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The Vibrational Spectrum of the Neutral (H20)s Precursor to the “Magic” (H 20)s~ Cluster
Anion by Argon-Mediated, Population-Modulated Electron Attachment Spectroscopy
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A new technique is introduced for the acquisition of size-selected neutral cluster spectra on the basis of
argon-mediated, population-modulated electron attachment. This method is demonstrated and used to obtain
the vibrational spectrum of theeutralwater hexamer precursor to the,(®)s~ cluster ion. The mid-infrared
spectrum of the neutral species is dominated by four intense features above 34Q@learly indicating

that significant structural rearrangements occur upon slow electron attachment to form the “magic” hexamer
cluster anion. Comparison with previous spectroscopic reports and theoretical predictions indicates that the
low-energy “book” isomer is most consistent with the observed band pattern and is suggested to be the species
that captures a low-energy electron to form the hexamer anion.

I. Introduction

Since the negatively charged water clustersQJd-, were
first observed by Haberland and co-workers in 1984these
cluster analogues of the hydrated electfohave captured a
great deal of interest from both theoretical and experimental
groups®—27 Despite this intensive effort, however, there is no
general agreement on the structures of the anions, and this
uncertainty has frustrated attempts to explain the origin of the
dramatic discontinuities observed in the;(®),~ size distribu-
tion, where then = 2, 6, and 7, and=11 clusters are much
more abundant than their neighbors. Because the hexamer aniol
is the smallest cluster to display well-defined vibrational bands
in the OH stretching regiof? it has been subjected to particular
scrutiny?12.23.2829yith the goal of establishing the network
morphologies of the two isomeric forms evident in its photo- Figure 1. Schematic of the experimental arrangement and time
electron spectrur?2 Unfortunately, the vibrational band pat- ~ sequence involving (a) multipassed, pulsed infrared (red beam) pho-
terns are consistent with several of the locally stable minima toexcitation of the neutral cluster distribution, (b) delayed ionization
calculated to exist on this complex potential energy landséape. Vi2 @ pulsed 1 keV electron beam (depicted as a green arrow), and (c)
Candidate structures range from compact species such as tht}(ﬁ;}re::xtlon.m‘ the anionic clusters by slow secondary electron attach.met]t

i X . o~ the drift region between laser interaction and extraction into the time
distorted prism isomer to an open, chainlike fol#%31.32 of-flight mass spectrometer.

A key piece of missing information, which could shed light
on the ||ke|y structures of the anions, is the mechanism by which cluster precursor |eading to the observed anion \k|mgon
the observed anionS are Cl’eated in the VaI'iOUS iOﬂ sources. A”atoms attached The number of evaporated argon atoms reﬂects
such sources ultimately involve slow electron attachfféfit  the energy release required to stabilize the nascent ion such that
or Rydberg electron transfe® to neutral water clusters, but 3 — k ~ AEA/AHeyvap Where AEA is the adiabatic electron
the structures of these particular clusters (that are susceptiblexffinity of the hexamer and\Heyqpis the heat of evaporation
to e|eCtI’0n attachment) are presently UnknOWn. In th|S papel’, of argon atoms from the anionic C|uster
we address the anion formation mechanism by establishing the
vibrational spectrum of th@eutral hexamer precursor to the || Experimental Section
(H20)s~ cluster ion formed in a secondary electron attachment
ion source®® To accomplish this, we introduce a method based  IIA. Strategy. To acquire the spectrum of the {Bl)s*Arm,
on laser population labeling that exploits the unique opportuni- neutral precursor in eq 1, we have modified our size-selected
ties afforded by argon-mediated “evaporative” electron attach- photofragmentation spectrome¥eto allow infrared excitation

ment in supersonic jet sources: in the source region as depicted in Figure 1. In this arrangement,
we spatially (and temporally) separate the neutral cluster
(H,O)gAr, + € — (H,0) *Ar, + (m—K)Ar (1) formation and electron attachment steps so as to allow laser

excitation of the quiescent g),-Arny, neutral distribution before
In eq 1,m indicates the number of argon atoms in the neutral the electrons are introduced. The laser crosses the unskimmed
molecular beam about 2 cm downstream from the 0.5 mm
*To whom correspondence should be addressed diameter nozzle (i.e., 40 nozzle diameters) and is sufficiently
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intense that excitation of a vibrational transition moves signifi- )
cant population in the neutral cluster distribution by argon
predissociation:

