boiling points,
dipole moments, etc.!, this result implies dramatic differences in the surface hydrogen bond
structure, which is evidenced by the difference in surface tension of these liquids. This result is
consistent with surface vibrational spectroscopy, which indicates both stronger hydrogen bonding
and polar ordering at the methanol surface as a consequence of ‘‘hydrophobic packing’’ of the
methyl group. ©2002 American Institute of Physics.@DOI: 10.1063/1.1508364#
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INTRODUCTION

The surfaces of metals, alloys, semiconductors, and
sulators all exhibit structural relaxation relative to the und
lying bulk material. Electron diffraction of clean metal su
faces in vacuum has shown that the spacing between the
and second atomic layers of these systems often exhib
contraction relative to the bulk geometry and, occasiona
an outward expansion in the first few atomic layers.1 In ex-
treme cases, solid surfaces actually reconstruct, adopti
different atomic arrangement than the underlying bulk cr
tal structure. These effects are driven by the anisotropic fo
at the interface that results from the reduction of coordi
tion number and bond order in the surface layer. One m
expect similar behavior to occur in molecular liquids, enge
dering the familiar properties of surface tension, but qua
tative experimental measurements of liquid surface struc
have been technically prohibitive. Here we report the surf
relaxation of the near-neighbor O–O distance in metha
and water, exploiting the surface sensitivity of ion-yield e
tended x-ray absorption fine structure~EXAFS! of liquid mi-
crojets.

Model radial distribution functions~RDF! have been ex-
tracted from the analysis of neutron and x-ray diffracti
data for both liquid methanol and water.2–5 The atom pair
correlation function enumerates the short-range order, yi
ing average radial distances and coordination numbers.
bient ~25 °C! water exhibits a broad maximum in the RDF
;2.85 Å with an average coordination number of 3.6; ho
ever, some debate still remains regarding the exact loca
and shape of this first maximum in the RDF, as discussed
Hura et al.6 Liquid methanol exhibits a similar O–O featur
at an intermolecular distance of 2.76 Å, which is shorter th
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that of liquid water, with an average coordination number
;2.7 Despite this shorter intermolecular O–O distance, l
uid methanol is 25% less dense than water, indicating
nificant differences in hydrogen bond morphology relative
the three-dimensional hydrogen bond network presen
bulk liquid water. Until now, analogous structural inform
tion could not be readily obtained for the surfaces of the
liquids.

The surface tension of liquid water is large~75 erg/cm2!
relative to that of methanol~22 erg/cm2!. This latter value is
typical of pure hydrocarbon interfaces, implying that inste
of the —OH termination of the liquid surface found for wa
ter, methanol molecules are polar oriented with the met
group extending out of the liquid surface. Sum frequen
generation~SFG! spectroscopy, in which the surface vibr
tional spectrum can be obtained, provided the first deta
insights into the molecular ordering of these liquid/vapor
terfaces. The water surface exhibits a narrow OH vibratio
resonance at 3685 cm21, assigned to a single hydrogen bon
donor with an average dipole moment parallel to the surfa
implying that the broken hydrogen bond extends out of
surface by ca. 38°.8 Furthermore, by surface titration, D
et al.8 determined that molecules possessing such a dang
OH bond accounted for;25% of the surface.

SFG studies by Stannerset al.9 and Wolfrumet al.10 of
liquid methanol surfaces revealed that the methyl group
tends out of the bulk, with a broad orientational distributi
about the surface normal. Similar results have been obta
for ethanol, longer chain alcohols, and surfactants in wh
the larger alkyl group enhances this hydrophobic effect.

Molecular dynamics~MD! computer simulations of
liquid/vapor interfaces yield molecular-level information n
readily available in modern experiments. A number of su
simulations, employing a variety of intermolecular potent
functions, have been reported for the equilibrium liquid w
ter interface.11–15 Generally, the liquid/vapor water interfac
il:
8 © 2002 American Institute of Physics
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7739J. Chem. Phys., Vol. 117, No. 16, 22 October 2002 Surface relaxation in liquid water and methanol
was determined to be 1–1.5 molecular diameters or;5 Å
thick, with the average number of hydrogen bonds per in
facial molecule determined to be;2, reduced from the bulk
value of;4.12 Single donor hydrogen bonded species, co
sistent with the ‘‘free OH’’ oscillator, have indeed been o
served. Dang and Chang13 found that the average dipole mo
ments of molecules in this interfacial region rapidly rel
toward gas phase values. Alejandreet al.15 showed that with
appropriate long-range corrections~dipole–dipole interac-
tion! to the SPC/E potential, the computed surface tens
was in good agreement with experimental values.

