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The techniques of resonant two-photon ionizati&2Pl), UV—-UV (ultraviolet) hole-burning, and
resonant ion-dip infrare(RIDIR) spectroscopies have been employed along with density functional
theory (DFT) calculations to assign and characterize the hydrogen-bonding topologies of two
isomers each of the benzefwater) and (benzeng(watery gas-phase clusters. The BWéomers
(B=benzene, Wwaten have R2PI spectra which are nearly identical to one another, but shifted by
about 5 cm? from one another. This difference is sufficient to enable interference-free RIDIR
spectra to be recorded. As with smaller BWlusters, the BW clusters fragment following
photoionization by loss of either one or two water molecules. The OH stretch IR spectra of the two
BWyg isomers bear a close resemblance to one another, but differ most noticeably in the
double-donor OH stretch transitions near 3550 &nComparison to DFT calculated minimum
energy structures, vibrational frequencies, and infrared intensities leads to an assignment of the
H-bonding topology of the BW isomers as nominally cubic water octamers S)f and D,q4
symmetry surface attached to benzene througtHabond. A series of arguments based on the R2PI
and hole-burning spectra leads to an assignment of additional features in the R2PI spectra to two
isomers of BWg. The OH stretch RIDIR spectra of these isomers show them to be the
corresponding, andD,4 analogs of BWg in which the benzene molecules each form B-bond

with a different dangling OH group on the d8ub-cluster. ©1998 American Institute of Physics.
[S0021-960608)00140-9

I. INTRODUCTION largely unexplored. Yet, it is precisely in such environments
that water takes on unusual properties both as solvent and as
Many of the unusual properties of water arise out of itSreaction partner.
special ability to form networks of hydrogen bonds in which Recently, spectroscopic studies of gas-phase water clus-
individual molecules act simultaneously as both hydrogeriers have provided new insight to the structures, energetics,
bond donor and acceptor. In ice, this hydrogen-bonding verand dynamics of networks of H-bondsn this regard, the
satility produces an unusual number of structurally distinctstudy of water clusters above the pentamer is particularly
phases which form with changing temperature and predsurdmportant because it is for these larger clusters that three-
The hydrogen-bond coordination number in all such phasegimensional structures are energetically favored over simple

: 5
is four, with each water molecule donating its two hydrogen<YClic structures.

to hydrogen bondg$H-bonds hereafte¢rand accepting two The water octamer presents a new H-bonding structural

others from its neighbors. Even in liquid water, the averagemouf that is calculated to be strongly favored over all others;

L . namely, a H-bonded cube. The water octamer was first stud-
coordination number is near fotitHowever, at the surfaces . - ) : o
ied by Stillinger and Davitl using a polarization model.
Mhese authors reported a hexagonal icelike structure, con-

taining nonpolar solutes, and in other restricted or water;[aining nine nearly linear H-bonds. Since then, however,

deficient environments, water molecules with unoccupied Hy, o ab initio”™ 2 and model-potenti&-2° calculations have

bonding sites will be prevalent. The preferred structures, th%redicted that the lowest energy structure of thgdMster is
degree of cooperative strengthening, and the magnitude ¢fominally cubic with the oxygen atoms of the water mol-
the dynamic coupling in such H-bond-deficient networks arescules taking up positions at the corners of the cube. There
are 14 cubic W isomers, each containing 12 H-bonds that
dpresent address: Dept. of Chemistry, Central Washington University, Eldiffer primarily in the orientations of the H-bond$* As
lensburg, WA 98926. shown in Fig. 1, two of these cubic structures, w&hand

YAuthors to whom correspondence should be addressed. Electronic maib symmetry, are calculated to be about 2 kcal/mol more
zwier@chem.purdue.edu; jordan@a.psc.edu 2d !

“Present address: Dept. of Chemistry, Bloomsburg University, Bloomsburg,Strongly bound than the nex’F nearest CUbiC_ isofdihe S, _
PA 17815. andD,q structures may be viewed as a fusion of two cyclic
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ionization in mass-selected studies, &jid) the increasing
number of isomers which can be formed as the cluster size
increases. Several clever routes to overcome these difficulties
have been put forward, including careful isotopic concentra-
tion studies®49~*® scattering method¥*® and mass-
selected double-resonance methdds®!