(H,0)gAr, + hw — (H,0)g-Ar| + (p — 1)Ar (2)

Since photofragmentation reduces the number of argon atoms
attached to a given water cluster (typically by six or seven in
the mid-IR), infrared absorption also modulates the population
of the argon-cluster precursor to the;(®)s-Arx anion observed
in the mass spectrum. By monitoring the intensity of a particular
argon-solvated anion as the mid-IR laser is scanned through
the OH stretching region, we can obtain the vibrational spectrum
of its neutral precursor and thus characterize the network
morphologies at play.

A key requirement for implementation of the method is that
the population modulation step must occur in a regime where
the density in the jet has dropped sufficiently to suppress
collisions between the heavy particles (e.g., water and argon)
and yet allow the very high cross-section (two-body) evaporative
electron attachment everitsUnder these conditions, retention  _. . .

Figure 2. Argon-mediated, population-modulated electron attachment

of an argon atom in the product anion necessarily arises from mid-IR spectra of the neutral water hexamer obtained by monitoring

a larger argon-solvated neutral, and because argon is much morehe mass-selected, anionic product after slow electron attachment. The
weakly bound than a water molecule, the size of the core water spectrum in a is obtained when monitoring modulation ofg}d—+Ar,

cluster will be maintained. This method does not require while b is generated by detection of B)s~. Note that the spectrum
photodestruction of the water cluster itself (like action spec- in b maintains the signature infrared spectrum obtained in the argon-
troscopies carried out on the bare clus&® and can be solvated cluster, but the features appear preferentially in an ion-

multiplexed in the sense that many neutral species can beenhancement mode.

obtained simultaneously with size-selectivity. tions over the spectral range and is the accumulation 680

IIB. Technical Details. In our apparatus, the laser-modulated i qjyidual scans. The maximum observed modulations are about
neutral clusters are converted to negative ions by introducing a g,

pulsed 1 keV electron beam, counterpropagating with the neutral

expansion, approximately ks after the laser pulse. This |||. Results and Discussion

generates slow secondary electrons all along the axis of the .

supersonic flow, creating a neutral plasma whose density falls ~ Figure 2a displays the spectrum of the neutral water hexamer

off rapidly away from the nozzle. Negative ions are formed '€ading to production of the (@#®D)s™-Ar anion cluster. This

throughout the entire expansion, but it is possible to isolate only SPectrum displays a sharp, downward-going band at the position

those ions formed from neutrals that interacted with the laser Of the free OH stretch (3711 crf) and a series of broader bands

by carefully controlling the time between the laser pulse and €Xtending down to 3100 cm. We have also obtained the

the draw-out high-voltage pulse injecting the ions into a spectrum of the precursor to the heptamer anion, and t_hat species

transverse time-of-flight mass spectrometer. The distance be-diSplays a dramatically different spectrum than is obtained when

tween the laser interaction region and the entrance to the masdSelating (O)s -Ar, thus establishing that this method indeed

spectrometer is 15 cm, and the velocity of all the species in the overcomes_compllcatlons from cascade processes within the

expansion are sharply centered arougd 4 x 10*cm/s. Thus,  (H20) manifold. o

the laser-induced population modulation results in a local “hole” ~ The features around 3572 and 3464-¢nm Figure 2a are