Simulations of the methanol surface, conducted by M
sumoto and Kataoka,16 yield many interfacial properties
similar to those reported for water. Using the transfera
intermolecular potential function~TIPS!, the methyl groups
were observed to extend out of the liquid surface, in acc
dance with SFG results. Surprisingly, the thickness of
methanol interface was observed to be;8 Å, nearly twice
that of water. However, it is unclear whether this interfac
expansion is an artifact of the simplistic TIPS potential.

The availability of reliable intermolecular distances f
interfacial regions of hydrogen bonding liquids could sign
cantly enhance our understanding of the molecular detail
surface phenomena, which include evaporation, conde
tion, and surface free energy. In addition, such structural
formation provides new benchmarks for developing realis
liquid models. However, there are few experimental te
niques that can be employed in the analysis of liquid surf
structure. Most ‘‘traditional’’ surface science techniques
e.g., low-energy electron diffraction~LEED!—are compli-
cated by the large equilibrium vapor pressure above m
molecular liquids which obscures direct interrogation of t
liquid surface. X-ray absorption techniques combined w
liquid microjet targets provide a novel method for examini
the electronic and geometric structure of liquid surfaces.17,18

In particular, EXAFS, a standard tool for the investigation
the local electronic structure of disordered materials such
liquids, glasses, and amorphous solids, can now be applie
study volatile liquid surfaces.

EXAFS refers to the small-amplitude oscillations in t
x-ray absorption coefficient that can extend hundreds of e
tron volts above a core-level absorption edge. These osc
tions arise from final-state interference effects of backs
tered photoelectrons from neighboring atoms. The w
known utility of EXAFS as a structural probe arises large
from the ability to selectively excite individual atomic sp
cies, thereby allowing the local environment~e.g., solvent
cage! around a selected atom to be directly probed. Wit
the single-scattering formalism,19 modulation in the absorp
tion coefficient~Dm! for K-edge spectra normalized to th
isolated atomic background (m0) is given by

x~k!5
Dm

m0
52(

j

S~k!Nj

kr j
2 u f j~k,p!u

3sin@2kr j1w j~k!#e22s j
2k2

,
~1!

k5A2m

\2 ~E2E0!,
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whereNj is the number of nearest neighbors,k the photo-
electron wave vector, andf j (k,p) the scattering amplitude
S(k) is an amplitude reduction term due to many-body
fects, andr j is the radial distance from the absorbing ato
Mean-square fluctuations inr j are accounted for in the ex
ponential Debye–Waller factor (s j ), andw j (k) accounts for
the total phase of the curved-wave scattering amplitu
along the scattering trajectory. Analysis of the EXAFS fun
tion x(k) yields atom pair correlations functions, thus allow
ing accurate determination of near-neighbor distances
coordination numbers.

The EXAFS absorption coefficient can be probed
rectly, as in traditional transmission experiments, or in
rectly by detecting the emission of secondary electrons, io
neutrals, or fluorescent photons produced by Auger de
Furthermore, each of these emitted particles have chara
istic escape depths.20 For example, fluorescent photons th
are nonresonant with any sample component will have
escape depth of many micrometers, while secondary e
trons, which dominate the total electron yield~TEY!, escape
from an average depth of 20 Å, determined by the aver
kinetic energy distribution. Ions, atoms, or molecules des
directly from the interface, sensitive to only the outermo
surface layer~1–5 Å!.20 By separately measuring the tot
ion yield ~TIY ! and TEY as a function of x-ray excitatio
energy, EXAFS spectra of the liquid surface and bulk can
simultaneously obtained. We have observed no differen
between the near-edge x-ray absorption fine structure spe
~NEXAFS! measured by TEY and fluorescence yields, in
cating that bulk electronic properties are probed in b
cases.18