Our group has addressed the issues of neutral cluster size
selection by forming benzepe(H,0), clusters (denoted
B W,) and recording their size- and conformation-selected
IR spectra in the OH stretch fundamental region using the
technique of resonant ion-dip infrared spectroscopy
(RIDIRS).#1247:58-61py incorporating a benzene molecule
into the cluster as a weakly interacting, surface-attached
probe molecule, individual vibronic transitions of a given
size and conformation can be interrogated with both mass
and wavelength selectivity using resonant two-photon ion-

FIG. 1. TheS, (a) andD ,4 (b) water octamers, viewed as composites of two Ization 6(56%,PD time-of-flight m.ass spectroscopy

cyclic tetramers. Th&, andD,4 Wy species ,dif-fer primarily in the orien- (TOFMS).>*Furthermore, hole-burning Speamsco&ég

tation of hydrogen bonds within the cubes. Hydrogen-bond donation in thd1ave been employed to divide complex R2PI spectra into

two tetramer cycles occurs with the “same sense” in Sestructure and  component parts arising from different species present in the

the "opposite sense” in th®zq structure. same mass channel. The infrared spectra of each of these
species can then be recorded free from interference from one

tetramers which are bound together by four of the eighf’mmher using RIDIR spectroscopy. L
“dangling” O—H groups on the cyclic tetramers. The eight The RIDIRS technique provides substantial insight to
water molecules which occupy the corners of the cube are aff'® H-Ponding topology of the clusters. Because the OH
tri-coordinated, four as double acceptor—single-dgA@D) bond vibrates directly against the H-bond, the vibrational
and four as single-acceptor—double-dofabD) sites. The frequencies and infrared intensities of the OH stretch funda-
S, and D,q isomers differ primarily in the direction of H- Mmentals are sensitive functions of the number, type, and
bond donation in the tetramer sub-units, with donation ocstrength of H-bonds in which each OH group participates. In
curring in the same direction in ti&, speciegFig. 1(@]and liquid water and ice, where OH groups experience a wide
in the opposite direction in thB,4 speciedFig. 1(b)].1>*®  range of different H-bonding environments, the OH stretch
Beyond the intrinsic beauty of these cubic structuresjnfrared absorption is spread over more than 700 trex-
their study has several motivations. First, the fact that altending from 3000 to 3700 cnt.*®* By studying expansion-
water molecules in cubic Ware tri-coordinated raises the cooled, gas-phase BW\lusters of known composition, it is
prospect of studying tri-coordinated water molecules fregossible to resolve the individual OH stretch transitions of a
from the tetrahedrally coordinated ones that dominate bulkingle H-bonding configuration, determine their spectral sig-
water and ice. Previous studies have identified these trinatures, and probe the magnitude and strength of the cou-
coordinated molecules at the surface of *ic&® using  pling between OH groups in the network. Recent studies
Fourier-transform infaredFT-IR) spectroscopy and at the from our group have employed RIDIR spectroscopy to

vapor—water inferfacé from vibrational sum-frequency record such size-selected IR spectra of smaller ,BW
generation spectroscopy. Second, the cubic water octameg:

e b s aatsniriiendin o fusters" 1247581 all cluster sizes studied, the water mol-
ave been proposed as ' bullding bIOCkS™ 1or larger CUBIC o¢ 105 were bound together in a single aggregate and at-
and cuboid structuré$?®2° which are among the lowest- d gie eggreg

