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Investigation of volatile liquid surfaces by synchrotron x-ray spectroscopy
of liquid microjets
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Soft x-ray absorption spectroscopy is a powerful probe of surface electronic and geometric structure
in metals, semiconductors, and thin films. Because these techniques generally require ultrahigh
vacuum, corresponding studies of volatile liquid surfaces have hitherto been precluded. We describe
the design and implementation of an x-ray experiment based on the use of liquid microjets,
permitting the study of volatile liquid surfaces under quasi-equilibrium conditions by
synchrotron-based spectroscopy. The liquid microjet temperatures are also characterized by Raman
spectroscopy, which connects our structural studies with those conducted on liquid samples under
equilibrium conditions. In recent experiments, we have observed and quantified the intermolecular
surface relaxation of liquid water and methanol and have identified a large population of
“acceptor-only” molecules at the liquid water interface. D04 American Institute of Physics.

[DOI: 10.1063/1.1645656

I. INTRODUCTION face corrugation on collision dynamics. Together, these tech-
niques have provided important insights into the nature of
Understanding the nature of chemical reactions that octiquid/vapor interface as well as valuable benchmarks for the
cur on liquid surfaces constitutes an active area of researalfevelopment of improved computer simulations of molecular
that impacts many diverse fields, including geology, atmodiquids. Recent molecular dynami¢sID) computer simula-
spheric chemistry, catalysis, and biology. A prerequisite foitions have predicted some interesting interfacial phenomena
understanding surface chemistry is a detailed knowledge ahat have yet to be observed experimentally. For example,
the liquid surface itself. Yet, despite the enormous amount ofhe surface of simple salt solutions is predicted to be en-
thermodynamic data accumulated for liquid surfaces of purgiched in large polarizable anions, and are thought to engen-
solvents and binary solutions, a comprehensive microscopider ion-enhanced heterogeneous chemistry in the
description of liquid/vapor interfaces remains elusive. Theraropospheré:® This prediction is contrary to conventional
are relatively few experimental techniques that can provideotions of interfacial adsorption, in which ions increase the
such molecular level detail, and as a result, much of what isurface tension of water and are thereby expected to exhibit
known about interfacial structure is derived from computemegative adsorptiof.It would be interesting to test these
simulations. For example, Braslaet all determined the predictions against suitably detailed experiments.
thickness of the liquid water interface to bes.2 A. Several X-ray absorption spectroscog)XAS) comprises an ar-
group$™> have exploited sum-frequency-generatit8FG  ray of powerful techniques for probing the electronic and
spectroscopy to identify unique surface vibrational reso-geometric structure of metals, semiconductors, insulators,
nances, as well as molecular orientation for a variety ofand adsorbates. In the soft x-ray region, where second-row
liquid/vapor, liquid/liquid, and liquid/solid interfaces. elements absorb, these methods generally require UHV con-
Molecular-beam scattering studies reported Nathanson angitions. The use of liquid microjets, as introduced by Faubel
co-worker§ have explored the influence of microscopic sur-et al. for ultraviolet photoelectron spectroscdfynot only
allows the convenient introduction of volatile liquid samples

aAuthor to whom correspondence should be addressed; electronic mailtO high vacuum, but also prOVi(_je_S ?‘_Cleanv continuously
saykally@uclink4.berkeley.edu replenished liquid surface, thus minimizing the severe prob-
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wherep is the density(1000 kg/ni), and 7 the viscosity of
water (7.9% 10 % kgm !s™1). R,<2000 indicates that the
flow under these conditions is laminar. In practice, the lami-
nar region is observed to extend 5-10 mm in length, beyond
which the jet(due to Rayleigh instabilitigsbreaks up into a
tightly collimated stream of droplets extending30 cm in
length. Further studies of nozzle desi(gone angle, taper
length, etc. which might influence the flow characteristics of
these microjets are currently ongoing in our laboratory. In the
experiments detailed here, the nozzle is inserted into an ap-
propriate high-vacuum system and functions reliably for
60+ hours of stable operation. It should be noted that the
FIG. 1. A 10X microscope image of a 10Am ID fused-silica capillary  |length of the laminar flow region remains constant under
pulled by a micropipette puller to make a 2@r-diam liquid jet nozzle. vacuum, providing a well-behaved, intact liquid surface suit-

able for spectroscopic investigations.
lem of surface contamination. This article describes the de-

velopment of XAS for the study of volatile liquid surfaces
using microjets, and is organized as follows. Section Il del!l. MICROJET TEMPERATURE
scribes the fabrication and operation of glass microjet
nozzles, which differ from those used in the original microjet
studies reported by Faubet al1° Section Ill details experi-

In order to directly compare our XAS results obtained
for microjet surfaces with other measurements conducted un-

) - er equilibrium conditionge.g., SFGQ, the temperatures of
ments characterizing the temperature of liquid water an . se.g G P

hanol Y 4 into high h hmi hese microjets have been characterized. In vacuum, the lig-
methanol streams Injected into high vacuum through microy;y microjets are expected to cool rapidly by evaporation.

jet nozzles. Section IV outlines the design and implementa-l-he small size of these jets preclude the use of thermo-

tion of thﬁ endstation used for XAS stgd|esfof liquid mlcrol— couples, as the undercooled jet can heterogeneously nucleate
jets. Finally, Section V presents a number of recent examplégo,, contact with thermocouples or any other surface
from our studies, illustrating the general utility of XAS to

be th lecul £ liauid surf present in the vacuum chamber. Therefore, temperature mea-
probe the molecular nature of liquid surfaces. surements were conducted noninvasively by Raman spec-
troscopy.
Il. MICROJET NOZZLES The frequency, position, and line shape of the fundamen-
Our liquid microjet nozzles are fabricated from standardt@! Raman —OH stretching bands have been shown to be very
100-um-i.d. fused-silica capillaries purchased from a liquid SENSitive to the local hydrogen-bonding environment in lig-
chromatography vendofWestern Analytical Ing. These uids such as water, methanol, and ethanol, which is itself a
- . . _16 - .
capillaries are then pulled to the desired final nozzle diametefensitive function of temperatut&-*®In the case of liquid