(or enhancement) in neutral density that arrives at the TOF Curious in that they appear with asymmetric, derivative-looking

aperture about 378s after the laser pulse. line shapes. T_hls asymmetry is such th_at thg Iow—e_nergy s_ldes
While electron attachment in the low-density environment Of the bands display an enhancement of ion yield while the high-

of the expansion (i.e., beyond the laser region) is much less @Nergy S|de§ correspond to ion depletion. This b.ehaV|or is reaqny

efficient than near the nozzle, the long interaction time allows Understood in the context of the two photochemical routes which

for sufficient negative ion formation to readily observe the €ad to population labeling of the ¢B)eArm neutral precursor

cluster anion distribution. The evaporative electron attachment © the observed (pD)s -Ar anion:

dynamics (eq 1) do not significantly change the laboratory

velocities of the clusters. Interestingly, the anionic cluster (HZO)G'Arp+ hw = (H,0)sArm + (P — MAr  (32)

distribution formed by attachment late in the expansion (as

Product Ion Signal
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opposed to our usual approach of electron attachment in the (H,0)e Ary + v — (H;0)5 + mAr (3b)
high-density region at the orifice) gives rise to less intensity as
expected, but the cluster distribution peaks with a much larger (H,O)g°Ar,+ e — (H,O)s *Ar + (m— p)Ar (3c)

number of attached argon atoms.

Infrared radiation is obtained from a Nd:YAG pumped, KTP- Since there are both production (eq 3a) and removal (eq 3b)
based I(aserVision optical parametric oscillator which generates pathways involving (HO)es-Arm, the net anion population
approximately 5 mJ/pulse in the-3 um region by parametric ~ modulation (eq 3c) depends on the relative initial populations
amplification with the Nd:YAG fundamental (1064 nm). The of the clusters witlp andm argon atoms, respectively, and their
bandwidth of the infrared beam is approximately 2éntach (argon-size-dependent) absorption cross sections at a particular
reported spectrum has been corrected for laser power fluctua-excitation wavelength. Huisken and co-workéiisave shown
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that, in the neutral water dimer, attachment of argon atoms leadsTABLE 1: Calculated and Experimental (£5 cm™)
to a red-shift in the H-bonded OH stretching mode, with large Vibrational Transition Energies for the Neutral Water

Ar clusters yielding an asymptotic shift of about 25dmelative Hexamer
to the transition in the isolated dimer. With this in mind, the _thiswork  CeHe*(Hz20)s" book cagé ring®
“derivative” line shapes can be explained as a consequence of 3169 3078 3157
the larger argon clusters absorbing to the red of smaller clusters. 3201 3210 3218 3352
Selective excitation of larger clusters on the red side of the band ~ 3287 3308 3281 3392

. . . . . 3327 3389 3331 3422 331&R)
Wou_Id give rise to er_lh_ancement via eq 3a, vyhlle tuning toward 3423 3408 3413 3490 3389
the isolated band origin on the blue side excites smaller clusters 3464 3453 3457 3546
which lead to depletion via eq 3b. Since about six argon atoms 3508 3480 3593
should be ejected upon excitation in the OH stretching re#flon, 3572 3578 3602 3628
the displacement between the two out-of-phase intensity modu- 3636
lations would indicate a sequential argon shift of about Z¥m 3708 3rod 3roe

3711 3714 3715 3711 3716

Ar for the 3572 cm* band. This value is in line with previously 3718 3715  3717%2)
observed shiftd?-41 and the vibrational mode specificity of the 3721 (x2) 3724
argon matrix shif* would explain why some bands are more  aEstimated uncertainty45 cnr). b Extracted from ref 46¢ Ex-
susceptible to the effect than others. tracted from ref 49 by scaling with a value of 0.94 to account for

In light of the above discussion, derivative-type line shapes anharmonicity b)_/ normalization to the symmetric and asym_metric
appear intrinsic to this method. However, we have observed anstretches for the isolated water mononfet-H-bond to benzene ring.