. tached to b by7aH-bond bet dangling OH
energy structures for W, W5, and Wa. Third, the study ached o behzene by 1-bond between a gangling on

of gas-phase clusters of benzene and water can provi Qe W, sub-cluster and ther cloud of benzene.
gas-p b In this paper, we present the UV and IR spectral signa-

benchmarks against which the accuracy of current and future

H,O-H,0 and GHe—H,O intermolecular potentials can be :Eres of two |tsomte) 'S of the wallter loctar:ek; F:ofmplex?d ;otﬁ -
testedt33%-33Much work is currently focusing on the impor- ©'cf ON€ Or tWo benzene molecules. A briet report of the

tance of many-body terms in these potentials and their efS"s results has been published elsewhérlere we give a
fects in cooperatively strengthening the H-bonds in H-More detailed analysis of the By¢pectra, present and ana-
bonded networks. Determination of accurate many-bod;tyze the calculated structures and vibrational frequencies,
potentials for these systems is essential for better understan@?d extend our experimental work to include the analogous
ing of the molecular-scale interactions that are manifested igPectra of BWs. Through comparison with calculated vibra-
many condensed phase properties of water and its So|utioﬁ.@na| frequencies and infrared intensities, we have assigned
with other molecules, including proteins. the carriers of the observed spectra as$hend D,y sym-

The experimental study of small water clusferd*~*4is ~ metry cubic water octamers of By\and BWjg. The calcu-
complicated by(i) the range of cluster sizes produced in lations provide a basis for determining the effect of benzene
supersonic expansiong§j) cluster fragmentation following on the spectral signatures of the cubig(®,) and W5(D ).
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IIl. METHODS B. Theory

A. Experiment Over the past few years, considerable progress has been
énade in developing a good understanding of the strengths
and weaknesses of various theoretical methods for describing
pydrogen—bonded systems. It is now clear that inclusion of
benzene and water vapor in Ne-700% neon and 30% he- electron correlation and the use of sufficiently flexible basis

. . . sets are essential for such studies. Both the M§&Zond-
lium) from a pulsed valve of 0.8 mm diam operatlng at 20order Moller—Pless¢tmethod and density functional theory

o ?DFT), particularly when used with the Becke3LYRYP:
controlled by adjusting metered flows of Ne-70 over theLee, Yang, Pajrfunctional®-%have been found to be quite

room temperature, liquid samples. Typical sample Concentra[]seful for calculating structures and OH stretch vibrational

tions in the expansion were 0.3%-0.8% benzene, and 0'4%fFequencies of small water and methanol clussr2 and
1.0% water in a balance of Ne-70 at a total pressure of 2 bag\\ clusters withn=1—373 MP2 calculations of the struc-
n .

BnmW, clusters were r?sonam'y ionizgd by the output Oftures and vibrational frequencies of BWould be compu-
a Nd:YAG-pumped (Continuum, Powerlite 7020 series  ationally prohibitive, and, for this reason, we have used the
doubled-dye(Lumonics, Hyper-Dye 500laser operating at gecke3LYP density functional method in this study. Prior
20 Hz. The tunable outpu®0.4-1.3 mJ/pulsewas propa-  stdied® have shown that Becke3LYP calculations give
gated through the ion source of the TOFM8ai 1 mmdiam,  stryctures and OH stretch frequency shifts foy shd BW,
collimated beam. One-color R2PI spectra were taken by gak|ose to the corresponding MP2 results.
ing around the arrival times of BVclusters (=5-8) and The majority of the calculations made use of a “mixed”
recording the integrated ion intensity present in those gatesasis set-6-31G{)*""* on the benzene and 6-31
as a function of laser wavelength, using a digital oscilloscoper G(d)®""#"®on the water molecules. This mixed basis set,
(LeCroy 9400 interfaced to a personal computer. denoted 6-3% G(d)/6-31G({d) to indicate the greater flex-