. . y . 13
(500 nm to 50um) with a commercial CQ laser micropi-  Water, mary groups, including D’Arriget al.* and Wal-
pette puller(Sutter 1000 The micropipette puller allows rafenet al,™” have investigated this behavior and determined

fine control over virtually every nozzle parameter, includingthat one can measure the temperature of liquid water simply
final aperture size, taper length, and cone angle. In our initig"d reliably by measuring Raman band profiles. Previous
studies, we used PYIr electron microscope apertures avafi'€asurements, extending from the supercooled region
able commerciallyTed Pella, Ing, following Faubelet all°  (—20°C) to near boiling, provide evidence for an isosbestic

However, it was found that laser-pulled fused silica nozzled©iNt in liquid water; suggesting a temperature-dependent

are more reliable than Pt/Ir nozzles, which degrade over tim&9uilibrium between two distinct distributions of hydrogen-
due to electrochemical corrosion. We note that FagballX ~ Ponded water molecules. Although this interpretation still re-

and later Holsteinet al}2 have investigated the charging M&ins controversial, analysis of integrated band éFéés _
characteristics of both metallic and fused-silica nozzles. Th&2n be used as a sePgsmve thermometer for the bulk liquid.
nozzles used in the present study have been characterized Bjmilarly, Muller et al.™ have shown that the —OH stretch-
optical microscopy to be 201 um in diameter, an example "9 band posmon in '|IQUId methanol and ethanol redshifts
of which is shown in Fig. 1. A flow ratéF) of 0.5 ml/min  UPOn cooling, exhibiting a linear frequency dependence of

imparts the liquid streani20 um diametey, pressurized to  Pand center with temperature ranging from 0° to 70 °C.
~36 atm, with a velocity ¢) of 38 m/s, determined geo- To establish microjet temperatures under high-vacuum
metrically from conditions, a set of calibration curves for both liquid water

and methanol were obtained in our laboratory. To obtain
Viet= F/(Wrg), these curves, the total Raman scattering intensity, collecting
wherer, is the microjet radius. The flow of liquid water both vertical and horizontal polarizations, was measured as a
function of temperature, using a thermostated nozzle assem-
bly with a 20-.um-diam jet operating under atmospheric pres-
sure, for which minimal evaporative cooling is expected.
This expectation was indeed confirmed by comparison of the
microjet spectra with those obtained in previous studies of

through the 2Qum-diam nozzle can be characterized by a
Reynolds numberR,) given by

2V
M=953'
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FIG. 2. Representative Raman spectra of ligiaddmethanol andb) water. nar as well as ”_1 the break-up r_eglons of the |I_(]UId stream.
Calibration curves used in the determination of liquid temperature by RaAfter deconvolution, the bulk liquid temperature is plotted as
man spectroscopyc) methanol andd) water. a function of distancéor interaction timg as shown in Figs.

3 and 4 for liquid methanol and water, respectively. In gen-
eral, the temperatures measured for liquid water and metha-
nol depend nonlinearly on residence time, as expected,
methanol exhibits much lower temperatures than water due
to its higher volatility @yae~217.5 Torr versus P e
=99.0 Torr at 20°Q¢. Small-diameter jets exhibit much
ower temperatures than do their larger counterparts; for ex-
ample, as much as a 40 K temperature differential, in the

room-temperature liquid water and methatibl® The result-

ing calibration curves for liquid water and methanol are
shown in Fig. 2. The calibration curve for water, using the
method described by Davis al'® and Vehringet al,'” was

constructed by integrating the band area above and belo
3400 cm'L. The ratio of integrated band areéselow and
above 3400 cm?) plotted versus T yields a linear relation- _ . . : e
ship. The fundamental OH band in liquid methanol lacks thePreak-up region, at an interaction time of 208. Specifi-

structure found in liquid water and can be represented by 5al|y, a 2.5um-diam water jet is observed to supercool to

single Gaussian. The position of this band maximum was 37+2°C for an interaction time 0f-300 s, exhibiting

observed to redshift linearly with decreasing temperaturepo ?pectr?l ewdetr)lce f?_r 'Cf ;lid%itl'g‘k)—h? corrzspondlng
[Fig. 2(a)], consistent with previous studié$. cooling rate can be estimated to S fora 4um-

Using the calibration curve in Fig. 2, we have under_diam water jet, which is consistent in magnitude with results
taken a detailed study of bulk liquid temp’erature of the mi.reported for microjet surfaces measured via molecular-beam

crojet as a function of residence time in vacuum. Thesampllng of the evaporates.

vacuum chamber consists of a 2-3/4 in. cdKenball Phys-
ics) evacuated by a 110 1/s turbomolecular pu(Balzers 300 o

TPU 110 located behind a liquid nitrogen trap. During nor-

mal operation of a 2@um liquid water jet, the base pressure 2901

in the chamber is- 10~ * Torr, which is conductance-limited 2201 Yoy

due to the small dimensions of the vacuum chamber. The o} %

liquid jet is mounted on arx,y,zfeed-through to optimize 270 b ®e

alignment during optical studies and is dumped into a liquid -~ ®ep

nitrogen trap located 50 cm from the nozzle. The cube is 2 260 ®e0e

equipped with viewports, allowing optical access of the laser 250 -

beam for Raman studies. A 200 mW, 514 nm cw laser beam

is focused to~40 um? spot ly a 3 mmfocal length lens 240 - %tb

mounted inside the vacuum chamber. The total Raman scat-

tering intensity,(collecting both vertical and horizontal po- o4 e

larization is then recollimated at 90° from the incident o

beam, filtered, and refocused into a fiber-optic coupled 0.25 220 Fr —
0 200 400 600 300

m monochromator, and detected by a liquid-nitrogen-cooled
CCD camerdRoper Scientifig Residence Time (j1s)