EXPERIMENT

To investigate water and simple alcohols, EXAFS sp
tra were recorded at the oxygenK edge~530 eV! requiring a
synchrotron light source and an endstation that can cou
volatile liquids into ultrahigh vacuum. These experimen
were conducted at the Advanced Light Source, beamline
Lawrence Berkeley National Laboratory. This undulat
beamline produces 1012 photon/sec at 500 eV, delivering
80380 mm2 spot size, suitable for the interrogation of a 2
mm-diam liquid target without appreciable interference fro
the surrounding gas phase. The experiment has been
scribed elsewhere.17 The liquid microjet endstation consist
of three stages of differential pumping and an interact
chamber. A 20-mm-diam liquid jet of H2O or methanol is
injected into the interaction region in which the x-ray bea
intersects the liquid jet at 90°. After traveling 5 mm, th
liquid jet is directed through a 300-mm-diameter skimmer
and dumped 1 m away on a liquid nitrogen trap. The inte
action region is maintained at 131025 torr for liquid water
and 431025 for methanol by a 1000-l/sec turbopump lo
cated behind a liquid nitrogen trap. The final stage of
differential pumping section is maintained at 131029 torr
during normal operation. The TIY-TEY EXAFS spectra we
recorded with an instrumental resolution of 1.0 eV. Figure
shows a typical EXAFS spectrum obtained for a 20-mm liq-
uid methanol jet at the carbon~280 eV! and oxygenK edges
~530 eV!.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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RESULTS AND ANALYSIS

To obtain quantitative near-neighbor distances and co
dination numbers, reliable phase,w j (k), and amplitudef (k),
functions must be used.21 These functions can be compute
directly from multiple-scattering codes~e.g., FEFF 8.0 or
GNAXS! or extracted experimentally from model systems
which coordination numbers and distances have been p
ously determined. The latter procedure was used by
group to determine the OH phase shift function for molecu
water.22 Yang and Kirz23 demonstrated in the first EXAFS
study of liquid water that the O–O distance was underde
mined by 10% when a phase shift function computed by T
and Lee24 was used. The presence of hydrogen atoms
nearly collinear paths with neighboring water molecules c
lead to focusing effects and additional phase shifts that m
be accounted for in any O–O phase shift function used in
analysis of hydrogen bonding liquids. Bowronet al.,25 in a
recent x-ray Raman EXAFS study of liquid water, accoun
for such effects and obtained an intermolecular O–O d
tance of 2.87 Å, consistent with previous neutron and x-
diffraction studies. We have extracted their O–O phase s
function, shown in Fig. 2, and use it consistently in all of t
OK-edge EXAFS analysis of both liquid water and meth
nol. For consistency,x(k) was extracted usingE0

5538.9 eV for all spectra reported here. In the same w
accurate determination of coordination number require
suitable amplitude function to adequately constrain the s
set of highly correlated variables such as coordination nu
ber and Debye–Waller factor. The amplitude functionf (k),
shown in Fig. 2, was also extracted from the data of Bow
et al.25 and used throughout this analysis.

The rawk3-weighted EXAFS spectrak3x(k) for liquid
water recorded by TEY and TIY are shown in Figs. 3 and
respectively. Also shown is the Fourier-filtered oscillati
revealing the presence of a single dominant near-neigh
distance. The raw data were first Fourier transformed wit
Kaiser–Bessel window function (3>k>8 Å21), filtered,
and then backtransformed using a Gaussian window for
ting in k space. One can clearly discern a qualitative diff
ence in the phase of the oscillation measured for the
face and bulk. Also included are model fits ink space to
the backtransformed oscillation obtained with a stand
EXAFS analysis package.26 The results of the respective fit
are given in Table I accompanied by an error analysis

FIG. 1. Carbon and oxygenK-edge x-ray absorption spectrum of liqui
methanol measured by TEY~I! normalized to the incoming photon
intensity (I 0).
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described in Ref. 26. The respective fits were conductedk
space on the backtransformed oscillations, yielding relativ
small k3-weighted residuals, as shown in Figs. 3 and 4 a
Table I. To explicitly account for experimental errors, ea
parameter was adjusted to estimate the associated stan
deviation and they are also reported in Table I. The residu
include experimental noise as well as weak oscillations or
nating from the second-coordination shell. Unfortunately,
signal-to-noise ratio did not permit accurate quantification
these long-range correlations.

