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X-ray Spectroscopy of Liquid Water Microjets
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We present the first results from studies of liquid water microjets by soft X-ray absorption spectroscopy.
Near the oxygen K-edge~(630 eV) a fine-structure pattern very similar to that found for gaseous water
monomers is observed when the surface-selective total ion yield (TIY) is measured, but a broadened and
blue-shifted spectrum emerges when detecting the bulk-sensitive total electron yield (TEY). TIY EXAFS
measurements produce a nearest neighbe@@istance for surface molecules (3.00 A) slightly longer than

that of the isolated water dimer (2.98 A), whereas theG@distance extracted from TEY EXAFS corresponds

to that accepted for bulk water (2.85 A). Together, these results evidence an equilibrium liquid water surface
dominated by water molecules interacting weakly at longer distances than in the bulk, thus supporting

predictions from computer simulations.

Introduction with ultraviolet photoelectron spectroscopy, finding essentially
bulk properties of the outer electron shells with some evidence
for a free OH surface component in their spectra. These results
are consistent with measurements by Shen et af,the
equilibrium vapor/liquid interface by sum frequency generation
(SFG) spectroscopy, which determined th&0% of the surface
water molecules are oriented with one-8 bond extending
out of the surface by ca. 38These results are in accord with
computer simulations that show the liquid surface to be OH
terminated and the interface to be1—1.5 molecular diameters
thick, consistent with X-ray reflectivity measuremeht$he
effects of surface capillary waves on these interfacial properties
is still controversial and the subject of ongoing resedrch.

When a liquid forms an interface, the surface perturbation
decays into the bulk with spatial variations on the molecular
scale. Of particular interest is the molecular nature of the water
liquid/vapor interface, wherein the molecular density changes
by many orders of magnitude over several molecular diaméters.
Dang et aP report molecular dynamics simulations of liquid
water showing that the average dipole moment of molecules in
this interfacial region rapidly approaches that of gas-phase
monomers. Recently, Badyal et *aldetermined the dipole
moment of bulk liquid water to be 2.9% 0.6 D, in good
agreement with these computer simulations. Dang et al. further
report that the average hydrogen bond coordination number per
molecule in this surface region to be 2, significantly reduced
from the average bulk value of4. Townsend and Riéeeached
a more dramatic conclusion from their earlier simulations  X-ray absorption spectroscopy has proven to be a powerful
regarding the evolution of the hydrogen-bonding topology tool for probing the electronic structure of interfaces, but until
through the interface, proposing a restructuring of the hydrogen now it has been prohibitive to apply this approach to volatile
bond network from the tetrahedrally coordinated bulk to an liquids. By employing liquid microjet technology, we have been
interfacial shell dominated principally by dimers. able to transcend these problems and study the water liquid/

Only recently has it become possible to examine such vapor interface under high vacuum conditions, with near edge
molecular details of volatile liquid interfaces through experi- X-ray absorption fine structure (NEXAFS) and extended X-ray
ment. Faubel et af. achieving nearly collisionless evaporation, —absorption fine structure (EXAFS) spectroscopic techniques. A
determined that the translational energy distribution of molecules schematic of the apparatus used for these liquid microjet studies,
evaporating from a am diameter water microjet surface could conducted at the Advanced Light Source, beamline 9.3.2.,
be fit by a Maxwellian withT = —65 °C. In contrast, larger ~ Lawrence Berkeley National Laboratory, is shown in Figure 1.
diameter liquid water microjets exhibited higher surface tem- The energy range of this beamline spans-2000 eV with a
peratures limited by collisions originating within the equilibrium  photon flux of 18* photons/s/0.1% BW at 400 eV. The chamber
vapor blanket surrounding the jet. For example, the surface consists of three parts (A, B, and C). A differential pumping
temperature of a 20m diameter jet like that used in the present section A 108 Torr) located upstream of the liquid jet
study was determined to be-8 10 °C# Faubel et aP. also consists of three stages (the final stage omitted for brevity) each
measured the valence binding energies 0@ hicrojet surface pumped by a 70 L/s turbo pump isolated by a series4fmm
conductance limiters. The experimental section B, consists of
* To whom correspondence should be addressed. E-mail: saykally@ a 20 um diameter liquid microjet of bD (18 MQ purity),

Experimental Section

ucIintﬁi'\?:rrski?legfe(?alle'ifornia ot Berkele pressurized to~400 psi with an HPLC pump, intersected at
E Lawrencg Berkeley National Labo)r/étory. 90° wit_h the soft X-ray beam (resolut_ion 01 eV.) The TIY an_d
8 Lawrence Livermore National Laboratory. TEY signals were normalized to the incoming photon intensity

10.1021/jp010132u CCC: $20.00 © 2001 American Chemical Society
Published on Web 03/31/2001