Raman spectra Were_r_nea_sured ag function of dIStanCF—qG. 4. Axial temperature profile of 21solid circle3- and 2.5 (open
from the nozzle at a specified jet velocity. Th_e ten_“perature%_ircles)-#m-diam water jets obtained by Raman spectroscopy. Solid line is
reported here consist of measurements obtained in the lamibtained from numerical integration of E€L) usingr o=0.1098 cm/s.
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FIG. 5. Radial ablation ratds ¢(cm/s)], at T =277 K obtained from a

best fit of the experimental temperature profile of liquid water plotted
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against jet diameter. Solid lines are merely a guide to the eye and illustratE!G- 6. Schematic of a 2Qum liquid jet. The dense liquid coréA) is

three distinct regions.

surrounded by a collisional atmosphéB, the size of which depends upon

jet diameter, and beyond which the number density of evaporating mol-

ecules drops as r1in a collision-free zonéC), depicted in gray-scale. The

Also shown in Flg 4 is a temperature proflle Computeddenslty of B as well as the I|qu|d temperature itself can be modeled via the

by a Clausius—ClapeyrofCC) evaporative cooling model.
As reported by Faubadt all° the temperature profile along

CC Eq.(1).

the axis(2) of a liquid microjet can be determined by numeri- \ith diameters between 3.4 and L, 1 o is observed to be

cally integrating the expression
dT, Po(To) A _,
—_—=-2 —rg,
dz Cp
where the temperatur&, is a function axial positionz
(cm)], jet velocity [ e, (cm/s)], heat of vaporizatiodA(J/
mol)], specific heaf C,, (J/molK)], and radial evaporative
ablation ratd ro(To) (cm/s)]. io(Top) is the rate at which the

D

Viet

intermediate between the maximum kinetic rate of evapora-
tion in small jets and the asymptotic value of 0.055 cm/s
observed for larger diameter jets. These three regions are
indicated with lines in Fig. 5. Similar trends are observed for
liquid methanol jets. It should be noted that the temperature
measurements reported here for all jet sizes span the laminar
as well as beyond the break-up region of the liquid jet in
which the liquid consists of a monodisperse stream of drop-

radius of the jet decreases due to evaporation, and is treatgsts. We observe no temperature inflections, which might in-
as the product of the mean velocity of evaporating moleculegicate a transition from cylindrical to spherical geometry.

(assumed to be Maxwellian distributipand the ratio of gas
to liquid phase number densities:

. | KT py(To)
r(TO)= Z'JT_mpTO

)

Here,C,, A, andp, are assumed to be independent of tem-

perature. Since the radial ablation réig(Ty)] is propor-

These aspects as well as implications for evaporation will be
discussed in further detail in a forthcoming publication.

These results, discussed in light of the simple jet sche-
matic depicted in Fig. 6, illustrate the interplay betwegn
and mean free patf\), given by

ylem]=c-P,[Torr] "1, (4)

tional top, , which decreases with temperature according tQyhere c=5.3x 10" 2 Torrcm for water. For water at 4 °C,
the CC equation, Eq2) can be reformulated in terms of a ynder an equilibrium vapor pressure of 4.58 ToN,

reference or initial ablation ratg.( T, as

fo(To)=r \/Eex _ A [TerTo
Lo ref Tref kTref TO .

For liquid water afT o= 277 K, the maximum kinetic rate at

)

=11 um.? For ry<\, nearly collisionless evaporation is
realized, which approaches the evaporative ablation limit
(ref=0.09 cm/s) predicted by Ed2). Under these condi-
tions, evaporating molecules move directly from the liquid
core (A) to a region(C), which is governed by molecular

which the radius of the jet decreases due to evaporation iBow, as shown in Fig. 6. For the case >\, ballistic

re=0.09 cm/s according to Eq2). From a best fit of the
2.5-um-diam jet temperature profile, shown in Fig. M

evaporation is impeded because of molecular collisions oc-
curring in the gas-phase sheath surrounding the microjet.

was determined to be 0.1098 cm/s. This implies, in the abThis implies that region B in Fig. 6 has become sizable and
sence of molecules recondensing on the liquid surface, adirectly limits evaporation by requiring gas-phase diffusion

ablation rate within 20% of the maximum kinetic rgf&09

to occur, as evidenced by the observed smaller evaporation

cm/9 computed from Eq(2). For larger diameter jets, the rates and warmer temperatures. For example, the diameter of
evaporation model captures the overall functional form ofthe gaseous envelogeegion B in Fig. 6 surrounding a 20
the temperature profile, but predicts much lower absoluteum jet is calculated to berj thick and is the source of

temperaturequsing r,.=0.09 cm/s) than are actually ob-

served experimentally. For these larger jetg>2.5um),

molecular collisions. Consequently, molecules in this region
will make about, six collisions with other gaseous molecules

agreement can be obtained by fitting the initial ablation rateas they traverse this sheath, beyond which the vapor density
(rrep) to the experimental data, as is shown for water in Fig.(region C in Fig. 6 decreases as the reciprocal of the dis-
5. For jet diameters greater than Afn, r s is observed to be tance from the jet® Furthermore, Fuchs and Legdgshowed
~0.055 cm/s. This ablation rate is a factor of 2 smaller tharthat the temperature of millimeter-sized liquid jets is not de-

what is observed for the 2.5- and 3n-diam jets. For jets

termined by the base chamber pressure €100 ° Torr)
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measured at macroscopic distances from the jet, as expectp is larger than\, as pointed out by Sibold and Urbasg@k.
from the CC equation, but rather the local environment im-A 5-um-diam jet was reported to have surface temperatures
mediately surrounding the jet. They observed the radial vaas low as 210 K and cooling rates of1.7x 10° K/s. For
por flow from a 2-mm-diam jet to be supersonic, and pointlarger jets, however, Faubet al° report S>1, indicating
out that the physical properties of the jet itself cannot bethat evaporating molecules undergo many collisions and su-
influenced by the pressures measured at macroscopic dipersonically expand from the liquid surface. In order to ob-
tances. tain reliable surface temperatures for these larger jets, a sec-