Before the intermolecular O–O distance in liquid meth
nol could be extracted, oscillations due to the intramolecu
C–O distance must be removed. This was done by mea
ing the EXAFS spectra for methanol vapor and extract

FIG. 2. Amplitude functionf (k) ~top! and O-O phase shift functionw(k)
~bottom!.

FIG. 3. k3-weighted liquid water microjet oxygenK-edge TEY EXAFS
spectrumx(k). ~a! Raw data~solid line! and back Fourier transformed
~BFT! oscillation ~dashed line!. ~b! Model fit to the backtransformed data
~c! Fit residuals from the raw~solid line! and BFT~dashed line! x(k).
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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7741J. Chem. Phys., Vol. 117, No. 16, 22 October 2002 Surface relaxation in liquid water and methanol
x(k) as shown in Fig. 5. The low-frequency intramolecu
oscillation was removed from the liquid data either by Fo
rier filtering or with a direct subtraction procedure, bo
yielding equivalent results. This is analogous to fitting
atomic background function to retrieve molecular distan
as done for H2O in Ref. 22. The subtraction procedure
more reliable when the intra- and intermolecular distan
are well separated inR space as is the case for methan
Liquid ethanol EXAFS spectra were also measured, but
intramolecularC–C–O distance overlapped with the inte
molecular O–O distance, making it more difficult to extrac
background-independentx(k). After removing the intramo-
lecular component, the same analysis that was applie
liquid water was conducted on thek3-weighted OK-edge
EXAFS spectra of liquid methanol, recorded by TEY a
TIY. The results are shown in Figs. 6 and 7, respectively. T
same fitting procedure and error analysis as described a
were employed, the results of which are given in Table I

Analysis of the TEY EXAFS spectra yields O–O di
tances consistent with previous diffraction studies of b
bulk liquid water and methanol. Bulk liquid water~TEY!
was found to yieldRO–O52.8060.05 Å, which is slightly
shorter than the first maximum in the radial distribution fun
tion determined by some neutron and x-ray diffraction st
ies. Recently, a new set of x-ray scattering data6 extracted a
model RDF implying a more structured liquid, evidenced
a taller and sharper firstG(r )O–O and a significantly shorte
first maximum,RO–O52.73 Å. For comparison, hexagon

FIG. 4. k3-weighted liquid water microjet oxygenK-edge TIY EXAFS
spectrumx(k). ~a! Raw data~solid line! and back Fourier transformed
~BFT! oscillation ~dashed line!. ~b! Model fit to the backtransformed data
~c! Fit residuals from the raw~solid line! and BFT~dashed line! x(k).

TABLE I. Intermolecular parameters@Eq. ~1!# and errors determined in the
single-scattering EXAFS analysis of liquid water. The surface O–O dista
(RO–O) exhibits a 5.9% expansion relative to the bulk liquid.

Parameter TEY fit~back FFT/exp error! TIY fit ~back FFT/exp error!

RO–O ~Å) 2.801~60.019/0.05! 2.965~60.029/0.05!
N 1.38~0.41/2! 1.07~0.3/1.5!
s ~Å22! 0.009 58~0.002/0.006! 0.001 93~0.002/0.004!
DE0 4.634~2.98/3.05! 6.824~3.713/4.81!
S(k) 0.80 0.80
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ice is tetrahedrally coordinated with an O–O distance of 2
Å. Analysis of the TEY methanol spectrum yieldedRO–O

52.7560.05 Å, which is shorter than bulk water and
good agreement with previous diffraction studies (RO–O

52.72 Å).27

Analysis of the surface sensitive TIY spectra yielded
RO–O52.9660.05 Å for liquid water. This represents a 5.9
expansionof the near-neighbor distance at the water surfa
when compared with the results obtained from the bulk T
spectrum. In a previous study we reported the same 5% e
gation of the near-neighbor distance with slightly differe
absolute values for the bulk and surfaceRO–O.17 This merely
reflects slight differences in the O–O phase function used
that study. Here we used the O–O phase shift function
rived from Bowronet al.,25 which is more reliable since i
was directly determined from hexagonal ice which is an
tensively characterized model system. The surfaceRO–O for
liquid methanol is determined here to be 2.6260.05 Å, yield-
ing a 4.6%contractionof the intermolecular O–O distanc
relative to the bulk liquid.