Letters J. Phys. Chem. B, Vol. 105, No. 17, 2003347

HPLC Pump
Liquid Jet e-/ion Detector
A : -
;s";";s 14 B
Imi :
| A c
UFAT N —
DE
— A
Ly \ 4000 Us 12 (@)
Aperatures l I Cyropump
Turbo Pumps C
Sorption Pump 1.0 —
Figure 1. Schematic of the apparatus used for liquid microjet studies
conducted at the Advanced Light Source, beamline 9.3.2., Lawrence (b)
Berkeley National Laboratory.
(Ip) from a gold grid located upstream of the liquid jet endstation. 0.8

A ~4000 L/s (water vapor) helium cryopump and a 250 L/s
turbo pump maintained the main chamberd0~ Torr during

the liquid jet operation. TIY and TEY detectors are located 1
mm above and below the liquid jet and consist of a detector
positioned behind a 0.5 mm aperture that can be independently 0.6 —
biased {0—500 VDC), which serves to spatially filter any :
contribution from residual water vapor. The TIY and TEY
signals are processed by a picoammeter, voltage to frequency
converter, and a computer. Absolute energy calibration was
obtained from an internal spectral feature in thegrid and
referenced to a water vapor spectrum obtained in a gas cell 0.4 - (d)
located in the final section of the beamline. Absolute energies

were determined within 0.5 eV. Region C (10 mTorr) is

separated from the interaction region by a a@®aperture and

is pumped by a~1000 L/s sorption pump. Spectra of a®

liquid microjet measured near the oxygen K-edge are shown in 0.2 —
Figure 2 for both TIY and TEY, compared with the TIY for a

sample of gas-phase water. The striking similarity between the (e)
gas-phase and liquid microjet TIY NEXAFS is immediately

@

Arbitrary i10

apparent.

Results and Discussion 0'0’-1 LI B N B L B B L A
The TIY signal is primarily sensitive to the outermost surface 535 540 545 550

layer, whereas TEY detection probe£5 A into the bulkl® Photon Energy, eV

The sharp fine structure (features A, B, C, D, and E in Figure Figure 2. NEXAFS spectra of (a) TIY gas-phase®! (b) TIY, and

. ) p . . - ,
2) o_bserved m_gaseousze has been assigned=to a series . (c) TEY from a 20um liquid microjet. Peaks A and B have been
of dipole transitions of the oxygen 1s core electron t0 quasi- yreyiously assigned in the literatdté? to transitions from the hato
bound states consisting of pure and mixed valence/Rydbergthe mixed 4a3sa and 2B states, respectively. C is assigned as a
states just below the ionization potential. The lowest energy transition to 3pband 3pa symmetry Rydberg orbitals. D is assigned
NEXAFS states are relatively unperturbed by the molecular to the 4ph state with E consisting of transitions to many different
environment but can exhibit energy shifts and broadened line orbitals. The peaks labeled A, B, and C in the gas-phase spectrum are

; PR ; ; ; clearly present in TIY of the liquid microjet and are significantly
widths reflecting intermolecular interactions. The higher states, broadened and blue shifted in the TEY spectra. Conversely, peaks D

howev_er, haYe alarge Co_rnponent of spatially extend_e_d Rydbergand E are absent in the TIY of the microjet. Oxygen K-edge NEXAFS
states in their wave functions and are far more sensitive to suchgpectra reported by Coulman et'&bf ice monolayers measured by
perturbations. The liquid microjet TIY NEXAFS spectrum (d) H+ and (e) Auger electron yield techniques.

exhibits three peaks (A, B, C) that are unshifted but broadened

by 10% relative to their gas-phase analogues, while the othertransition energies of peaks D and E and could contribute to
features (D and E) found in the gas-phase spectrum are severelyifetime broadening.

broadened or missing entirely. Such broadening is expected from For comparison, the low resolutiortHNEXAFS spectrum
overlap of these spatially extended Rydberg states with orbitals measured by Coulman et Elfor ice monolayers is shown in

on nearby molecules. In addition, the K-edge ionization potential Figure 2. The sharp peak (A) in thetHNEXAFS spectrum of

of liquid water has been shown to red shift to 538.0 eV from ice is also unshifted relative to the gas phase and determined to
the gas-phase value of 539.7 &WThis final state relaxation  have an instrumental limited fwhm of 1.5 eV. This feature was
effect would place the IP nearly coincident with the observed assigned by Coulman et al. to surface molecules with reduced
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hydrogen bond coordination, consistent with the existence of 0.10 —
“dangling” surface OH bonds. The presence of sharp fine
structure for both the liquid and ice surface spectra illustrate
the high sensitivity of ion yield detection techniques for 0.05 -/ \
elucidating surface-localized electronic states. Moreover, peaks
B and C are significantly broadened at the ice surface, suggesting
significant differences between the structure and perhaps the
thickness of the ice and liquid water interface. §

The TEY NEXAFS spectrum of the liquid microjet is shifted
to higher energy by-1.0 eV and is severely broadened relative
to the gas phase, nearly identical in appearance to spectra
previously observed in Auger NEXAFS studies of amorphous
ice monolayers shown in Figure'214This broad unstructured
spectrum observed in the TEY NEXAFS is consistent with both -0.10
electronic perturbation resulting from stronger intermolecular R e S e
hydrogen bonds and greater spatial confinement of the valence/ 2 3 4 s 6
Rydberg wave functions by neighboring molecules, character-
istic of hydrogen-bonded condensed phases.