For the XAS studies described subsequently, experiond skimmer was introduced perpendicular to the long axis
ments were conducted on 15—2@1-diam jets at an interac- of the jet minimizing collisions in the expanding vapor; ef-
tion time of 20us. At this position, the bulk liquid tempera- fectively “freezing” out the translational degrees of freedom.
ture is measured to be290 K for water and~280 K for  For diameters of 2Qum and larger, only moderate evapora-
methanol. In general, evaporation is a rare event, occurringve cooling was reported, yielding surface temperatures be-
on a long time scale, compared to typical molecular motionstween 298 and 273 K.
The maximum kinetic evaporation rate for water at 20°C is  Sibold and Urbassék studied the evaporation of par-
8.5x 10? molecules sec' cm 2, or 8.5<10° monolayers ticles into vacuum from cylindrical jets using hard-sphere
(ML) s 12! This corresponds to the evaporation ©fl70  Monte Carlo simulations of the Boltzmann equation. They
H,O ML during an observation time of 20m, which con-  directly simulated the Sum jet experiments conducted by
stitutes a minute fraction of the molecules in a2@-diam  Faubelet all° and obtained a speed rati6<1.71) in good
water jet. agreement with the experimental vali®<1.69). Given this

It is perhaps surprising that a CC model correctly pre-result, and using the radial gas temperature reported by
dicts the experimental 2.&m microjet temperature profile Faubelet al,'® they predict a liquid surface temperature of
without explicitly accounting for thermal conduction into the 300 K. Considerably lower surface temperatures were re-
liquid stream. This might imply counterintuitively that there ported by Faubel =210 K), leading Sibold and Urbassek
is not an appreciable radial temperature gradient in thes® conclude that the experimental value is more representa-
small jets, due to efficient mixing between the surface andive of the local gas temperature above the liquid surface,
bulk liquid. Recent evidence from steady-state evaporatiomather than the actual liquid surface temperature itself. This
experiments reported by Fang and Warimdicate that dur- apparent discrepancy in surface temperature obtained by ex-
ing evaporation or condensation, a macroscopic surface lay@eriment and simulation still remains unresolved.
of water exhibiting a nearly constant temperature profile is  Recent theoretical and experimental studies of evapora-
formed. The thickness of this interfacial isothermal layer istion have called into question the classical molecular picture
measured to be 200—6Qam,?% beyond which the tempera- of evaporation and condensation. First, Fang and ¥ard
ture is observed to increase linearly while moving into themeasured a sharp temperature discontinuity, using arg5
bulk liquid, indicating heat transfer by thermal conduction. Itthermocouple, at the liquid/vapor interface during evapora-
should be pointed out that this isothermal surface layer igsion and condensation. The temperature of the vapor was
also predicted by statistical rate thedfyward and Standd  observed to be higher than that of the liquid surface during
postulate that efficient surface mixing, leading to this mac-all steady-state evaporation and condensation experiments,
roscopic isothermal layer, originates from either “energywhich is inconsistent with the predictions of classical kinetic
partitioning” during evaporation or Marangoni—Benard theory and the computational results of Sibold and
convection-driven thermal conduction. Since the @rB-  Urbassek?® in which the opposite temperature discontinuity
diam liquid jet is much smaller than the observed depth ofs predicted. Second, Phillipst al?® argue that molecules
this isothermal interfacial layer, it is perhaps not surprisingevaporating from the liquid surface obey a non-Maxwellian
that a simple CC evaporation model is adequate to accounelocity distribution. As a result, Ward and Starfdas well
for our experimental observations. as Phillipg® conclude that only molecules from the high-

The only other experimental temperature studies of mienergy tail of the Boltzmann distribution actually escape
crojets were those published by Faule¢lall® By careful  from the liquid surface. In light of these recent develop-
positioning of a skimmer, Faubeit all° were able to esti- ments, it is unclear whether the evaporation experiments re-
mate the surface temperature of a variety of micron-sized jetgorted by Faubeét al® can be correctly described in clas-
by measuring the velocity distribution of molecules evapo-sical terms.
rating from the surface and fitting them to a floating Max- The liquid temperature, as well as the vapor densities in
wellian. Their analysis is valid only when collisions among regions B and C decrease with interaction tifiistance
evaporating molecules can be suppressed, and the local tefnem the nozzlg¢ due to evaporative cooling, which we have
perature measured in the molecular beam can be directlghown can be modeled via the CC equation. One can imag-
related to the liquid surface temperature. Near-collisionlesine two extremes(l) region B is negligible, and evaporation
evaporation is observed when the jet size is reduced to dproceeds by ballistic molecular flow, unimpeded by colli-
mensions smaller than the mean free path of water moleculesons in the vapor immediately above the liquid surface, or
(ro<\), as evidenced by the speed rat® of the sampled (2) the collisional atmosphere is a continuumy$\) and
molecular beam. Although such collisionless expansion igvaporation is therefore limited by molecular diffusion
expected from point sources smaller tharsome collisions  through region B. This is the usual case fofexaporating
will always persist in liquid microjets, since the length of the liquid under atmospheric conditions. In general, liquid mi-
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crojets (o,>\) are systems in which region B cannot be Debye—Waller factor by, andg;(k) accounts for the total
entirely neglected or simply treated as a continuum. Unforphase of the curved wave scattering amplitude along the
tunately, flow under these conditions is not well described byscattering trajectory. Contributions from all other scattering
available analytical techniqué$. paths can be represented in a similar way. EXAFS spectra,
For a 2.5um-diam jet, we observe a temperature profilewhich are generally easier to interpret than NEXAFS, yield
consistent with the maximum kinetic evaporation rate, suglocal structural information such as near-neighbor distances,
gesting minimal contribution from region B. This observa- as well as coordination numbers. There is an increasing the-
tion is supported by Faubet al,'® in which the speed ratio oretical and experimental effort dedicated to EXAFS analy-
of the molecular beam emanating from these small jets isis of liquids, amorphous solids and glas&&s.
consistent with near-collisionless evaporation. Conversely . e -
10 . . A. Detection of x-ray “action” spectra of liquid
for ro>N\, Faubelet al** observed supersonic expansion Ofmicrojets
evaporates, which clearly indicates the existence of a colli-
sional atmosphere above the liquid surface. This is consistent The XAS absorption coefficient can be probed directly,
with our temperature studies of larger jéts10 um diam in as in traditional transmission experiments, or indirectly, by
which the evaporation rate is a factor of 2 smaller than th&letecting the emission of secondary electrons, ions, neutrals,
kinetic limit (r,,=0.09 cm/s). In other words, as, in-  Or fluorescent photons produced by the accompanying Auger
creases relative th, the evaporation rate becomes limited by decay?® Furthermore, each of these emitted particles have
diffusion through region B, approaching an asymptotic valuecharacteristic escape depthszor example, fluorescent pho-