In order to constrain the number of parameters used
the determination of coordination number and Debye–Wa
factor, S(k), the amplitude reduction term due to multip
excitations, was fixed at a value of 0.8, which is consist
with a previous EXAFS study of water.22 For the liquid wa-

FIG. 5. k3-weighted oxygenK-edge TEY EXAFS spectrum recorded fo
methanol vapor.

FIG. 6. k3-weighted liquid methanol microjet oxygenK-edge TEY EXAFS
spectrumx(k). ~a! Raw data~solid line! and back Fourier transformed
~BFT! oscillation ~dashed line!. ~b! Model fit to the backtransformed data
~c! Fit residuals from the raw~solid line! and BFT~dashed line! x(k).

e

P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



t
o

ive
n

a
a

el
ior
-
h
o
ye
r-
c
ev
a

se
e

al

a
u

ui
er
b
id

to
net-
-
.

ex-
ese
er
ibits
by
.

H’’
l.
ter
ti-
ce
ic
the
all
ater
th-
en
les.
l-
ter-

for

ater
–O

for
er
ra-
or-
gth

-
ro-
th
ute
nd,
the
he
-
h—
ant

is-
ules
e
–

r-
but
vi-
ally
The
u-

.

dis

7742 J. Chem. Phys., Vol. 117, No. 16, 22 October 2002 Wilson et al.
ter surface,Nj was observed to decrease by 22% relative
the bulk, while the coordination number at the surface
liquid methanol shows a 41% reduction. While the relat
reduction in coordination numbers at the surface of metha
and water are in fair agreement with MD simulations,12,16the
coordination numbers themselves appear to be unrealistic
small and are accompanied by large fitting errors. This m
result from inaccuracies in the amplitude functionf (k). Fur-
thermore, Filipponi28 has pointed out that realistic mod
RDF’s that exhibit the correct long-range behav
@ limr→`g(r )51# and compressibility limit should be con
sidered in the analysis of disordered media. The single-s
approximation, used in the present analysis, has been sh
to underdetermine coordination numbers as well as Deb
Waller factors.29 Performing such an analysis on liquid su
faces is complicated by the inherent nature of the interfa
in which the density drops by orders of magnitude over s
eral molecular diameters. In addition, it is unclear wh
would constitute the correct compressibility limit for the
interfacial systems. More theoretical work is clearly need
to investigate the applicability of such a scheme to the an
sis of liquid surface EXAFS spectra.

DISCUSSION

Despite the apparent similarity of bulk methanol and w
ter, the expansion of the O–O distance observed at the liq
water surface and the corresponding contraction in liq
methanol clearly indicate significant differences in the int
facial hydrogen bond network. This result is underscored
the difference in surface tension measured for these liqu

FIG. 7. k3-weighted liquid methanol microjet oxygenK-edge TIY EXAFS
spectrumx(k). ~a! Raw data~solid line! and back Fourier transformed
~BFT! oscillation ~dashed line!. ~b! Model fit to the backtransformed data
~c! Fit residuals from the raw~solid line! and BFT~dashed line! x(k).

TABLE II. Intermolecular parameters@Eq. ~1!# and errors determined in the
single-scattering EXAFS analysis of liquid methanol. The surface O–O
tance exhibits a 4.6% contraction relative to the bulk liquid.

Parameter TEY fit~back FFT/exp error! TIY fit ~back FFT/exp error!

RO–O ~Å) 2.755~60.03/0.05! 2.628~60.042/0.07!
N 1.34~0.6/3.0! 0.788~0.9/1.5!
s ~Å22! 0.0020~0.002/0.008! 0.0032~0.005/0.009!
DE0 4.578~3.02/4.03! 29.795~4.98/7.87!
S(k) 0.80 0.80
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In methanol, the presence of the methyl group is known
disrupt the three-dimensional tetrahedral hydrogen bond
work comprising liquid water, instead forming parallel wind
ing chains, as in solid methanol, or planar cyclic clusters27

These differences in hydrogen bond topology might be
pected to have large effects on the local structure of th
interfaces. MD simulations show that while interfacial wat
molecules are weakly oriented, the methanol surface exh
stronger orientation of molecular dipoles and is stabilized
expelling the hydrophobic methyl group out of the surface16