interesting and unexpected simplicity in the spectra when we g test the hypothesis that large argon clusters are causing
monitor production of the bare @)~ ion in a regime where  the positive modulations observed in Figure 2b, we have also
we tune the source conditions to optimize very large argon acquired spectra by monitoring the bare hexamer anion under
clusters in the product @#D)s -Ari anions. This spectrum is  conditions where so few argon atoms are attached that it is
presented in Figure 2b and displays the same bands observegnlikely for the neutral argon distribution to be inverted. In this
when monitoring production of (#D)e -Ar, and most impor-  regime, the resulting spectrum is indeed observed to be negative-
tantly, contains no extra features. These band profiles occurgoing, with blue-shifted features relative to those in Figure 2b.
almost exclusively as positive features (corresponding to ion |t is important to emphasize that even in this very different
signal enhancements), and all the observed bands are foundonfiguration, no new bands are observed and again there is no
slightly to the red of the negative-going peaks in the@ld—-Ar contamination arising from excitation of the B cluster. The
spectrum (Figure 2a). observed bands of the neutral hexamer prepared in this study

The red-shift in the bands obtained by monitoring the bare are collected in Table 1. _
hexamer ion (Figure 2b) establishes that they arise from larger It might, at first, be surprising that modulation of the bare
argon clusters than those detected through negative modulationdon is not contaminated by photoexcitation of larger or smaller
of the (H0)s -Ar ion. The overwhelmingly positive peaks Water clusters. It is likely that this favorable scenario results
(rather than derivative line shapes) dictate that more absorptionflom @ somewhat special circumstance involving the size-

events lead to enhancement of anion precursors than to theirdep‘?”dfg decay pathways of warm water clusters. Previous
destruction. One clue to the cause of this behavior is that it Studies®** have established that, below= 15, both condensa-

occurs under conditions where the ;s -Ary cluster ion tion and evaporation of water molecules, which could change

distribution is inverted (in the sense that there is more population (€ shape of a nascent 48f), _distribution, are suppressed

at the larger sizes) with an intensity maximum in the rakge because the electron evaporation channel lies below the energy
5—723 |n this context. we can understand the dominance of required to dissociate a water molecule. Thus, the evaporative

the enhancement pathway by considering the sequential my-2ttachment mechanism involving a water molecule:
tiphoton absorption processes in the large argon clusters, which - -

very likely occur in the high-fluence, multipassed arrangement (H,0)y + & = (H0)-, +HO “)
used for neutral excitation (step a in Figure 1). We expect the
stepwise shift in the OH stretching bands to be greatest for

addition (_Jf the first few argon atoms,_ with the larger clusters (H,0).~ species are very likely created from argon-solvated
asymptotically approaching the matrix value. Thus, the large pe\irais, and their response to population modulation is not
clusters should be able to undergo several absorption/evaporation,ntaminated by cascade processes (which must be present) in
cycles in the 8 ns pulse length and 2 ¢nhbandwidth of the e manifold of bare neutral water clusters.

laser, each time shedding six or so argon atoms. This process Haying established that the observed spectral features are
will continue until the smaller fragments eventually tune out of jngeed due to the neutral water hexamer, it is of interest to
resonance with the laser, effectively redistributing the upper compare this spectrum with the vibrational band patterns
range of the argon cluster distribution to the smaller sizes which previously reportetf—49 for (H;0)s. The most definitive im-
yield enhancement of anion production. All neutrat(he-Arm mediate conclusion is the isomer leading to the anion is not (at
clusters with 1< m = (AEA/AHeyqp Yyield such enhancements  |east predominantly) the cyclic form, as this species should have
of the bare ion, effectively integrating the effect, while only a very simple spectrum (see Table 1, labeled “ring”), with two
the neutral withm ~ 1 + (AEA/AHevwp contributes to  strongly red-shifted features and a sharp free OH feature near
(H20)6~-Ar formation. These considerations also serve to expose 3700 cnt.49 We indeed observe a prominent free OH band at
some of the complexities inherent in the method, where the 3711 cnt? but also a series of intense bands throughout the
observed signals may well depend on the magnitudes of thespectrum. Unfortunately, there are no complete spectra of the
argon-induced band shifts and the adiabatic electron affinities isolatedhexamer neutral for comparison. The cyclic isomer has
(AEAS) of the product anions. only been generated in condensed media, but because of the