of steady-state evaporation similar to that under atmospheri®ns have an escape depth of many microns, while secondary
conditions. electrons, which dominate the total electron yig€lEY),

escape from an average depth of 20 A, determined by the

average kinetic energy distributigr:20 eV). lons, atoms, or
IV. X-RAY ABSORPTION molecules desorb directly from the interface—sensitive to
X-ray absorption spectroscopgXAS) is an “atom- only thg outermost 'surfa'lce layét—5 A).32 By separ.ately
specific probe” ideally suited for studies of the local elec-Measuring the total ion yieldrY) and TEY as a function of
tronic structure of disordered media. In the soft x-ray regionX"ray €xcitation energy, XAS spectra of the liquid surface
the 1s electron of N, C, or O atoms can be excited into and bulk can be obtained simultaneously. We have observed
unoccupied molecular orbitals, Rydberg states, or the corfittie difference between the NEXAFS spectrum measured by
tinuum. Spectrally narrow features, which generally appea EY and quo.rescence_y|eIds for I|qU|q water, indicating Fha.t
below the ionization potentiallP), result from excitations bulk electronic properties are probed.m both.cases. As liquid
into antibonding molecular orbitals or Rydberg states, and@MPIes become more complexg., binary mixtures, aque-
are termed near-edge x-ray absorption fine structur@US Solution, bimolecular gelstime-of-flight mass spec-
(NEXAFS). These features are extremely sensitive to mo_trometry, ion—electron co!nc!dence, and photoelectron Qetec—
lecular orbital changes resulting from the formation of alio" Schemes can be easily incorporated into our experiment,
chemical or hydrogen bon¢HB), a change in oxidation ylel_dmg further insights into environmentally and techno-
state, or in thermodynamic phase. Recently, the NExAFgegically relevant samples.
spectra of liquid water and ice have been used to examine the
rehybridization of these antibonding molecular orbitals re-
sulting from HB formatiorf’

The region lying more than~50 eV above the IP, Conducting experiments on volatile liquid surfaces at
wherein the final state consists of a free photoelectron andynchrotron facilities imposes some unique constraints upon
core hole, exhibits extended x-ray absorption fine structurghe experimental design, in particular the vacuum system.
(EXAFS). An EXAFS spectrum x(k)] consists of broad Working in the soft x-ray regiorf100—1500 eV requires a
oscillations in the absorption coefficient that arise from final-UHV environment with a beamline base pressure of 5
state interference effects due to backscattering of the photo< 10~ 1° Torr, as well as a hydrocarbon-free environment.
electron from neighboring atoms. Within the single- High-throughput, oil-based diffusion pumps, routinely used
scattering formalism, modulation in the absorptionby other group&3*in multiphoton studies of liquid micro-
coefficient (Au) for K-edge spectra normalized to the iso- jets cannot be utilized, as they present an unacceptable risk

B. Description of synchrotron endstation

lated atomic backgroundu() is of hydrocarbon contamination of the x-ray optics contained
Au S(KN; within the beamline and the storage ring. Consequently, an
x(K)y=—=— Z _kZ_J|fi(k-77)| endstation was specially designed to allow windowless cou-

Mo i r]

pling of the x-ray beam onto liquid microjets of volatile sol-

: 2022 vents, such as water or alcohol. These experiments were con-
X sin[ 2kr;+ ¢;(k)Je~271%, 5) ducted on Beamline 8.0 at the Advanced Light Source,
whereN; is the number of nearest neighboksthe photo- Lawrence Berkeley National Laboratory. The endstation con-
electron wavevectoff; the scattering amplitudé&s(k) is the  sists of three sections, delineated by base pressure, and is
amplitude reduction term due to many-body effects,ignd  depicted schematically in Fig. 7. Section A consists of three
the radial distance from the absorbing atom. Mean-squardifferentially pumped stage@\1, A2, A3), while B houses
fluctuations inr; are accounted for in the exponential the liquid microjet as well as charged-particle detectors.

Downloaded 11 Sep 2007 to 128.32.220.140. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



Rev. Sci. Instrum., Vol. 75, No. 3, March 2004 Volatile liquid surfaces in microjets 731

To HPLC Pump ~¢——— “‘l“idNi"“’ng“P 5 25 Liquid
L+
% 2
X,y,z, Manipulator '(g)
L 15
Liquid Jet g 1
A S B Vapor
7]
' s % 05
| - - =
AN N U e
J L ~ o 7.95 8.45 8.95
l l 1 Quadrupole Mass Micrometer position (mm)
Spectrometer
70Vs 70Us  70Us
™FP  TMP  TMP c FIG. 8. TEY profile of a 20am-diam jet obtained by translating the liquid
o Dreg Pump stream through the focused x-ray beam at 548 eV. The Gaussian FWHM is
Liquid Nitrogen Trap [_"____J determined to be 20Zm, which is limited by the x-ray spot size. A ¥0
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served, consistent with the estimated absorption strengths of vapor vs liquid.