This picture is supported by the absence of a ‘‘free O
resonance in the surface SFG spectra of liquid methano9

The expansion of the O–O distance at the liquid wa
surface, along with our recent NEXAFS study which iden
fied a new group of hydrogen-bond ‘‘acceptor-only’’ surfa
species,18 implies a significant relaxation of the electron
perturbation due to intermolecular hydrogen bonds at
liquid/vapor interface. This can be rationalized by an over
reduction in the number of surface hydrogen bonds per w
molecule, as predicted by MD simulations, as well as leng
ening of the near-neighbor distance, which would weak
the remaining hydrogen bonds between surface molecu
This view implies an interfacial layer in which water mo
ecules exhibit enhanced mobility, as evidenced by an in
facial diffusion constant computed to be;54% larger than
the bulk value.11

Although there is no direct experimental evidence
dimerization at the liquid/vapor interface of water, theRO–O

reported here is similar to that observed in the isolated w
dimer. Far-infrared cluster studies have shown that the O
distance decreases with increasing water cluster size.30 The
intermolecular O–O distance is observed to be 2.952 Å
the dimer, converging to a value of 2.75 Å for the wat
pentamer, in which nearly linear hydrogen bonds form tet
hedral bonding geometry. This trend illustrates the imp
tance of cooperative effects on the hydrogen bond len
and, consequently, on the near-neighbor O–O distance.

It is well known in a variety of hydrogen bonding sys
tems that the covalent OH distance is sensitive to the hyd
gen bond strength, which is itself a function of bond leng
and angle. Strong intermolecular hydrogen bonds redistrib
electron density which weakens the intramolecular OH bo
resulting in covalent bonds that are 1%–2% longer in
liquid than in isolated water monomers. Experimentally, t
OH stretching frequency is observed to ‘‘redshift’’ with in
creasing number of hydrogen bonds and bond strengt
indicating a weakening of the covalent OH force const
upon formation of a hydrogen bond.31 Townsend and Rice11

observed a 0.4%–0.7% contraction of the covalent OH d
tance and a 1%–2% increase in the HOH angle as molec
moved from the bulk toward the low-density region of th
liquid/vapor interface of water modeled with the Lemberg
Stillinger–Rahman~LSR! potential. They interpreted this
molecular relaxation only in light of a reduction in the ave
age number of interfacial hydrogen bonds per molecule,
it is probable that this result also provides qualitative e
dence for an expansion of the O–O distance that natur
accompanies a contraction of the covalent OH distance.
covalent OH bond length is anticorrelated with intermolec

-
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lar O–O distance, which is a well-documented trend exh
ited in a variety of hydrogen bonding systems. Such res
have been compiled into a ‘‘universal’’ curve as described
Ref. 32. Consequently, a 0.5% contraction of the cova
distance observed by Townsend and Rice implies an appr
mate expansion of the intermolecular O–O distance of 4
strikingly consistent with the expansion determined exp
mentally in this study. However, this estimate of the O
distance is also a sensitive to the O–HO angle, which is
specifically accounted for in these compilations. In additi
it is unclear whether this intramolecular relaxation observ
at the water interface is a general phenomenon reprodu
by competing water force fields or merely an artifact of t
LSR potential.

In contrast to water, the surface vibrational spectrum
liquid methanol shows no evidence of a ‘‘free OH’’ bond9

The ‘‘bonded OH stretching’’ region exhibits a vibration
band that is much narrower than and redshifted from the b
liquid infrared spectrum. The close correspondence of
SFG spectrum to that measured for solid methanol led S
nerset al.9 to conclude that the surface of liquid methanol
‘‘icelike.’’ The O–O distance in solid methanol has been p
viously determined by diffraction methods to be 2.66 Å33