is much less efficient that the analogue involving evaporation
of a weakly bound argon atom (eq 1). Thus, the observed bare
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congestion presented by the smaller clusters, only one of its . - v T 7
bands has been assigned (3335 &iim liquid He dropleté’ %)
and 3319 cm! in solid pH2*¥). In free jets, ring-down
method&%>1have been effective but are also not size-selective.
There is one size-selective spectroscopic technique developed
by the Gottingen group’,®® on the basis of inelastic helium
scattering, which has been used extensively on the small water
clusters. Unfortunately, the hexamer appears to present com- ..J\J
plications as both larger and smaller clusters have been published

and analyzed, while the hexamer is yet to be reported. by '

For comparison, we have therefore included the bands
observed by Zwier and co-workéfsn Table 1, who reported
the spectrum of (kD)s attached to a benzene molecule using
the RIDIRS technique. Two of these features above 3400tcm
are in remarkable agreement with the anion modulation spec-
trum, with the only missing band being tleH-bonded OH
stretch at 3636 cmi, which obviously should be missing in
the argon-solvated hexamer. This leaves open the question of T T T T T r
whether the differences between the spectra recorded by anion- 2800 3000 3200 3400 3600 3800
population modulation and RIDIRS are due to the benzene Photon Energy (om )

perturbation, or in fact reflect a different isomeric form of the Figure 3. Comparison between vibrational predissociation spectra of
hexamer. (a) (HO)s +Arz, reproduced from ref 23, and (b) the neutrab@%

. . o complex, obtained by argon-mediated, population-modulated electron
While the structural assignment of the anionic hexamer by attachment spectroscopy (this work).

comparison with calculated band patterns has proven difficult

because of the complexities introduced by the diffuse excessthe most advanced theoretical methods to better define the
electron, the neutral species might be expected to be moreisomer at play.

straightforward, and we include very recent calculations of )

fundamentals for the lowest energy structures, the cage, book,'V: Conclusions

and ring forms, in Table 1. Interestingly, there is much better ~ Summarizing, we have demonstrated a new technique for
agreement with the book form rather than the cage, even thoughobtaining size-selective spectra of neutral clusters on the basis
the cage has been sugge8tédto be the likely isomer created  of argon-mediated, population-modulated electron attachment
in jet sources on the basis of theory. The major differences and have applied it to the case of the water hexamer. The
between the calculated and observed bands occur in the regiorresulting spectra are quite different than the band pattern found
around 3250 cmt, where we expect strong interactions between in the hexamer anion, indicating significant rearrangement upon
the OH stretches and the,@ intramolecular bending vibra-  electron attachment. This technique is well suited to study many
tions53:54 Obviously, it is possible that several isomers could types of neutral species, and we are presently engaged in
be present, but the band pattern is not dependent on the numbeextending this work to study the dissolution of an acid molecule
of attached argon atoms, which might be expected to affect thein small water cluster®.61In this class of neutral clusters, the
relative abundance of two nearly isoenergetic isorfiemhis slow electrons should selectively attach to the strong dipole
indicates that the observed spectrum most likely results from amoment associated with the dissociated, zwitter ionic forms.
single isomer.

It is also of interest to compare the spectrum of the neutral
precursor with the spectrum of the{Bl)s~ product ion, reported
several years ag®.This comparison is presented in Figure 3,
with the argon predissociation spectrum ob@Js -Ar; repro-
duced in the upper trace and thex(Js spectrum obtained here
displayed in the lower trace. The features in both spectra span
a similar energy range, but the patterns are completely different,
indicating that a substantial change in morphology occurs upon
electron atltachment.. First, the prominent free OH band around References and Notes
3700 cn1lis absent in the anion, where a doublet appears about )
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