UV-UV hole-burning spectroscopy was used to dissecibility on the water portion, supersedes the 6-31
the R2PI spectrum in a given mass channel into sub-spectra G[ d,p]/6-31G(d) basis set used in our earlier, preliminary
due to individual species. To that end, the output of arreport on BW.'2 This switch in basis sets is motivated by
excimer-pumped doubled-dye laser was used to remove the finding that Becke3LYP calculations with the 6-31
significant fraction of the population from a selected ground+ G(d) basis set more closely reproduce the experimentally
state by setting its wavelength to a chosen feature in th@bserved trends in the OH stretch frequencies of small water
R2PI spectrum with power sufficient to partially saturate theclusters than do Becke3LYP calculations with the 6-31
chosen transitio0.6—1.8 mJ UV/pulse A second UV laser +GLd,p] basis set. Limited results obtained using the 6-31
crossed the molecular beam 1 cm downstream from the first G(d) basis set on both the water and benzene molecules
and was delayed in time by 1@s. This laser was tuned are also reported.
through the R2PI spectrum while the difference in ion signal ~ Density functional methods are generally less sensitive
from the probe laser with and without the hole-burning lasef© the atomic basis set than is the MP2 metffoldeed, for
present was recorded. Transitions sharing the same groufyz: Ws: and W, we have found Becke3LYP calculations

state as the one probed by the hole-burning laser were qivith the 6-31 G(d) basig, set give OH stretch frequenc_ies
tected as depletions in the ion signal. very close to those obtained from Becke3LYP calculations

; ; 7
RIDIR spectra in the OH stretch region were recordedWlth the much larger 6_-3_1&{G(de,2pd) basis sef.
The geometry optimizations on thB,q and S;, Wy

using a method similar to that described previodsi§*’-® . > ) :
1 . clusters were carried out exploiting their symmetries. How-
The pulsed, near-IR outpufl.5 cm * resolution of a L ;
. : . : ever, the optimizations of the corresponding B\lusters
Nd:YAG-pumped LiNbQ@ optical parametric oscillator ied in the ab f ) he Vi
OPO™ was spatially overlapped with the UV laser used forWere carried out in the absence of any constraints. The vi-
(RZPI b ding it in time by about 200 With the UV brational frequencies of the optimized structures were calcu-
’_Ut preceding it in time by about 1 ns. __'t the lated in the harmonic approximation by use of analytical
laser fixed on a selected clusteBg—S, 6; transition(due  go.0ng derivatives. The electronic structure calculations
to the benzene molecule in the clugtehe ion signal in the were performed with theAUSSIAN 94 program packag®
mass channel of interest was monitored as a function of OPO g is well known. finite basis set calculations on weakly
wavelength. Any infrared absorption occurring out of theponded species are subject to basis set superposition error
same ground state as that monitored in R2PI was detected @3SSB,” which tends to cause binding energies to be over-
a depletion in ion signal. In contrast to previous studies, thestimated. In this study we make use of the standard coun-
RIDIR spectra reported here were taken using active baselingrpoise procedufé in order to obtain the BSSE correction
subtraction(ABS). By firing the pulsed valve and UV laser to the binding energy of benzene tog\ils well as for the
at 20 Hz and the IR laser at 10 Hz, a gated integrétan-  total binding energy for W(D,4). Since the BSSE correc-
ford Research Systemeecorded the difference in ion signal tions for W,(D,4) and W,(S,) are anticipated to be nearly
between alternating UV laser pulses, one with and one withidentical, the corresonding BSSE corrections fog(®4)
out the infrared light present. were not carried out.

The experimental apparatus employed in this work ha
been described previousiy Cold, gas-phase BN, clusters
were produced by supersonically expanding a mixture o
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FIG. 3. One-color R2PI spectra of BV, clusters near th&, S, origin
transition of benzene, monitoring the aWons with(a) n=8, (b) n=7, (¢)
n=6, and(d) n=5. The zero of the frequency scale is the dipole-forbidden
08 transition of the benzene monomés8 086 cm?). The clusters gain
intensity by the symmetry-breaking effect of Vén benzene. The labels
denote transitions assigned to BWBW,, BWg, and BWj clusters. The

FIG. 2. One-color R2PI spectra of BV, clusters near th&,«—S, 63 tran-
sition of benzene, monitoring the BfMons with (a) n=8, (b) n=7, () n
=6, and(d) n=5. The zero of the frequency scale is the vibronically al-
lowed 6(1) transition of the benzene monomé8 609 cm?Y). The labels
denote transitions assigned to BWBW,, BW;g, and BWj clusters.

transitions joined by dotted linds - - -)in BW5 and BW, are tentatively
assigned to BW, and will be discussed elsewhdiRef. 85. See the text for
IIl. RESULTS AND ANALYSIS further discussion.