implying a shorter hydrogen bond length than in the liqu
which is consistent with the observed redshifted vibratio
spectrum. The surfaceRO–O for liquid methanol measured b
TIY EXAFS is 2.6260.05 Å, which is in close agreemen
with the result described above. Solid methanol conta
molecules arranged in parallel hydrogen bonded chains
an average of two hydrogen bonds per molecule. The c
correspondence of the O–O distance and vibrational s
trum of the liquid surface with that of solid methanol leads
the conclusion that a similar hydrogen bond topology
present at the liquid surface. The strong orientation of
methyl group in the outermost surface layer naturally impl
an oppositely oriented adjacent layer below the surface. T
‘‘hydrophobic packing’’ minimizes steric effects, allowing
stronger and thus shorter hydrogen bond between interfa
methanol molecules. Such polar ordering at the interf
might induce or nucleate the formation of chains, analog
to solid methanol, which would quickly branch into the les
ordered hydrogen bonded structure characteristic of the
liquid. In a recent paper by Yehet al.,34 the acetone liquid/
vapor interface was also observed to show polar orde
similar to methanol and characteristic of a solid aceto
phase.

Theoretical studies of hydrogen-bonded clusters h
shown that the binding energy of the methanol dimer~6.04
kcal/mol! is larger than that of the water dimer~5.13
kcal/mol!,35 given the same level of calculation. Matsumo
et al.36 observed methanol dimers evaporating directly fro
the liquid surface in the course of studying evaporation
namics with MD simulations. No such findings were r
ported for liquid water in their subsequent studies of aque
evaporation. In the course of our own studies we have
served methanol dimers in the gas phase above the li
surface by detecting products of core-level excitatio
whereas no such clusters have been observed from li
water microjets under the same experimental conditio
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While this result is preliminary, it seems to support the n
tion that the interfacial hydrogen bond between neighbor
methanol molecules is indeed stronger than in water and
a significant number of these bonds do remain intact dur
evaporation. Furthermore, this corroborates the present
dence for stronger hydrogen bonds at the surface of liq
methanol provided by the observation of a shorter O–O
terfacial distance.

The contraction of the surface O–O distance in metha
and the corresponding expansion in water appear counte
tuitive when one examines the surface tension of these
uids. In the absence of interfacial ordering, the shorter O
distance would seem to imply a larger surface tension
liquid methanol than for water. However, the strong orien
tion of the methyl group about surface normal implies th
the lateral interactions between molecules at the interface
weaker, dominated by dispersion forces between me
groups. This is the case in liquid hexane and would expl
the close correspondence between the surface tension o
drocarbons and their alcohol analogs. Water, on the o
hand, can form a larger number of interfacial bonds in
variety of configurations~acceptor only, single donor, doubl
donor, etc.! with networks extending perpendicular as well
parallel to the interface.

Finally, it has also been pointed out by Luck37 that when
one compares the surface free energy of water with tha
other solvents~e.g., methanol, ethanol, acetone, etc.! on a per
molecule basis, the differences among these liquids are m
less pronounced. For example, the surface free energ
methanol is 3.53310221J/molecule~assuming 16 Å2 per
molecule!, while the corresponding value in water is only
factor of 2 larger (7.0310221J/molecule). This implies tha
the abnormally large surface tension in water is due in par
the larger number density at the water interface. The rem
ing difference between the water and methanol surface p
ably reflects the reduced number of interfacial hydrog
bonds per methanol molecule. However, care must be ta
in reporting the average free energy per molecule, as
must assume a cross-sectional area which can be difficu
estimate for polar oriented asymmetric molecules.

The expansion of the O–O distance at the liquid wa
surface and the corresponding contraction in liquid metha
provide new insights into the decomposition of the bulk h
drogen bond structure at these interfaces. Methanol and
ter, two of the simplest hydrogen-bonded liquids, exhibit d
matically different hydrogen bond topologies, which becom
more pronounced at the interface. Methanol molecules t
to form planar or chain structures in the bulk liquid which
enhanced at the surface by polar ordering, yielding an O
distance and SFG spectrum similar to solid methanol. On
other hand, the expansion of the O–O distance in wate
consistent with the relaxation of the covalent OH distan
and dipole moment observed in molecular dynamics simu
tions, suggesting an interfacial phase of more mobile wa
molecules. The structural details reported here can be
rectly compared to the RDF’s computed in MD simulation
thus providing benchmarks for the development of more
alistic liquid models. Furthermore, to accurately account
intermolecular surface relaxation, it would appear necess
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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to employ flexible and polarizable liquid force fields. X-ra
spectroscopy of liquid microjets should provide a novel w
to examine the electronic and geometric structure of vola
liquid interfaces which are presently inaccessible via ot
experimental techniques.
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