Weak EXAFS oscillations are observed in both the TIY and
the TEY measurements (Figure 3). Fourier analysis of the
oscillations yield an average nearest neighber@distance
of 3.00 + 0.05 and 2.85+ 0.05 A for the TIY and TEY, 0.05 —
respectively. The experimental TEY oscillations are in good
agreement with previous X-ray transmission studies of bulk ®)
water!® The TIY measurements, however, evidence a significant
lengthening of the ©0 distance and consequently an increase
in the average hydrogen bond length at the interface. In fact, N
the O-0 distance extracted for the interfacial region is actually
slightly larger than that determined for the water dimer by -0.05 — \ Vs ~ -~ -
Terahertz VRT spectroscopy.Some tentative evidence for a \ 7/ ~
similar lengthening of the ©0 separation is reported for
amorphous ice surfacésln any case, these EXAFS oscillations
confirm the condensed-phase origin of the TIY signal and are 0.10 | BRI S S S R B R S A M R B B |
consistent with the observations of sharp TIY NEXAFS spectra. 2 3 4 s 8

The relationship between the surface of liquid microjets and K(A™)
the equilibrium liquid/vapor interface has been discussed in the Figure 3. EXAFS spectra measured in a 2h diameter liquid jet.
literature17:18It was found that the surface temperature depends (Top panel) TEY EXAFS. (a) Raw data, recorded with an instrumental
sensitively on the number of molecular collisions occurring in fesolution ofR = 1.0 eV and smoothed with a five-point Savitzsky-

. . Galoy algorithm. (b) Fourier-filtered oscillation, corresponding to the
the local vapor phase that surrounds the jet. The diameter OfO—O distance, extracted by standard techniques. (c) Single distance

K (A

0.10

< -
S o000

this gaseous envelope is calculated to be S times then2(et fit to the filtered oscillation using the EXAFS single scattering
diameter and is the source of molecular collisions that limit the formalism2® The resulting fit yielded &o-o distance of 2.85: 0.05
measured surface temperature to 273 Moreover, the equi- A. (Bottom panel) TIY EXAFS. (a) Raw dat®(= 1.0 eV) smoothed

librium vapor pressure corresponding to this surface temperatureWith a five-point Savitzsky-Galoy algorithm. (b) Fourier-filtered
is 4.5 Torr, yielding a mean free path between collisions of oscillation. (c) Single distance fit yieldingRy-o of 3.00+ 0.05 A It

1 | | les in thi . ill th K should be noted that these EXAFS oscillations were extracted by
~10um. Consequently, molecules in this region will thus make  giandard techniquegin addition, both EXAFS fits were parametrized

an average of 6 collisions with other gaseous molecules andpy an 0-O phase shift function derived, using the known nearest
many collisions with the surface as they traverse this region, neighbor distance in liquid water, from Yang and Kirz’s bulk water
after which the vapor density decreases as the reciprocal of theEXAFS study™®

distance from the jet. Under these conditions, the liquid jet
surface is very nearly in thermal equilibrium with the local vapor
density. Raman and infrared spectra recorded in our laboratory
indicate that the average bulk temperature of aud jet is
~290 K.

The measurements presented here provide the first experi-
mental measure of both the surface relaxation and the dramatic  Acknowledgment. This work was supported by the Experi-
weakening of electronic perturbations due to diminished inter- mental Physical Chemistry Division of the National Science
molecular hydrogen bonding at the surface of liquid water. Foundation. We acknowledge the outstanding technical support
Although, we cannot determine the explicit H-bond geometry at the Advanced Light Source, Lawrence Berkeley National
at the surface, the 5% lengthening of the averag€Qlistance Laboratory, Berkeley, CA, specifically Dr. John Bozek, Dr.
to essentially that found for the water dimer is clearly indicative Eddie Moler, John Pepper, and Steven Klinger. In particular,
of weaker hydrogen bonds and suggests an interfacial “phase”we are indebted to Tim Williams for his outstanding technical
of relatively more mobile molecules, consistent with computer support in the construction of the experimental chamber. We
simulations of the liquid water surface in which the interfacial thank Prof. Anders Nilsson for enlightening discussions.

diffusion constant is predicted to be58% greater than the
bulk.! However, the computed properties of such interfaces are
extremely sensitive to the force field used, and clearly require
more thorough study in order to quantitatively interpret the new
results presented here.
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