FIG. 7. Liquid microjet endstation schematitot to scalg
pole mass spectrometé8dTI 100C) that has been modified
to detect ions produced by core-level excitation of the liquid

The first section(A) is interfaced directly to the beam- jet. The entrance aperture to the spectrometer is positioned at
line and is designed to eliminate all vacuum load originating3 mm from the liquid jet and consists of a three-element
at the microjet that might otherwise contaminate the x-rayEinzel lens that both extracts and focuses the ions coaxially
optics of the beamline. This section consists of three vacuurinto the filtering rods. The ions are detected either with a
chambers, each separated by a 2-mm-diam conductance lirmhanneltron electron multiplier or Faraday cup. To enhance
iter and individually pumped by a 70 1(¥arian V70 tur-  the signal-to-noise ratio, lock-in detection was employed by
bopump; these are all backed by a single 100 1/s drag pummodulating the incoming x-ray beam with a tuning fork
which in turn is backedya 4 1/s diaphragm pumiDrytel  chopper operating at 1 kH&Electro Optical Products, Inc.
100). This section is mounted first to the beamline and baked  Finally, the microjet terminates on a liquid nitrogen trap
for 12—-20 h to achieve a base pressure in each section @dcated in section C. A second liquid nitrogen trap is posi-
~5x10 % Torr. This entire assembly is mounted on a stanctioned below the first to catch ice particulate or supercooled
with six degrees of freedom to facilitate the alignment of thealcohol that accumulates during the course of the experi-
entire vacuum vessel around the focused x-ray beam. Fanent. This section is pumped by a 20 1/s drag pubiytel
convenience, the x-ray beam is usually aligned first througt20) during start up, but can be valved out during normal
this section, after which vacuum connections are made toperation. Sections B and C are mounted on a stand that
sections B and C. facilitates course alignment of the endstation around the

Section B, which is separated from Ala 5 mmcon-  x-ray beam.
ductance limiter, houses the interaction chamber in which the  During normal operation, a 2Am-diam liquid water
x-ray beam intersects the microjet at 90°. This section ignicrojet is pressurized te-500 psi(36 atn). The typical
pumped by a 1000 1/s turbopunfipeybold 1000Q backed pressures in each of sections A, B, and C are as follows: C is
by a 50 cubic feet per minut€CFM) rotary vane pumpAl- maintained at<1 mTorr, while B(the interaction regionis
catel 2063. The turbo pump is protected from condensablesstable at 210 ° Torr. Moving upstream to the beamline,
by a liquid nitrogen trap, allowing the pump to be operated athe first section of differential pumping/A3), is 2
the maximum rotational speed. The degassed liquid jet is< 10 Torr, dropping to 3108 Torr in section A2 with
introduced into the chamber by a standard HPLC pummn operating pressure ob&L0™ 19 Torr in the final section
(Knauer K-1001 through ax,z,yvacuum feed-through. Fine labeled Al. For 2Q=zm-diam alcohole.g., methanglmicro-
control of the liquid jet orientation is necessary, as achievingets the pressures are typically a factor of 4 higher, consistent
proper overlap of the 80200 um x-ray spot with the 2um  with the difference in equilibrium vapor pressures.
jet is nontrivial. The microjet then travels4 mm before Shown in Fig. 8 is a profile of the liquid jet obtained by
entering a 300- or 50@m-diam skimmer, separating section translating a 2Qwm-diam jet through the x-ray beam and
B from C, finally condensing on a liquid nitrogen trap 1 m measuring the TIY or TEY signals excited by 548 eV pho-
away. The skimmer is mounted on bellows, allowing the entons. The Gaussian full width at half-maximuffwWHM) of
tire assembly(microjet and apertudeto be moved together the profile is 202um (limited by the x-ray spot sizewith a
while aligning the x-ray beam to the microjet. This aperturel0X enhancement of the condensed phase signal over the
also serves to minimize the gas load, as well as backscatterédckground vapor. This illustrates that the liquid can be
liquid particles emanating from section C, which is typically probed without significant interference from the vapor,
operated at higher pressures than B. For total yield measurghich both attenuates the incoming x-ray beam and scatters
ments, copper electrodes are mounted 2 mm from the jehe outgoing charged particles. Faulkehl > showed that a
axis, and are biased appropriately for either ions or electronsiigh-quality ultraviolet photoelectron spectra of liquid water
A photodiode is also mounted in the line of sight of the could be obtained in a similar experimental configuration. In
microjet and is used to measure the total fluorescence yieldddition, Kondowet al3* showed vapor-phase interference

The interaction region is also equipped with a quadru-to be negligible when using high-velocity liquid microjets
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FIG. 9. TIY NEXAFS spectra ofa) water vapor measured 4 cm away from
the liquid jet. NEXAFS spectra of a 2@m-diam liquid water microjet
measured byb) TIY and (c) TEY (from Ref. 38.

for resonance enhanced multiphoton ionization studies of liq
uid surfaces.

The equivalent vapor thicknegg) or column density
surrounding the liquid jeftreated as a slit sourt&an be
described a9

r
G 3

B= frro(no%

whereny is the vapor density above the liquid surfacgthe
radius of the jet, and the radial distance from the source.

(6)

dr=ngrqln

The attenuation of the incoming x-ray beam due to this vapor

blanket is given by
I_ =@ op
lo
where o is the oxygenO) K-edge absorption cross section.
Given the OK-edge cross sectiof0.5 Mb at 532 eV and
assumingn, to be 20 Torr(the equilibrium vapor pressure of
water at 298 K, the transmissionl(l,) of the x-ray beam
through a 10 cm path lengttthe dimension of the vacuum

()

chambey is ~87%. Therefore, we can estimate that at most

13% of our measured electron or ion signal is due to th

vapor immediately surrounding the jet, consistent with the

microjet profile shown in Fig. 8.

V. XAS OF LIQUID MICROJETS
A. Surface NEXAFS of liquid water

Surface hydrogen bon¢HB) configurations of liquid

e

Wilson et al.
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FIG. 10. Snapshots of two molecular clusters generated by classical MD
simulations depicting two representative surface spe@esoted with an
asterisk: (a) acceptor-only andb) single-donor hydrogen-bonded mol-
ecules(from Ref. 38.

a spectrum of water vapor is also shown, measured with the
microjet moved 4 cm away from the x-ray beam. The broad
TEY NEXAFS spectrum from the microjet is consistent with
bulk sensitive x-ray Raman scatterifigfluorescent yield!

and Auger electron studi&sof liquid water measured under
equilibrium conditions. However, the surface-sensitive TIY
spectrum retains muctibut not al) of the fine structure ob-
served in the gas pha&kThe sharp peaks in the gas-phase
pectrum, labeled A and B, arise from transitions of tise 1
electron located primarily on the oxygen atom to tteg 4nd

2b, antibonding molecular orbitals, respectively. Peak C has
been assigned to a Rydberg state of symmé&&y. Under
dipole selection rules, the @ character of thesesp
hybridized molecular orbitals are directly probed in XAS.
Since the 4, and 2, states are antibonding molecular or-
bitals polarized toward the hydrogen atoms, these states are
expected to be extremely sensitive spectroscopic probes of
the varieties of HBs present at the liquid surface. Myneni
et al?’ have shown that the XAS spectrum of bulk water
hows the largest perturbation when a HB is broken on the
onor side of the molecule, breaking the tetrahedral HB sym-
metry found in liquid water or ice.

To explore the ability of the TIY NEXAFS spectrum of
liquid water to probe the HB structure at the surface, the
Stockholm grouff generated two surface HB configurations
using MD simulations and density functional thedBFT)
spectral calculations, as reported in Ref. 38. Shown in Fig.
10 are two surface clusters obtained from snapshots of clas-

S
d

water, which determine many important interfacial propertiessical MD simulations, highlighting an acceptor-only and

(for example, surface tension and interfacial mobjlitse-
main incompletely characterized. Shen and co-workens

single-donor surface molecul@epicted with an asterigk
The respective oscillator strengths for these surface species

terpret a SFG vibrational band contour as being consisterwere computed with DFT and are shown in Fig. 11. Also

with a free O—H oscillator or dangling bond at the liquid

water surface. They estimate, by titrating the surface with aphous ice measured by Coulmaha

alcohol, that>20% of the surface population is due to single
hydrogen-bonded donor molecules with one free—OH ex
tending from the interface by-38°. MD simulations have

included in Fig. 11 is the H NEXAFS spectrum of amor-
143 One can clearly see
the incipient formation of a broad “conduction band” in the
eomputed single-donor molecule spectrum, as the relative
intensities of the 4; and 2b, orbitals are greatly reduced.

found orientational populations consistent with these SFG&he spectrum computed for the single-donor species captures

results®’ Reproduced in Fig. 9 are TIY and TEY NEXAFS
spectra of a 2Qsm-diam liquid water jef® For comparison,
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NEXAFS spectra of(b) acceptor-only andd) single-donor surface mol-
ecules computed from the configurations shown in Fig. 9.
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FIG. 12. EXAFS spectrfk®y(k) vsk] of liquid water obtained bya) TEY
partices?* Conversely, the spectrum computed for the®t) I SELeien ennites Becred nes 2 model i ¢ e et
acceptor-only surface molecule exhibits very little chang€eported by wilsoret al. (see Ref. 51
from that of an isolated molecule and illustrates the extreme
sensitivity of XAS to the presence of donor HBs. The close
correspondence of the computed acceptor-only spectrulgent publicatiort our group reported the surface relaxation
with that of the experimental TIY spectrum, shown in Fig. of the O—O distance in both liquid water and methanol.
11, leads to conclusion that there is indeed a large fraction ophown in Fig. 12 are the extracted EXAFS oscillations
molecules residing at the liquid water surface having twd x(K)] for liquid water measured by TEY and TIY. The os-
broken donor HBs. The liquid surface thus consists of arfillations were analyzed within the single-shell approxima-
ensemble of molecular configurations including fully coordi- tion by standard analysis softwafeThe model fits to the
nated molecules as well as the single-donor species as dedw EXAFS oscillations are also shown in Fig. 12. The O-O
tected by SFG. The TIY NEXAFS spectrum can be decomdistance in bulk water measured by TEY is found to be 2.80
posed into a superposition of such configurations, but the-0-05 A, in good agreement with previous x-ray
presence of sharp fine structure remains a conclusive fingefiffraction®>>*and x-ray Raman EXAFS results. The inter-
print of the acceptor-only species. facial O—O distance determined by TIY is 2:96.05 A.
This result indicates that there is a 5.9% expansion in the
O-0 distance at the interface of water.

The expansion of the average O—0O distance at the liquid

Radial distribution function§RDF9g obtained by neu- water surface, along with our identification of a group of HB
tron and x-ray diffraction are important tools for the elucida-acceptor-only surface species, implies a significant relaxation
tion of “liquid structure.” The close correspondence of of the electronic perturbation due to intermolecular HBs at
RDFs obtained in scattering experiments to @) values the liquid/vapor interfacé This can be rationalized by an
computed in MD simulations have led to refined liquid force overall reduction in the number of surface HBs per water
fields and an enhanced understanding of the microscopic naolecule, as predicted by MD simulatiofls°>"as well as
ture of bulk liquids. The development of nonlinear optical lengthening of the near-neighbor distance, which would
techniques has enabled vibrational spectroscopy of liquidveaken the remaining HBs between surface molecules. This
surfaces, making it possible to obtain relatively detailed vi-view implies an interfacial layer in which water molecules
brational and orientational information for liquid exhibit enhanced mobility, as evidenced by an interfacial dif-
surface$™® Scattering studies of liquid interfaces are com-fusion constant computed to be54% larger than the bulk
plicated by the large equilibrium vapor above most liquids,value®®
as well as by the necessity for monolayer sensitivity. ~ Conducting the same analysis outlined earlier and de-
Nathanson and co-workérfs’® have elegantly circumvented scribed in detail by Wilsoret al,®! intermolecular EXAFS
this problem by working with low-vapor-pressure liquids oscillations for the liquid methanol surface and bulk are
(e.g., supercooled sulfuric acid, glycerol, ¢tihat are com- shown in Fig. 13. The interfacial O—O distance, determined
patible with the high-vacuum conditions necessary forby analysis of the TIY EXAFS oscillations, is 2.62.05 A.
molecular-beam studies. The bulk value, by analysis of TEY EXAFS is 2.¥8.05 A,

EXAFS spectroscopy has been used to investigate locah good agreement with previous diffraction studfiés®
structure in many studies of atomic liquids, glasses, andHence, theRy_g distance at the liquid methanol surface is
aqueous solution. It is a short-range probe, limited t610  observed to contract by 4.6%, exhibiting a behavior opposite
A from the absorbing atom mainly due to inelastic scatteringo that of liquid water.
losses of the outgoing photoelectr$hBy applying the sur- In contrast to water, the surface vibrational spectrum of
face sensitivity of TIY EXAFS to liquid microjets, near- liquid methanol shows no evidence of a “free Obiond.” %°
neighbor distances, and coordination numbers can now bEhe “bonded OH stretching” region exhibits a vibrational
obtained for surfaces of hydrogen-bonding liquids. In a re-band that is much narrower than and redshifted from the bulk

B. Surface EXAFS of liquid water and methanol
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FIG. 13. EXAFS spectrgk®y(k) vs k] of liquid methanol obtained bya)
TEY and (b) TIY detection techniques. Dashed lines are model fits to the
experimental EXAFS oscillations using the single scattering EXAFSHq.
as reported by Wilsoet al. (see Ref. 51

core-level excitation were extracted from the liquid surface
liquid infrared spectrum. The close correspondence of thand analyzed by a quadrupole mass spectrometer. Mass-
SFG spectrum to that measured for solid methanol led Starresolved ion yields were then obtained as a function of bulk
nerset al % to conclude that the surface of liquid methanol is methanol mole fractiony e, Carbon-containing fragments
“ice-like.” The O-O distance in solid methanol has been originating from methanol photoionizatioie.g., C", CH",
previously determinéd®? by diffraction methods to be 2.66 etc) could be easily distinguished from water fragments
A, implying a shorter HB length than in the liquid, which is (e.g., HO™), allowing surface populations of both methanol
consistent with the observed redshifted vibrational spectrumand water to be obtained independently. In other words, XAS
The surfaceRqg_¢ for liquid methanol measured by TIY adsorption isotherms can be measured by collecting all mass
EXAFS (2.62£0.05 A), is in close agreement with that of fragments originating from either J& or CH;OH photoion-
methanol ice. Solid methanol contains molecules arranged iization as a function of .. In this way, the TIY measure-
parallel hydrogen-bonded chains with an average of two HBsnent circumvents the need for individual cross sections for
per molecule. The close correspondence of the O—O distaneg! of the different ion-fragmentation channels. This directly
and vibrational spectrum of the liquid surface with that of yields atomic oxygen populations at the liquid surface for
solid methanol leads to the conclusion that a similar HBboth methanol and water in the binary solution. Shown in
topology is present at the liquid surface. The strong orientaFig. 14 are methanol and water TIY XAS adsorption iso-
tion of the methyl group in the outermost surface layer natutherms normalized to the total ion signal of the pure liquids.
rally implies an oppositely oriented adjacent layer below the  One can clearly see that the surface of the water/
surface. This “hydrophobic packing” minimizes steric ef- methanol solution is nonideal, thus exhibiting nearly mono-
fects, allowing a stronger, and thus shorter HB between intayer coverage of methanol at a bulk mole fraction-d.1,
terfacial methanol molecules. Such polar ordering at the inindicating positive adsorption. This result illustrates the sub-
terface might induce or nucleate the formation of chainsmonolayer surface sensitivity obtained in TIY XAS spectros-
analogous to solid methanol, which would quickly branchcopy. The probe depth is estimated to be 2 A, or 1 methanol
into the less ordered hydrogen-bonded structure characterigmolecular diameter, given the saturation of the mass-

tic of the bulk liquid. resolved TIY signal with increasing methanol mole fraction
(Xmetn - In addition, there is some evidence for an inflection
C. Methanol /water binary solutions point (xmet~0.05) in both the water and methanol iso-

To further explore the surface sensitivity of TIY-detected N€'MS, suggesting the importance of lateral interactions of

XAS, we have begun a detailed study of the surface O]clustering at the interface at submonolayer coverages of
methanol/water binary solutions. Methanol can be consigMéthanol. , ,
ered the simplest and weakest surfactant, showing positive 10 Compare our results with macroscopic measurements
absorption at the airiwater interface of liquid water. SFGOf surface tension, we assume a simple model relating the
studie4 of methanol/water suggest that methanol aCCumu_surface tension o_f a bmary_solutlon tq surface molg fraction.
lates at the liquid interface, with evidence of polar orderingThe surface tension of a binary SOIUt'OHC(HsOH/HzO) IS as-
of the methyl group about surface norridiMacroscopic Sumed to be linear isurface compositidit
measurements of surface tension also suggest that the methyl
group is expelled from the interface, yielding “hydrocarbon-
like” surface free energies for even dilute methanol/waterwherel'? is the surface tension of the pure liquids,and
solutions® CH;OH), andX; is the surface mole fraction of either water
Our XAS experiments consist of probing the surface ofor methanol determined by mass-resolved TIY XAS. Shown
various bulk concentrations of methanol in water by interro-in Fig. 15 is the surface tension of the binary solution as a
gating the liquid microjet with 548 eV photons, which is well function of bulk y e computed by Eq(8). Also included
above the IP for both methanol and water. lons produced bfor comparison are results of published surface tension mea-

_T10 0
I cnyomm,0= I chorXeryon® 'h,oXiy0, 8
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