A. R2PI spectra

One-color R2PI spectra were recorded in te(Big. 2 benzendmethanol), clusters® mixed benzenéwater),-
and origin(Fig. 3 regions of theS;« S, transition of ben-  (methanol), clusters’ and indole-W, cluster§? have shown
zene. Scans monitoring the BWmass channels witm that fragmentation of the neutral clusters following photoion-
=5-8 are shown in Figs.(8)—2(d) and 3a)—3(d), respec- ization by loss of one or more water or methanol molecules
tively. The (% frequency shifts, §sp|ittings, and relative can occur, complicating the assignment of a set of transitions
origin to 6 intensities for these clusters are given in Table Lin a particular mass channel to a given neutral cluster size.
Vibronic frequency shifts for the clusters are reported withFigure 4 displays histograms of the amount of fragmentation
respect to either the(l)6(38 609 cm?) or 08 (38086 cm'}) occuring in one-color R2PI studies of BWlusters withn
transitions of the benzene monomer. The spectra of Figs. 2 1-9. For clusters with up to five water molecules, there is
and 3 differ from those published in previous wStprima-  efficient fragmentation by loss of a single water molecule. In
rily in using 70% Ne in helium as carrier gas rather than
helium. The assignments of the BVend BW, transitions in
the BW and BW, mass channels are those deduced in ea
lier work ®3 R2PI spectra acquired in the} @egion (Fig. 2)

r'_I'ABLE I. One-color resonant two-photon ionization data fop,VB,
clusters.

differ from those taken at the origin regidhig. 3) in several Relative 63 03/63
ways. First, each transition in the origin region is split into a frequgf;C? Splittqu" Intensity ratio
doublet at § due to the loss of degeneracy in(ey,) in- Cluster (em™) (em™) %
duced by complexation to W Second, the §transitions of BW, 117 d 0.5
the clusters are over an order-of-magnitude more intense BW; 138 23 z
than the origin transitions since intensity at the electric- BWs() 66 2.2 5

. . o ; BW4(I1) 71 2.2 4
dipole-forbidden origin is only weakly induced by the BW,(1) 45 29 25
symmetry-breaking effects of individual water clusters on g, (1) 50 292 3

benzene. Third, fragmentation of the B\Wlusters following

photoionization is greater at;@han at the origin, reflecting z';fequlf”?y shift relative toégaf”ggon of GHe (38 609 cm' *).
— . . esulls Trom previous workrert. .

the extra 1940 cmt of energy which could be imparted to *Splittings are to-0.3 o™

the cluster in the one-color R2PI process. dNo 6} splitting resolvable with the present laser system.

Previous R2PI studies on smaller ﬁ\/\t)lustel’sb:z'63 eSet at the upper limit established for this ratio in Ref. 61.
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FIG. 5. (a) One-color R2PI spectrum in the} Begion of S;« S, transition
FIG. 4. Fragmentation of Byyclusters into the mass channefa} BW,, , of BWjg, recorded while monitoring the BfVmass channel. Bytransi-
(b) BW,_, , and(c) BW,_, after one-color resonant two-photon ionization tions were detected in Bjvdue to photoionization-induced fragmentation
via the BW, 65 transitions. Smaller BWclusters 6<5) efficiently frag- of two water molecules(b) and (c): Ultraviolet hole-burning spectra of

ment, losing one water molecule following photoionization. The loss of atransitions assigned to ByV The hole-burning laser was tuned to transitions
second water molecule becomes energetically favorable gt &W contin- A (67.6 cmiY) and B (70.3 cnY) in recording the spectra ith) and (c),
ues for larger clusters. respectively.

As the concentration of benzene in the expansion was

fact, BW; and BW, are the only clusters with measurable jnhcreased from 0.3%Fig. 2Ab) BW;] to 0.6% [Fig. 6a)
ion signal in the parent mass chanfef>®In BWs and w7, several transitions grew in intensity relative to those
BWj, loss of a second water molecule also is observed, sugzssigned to BV, species. Two of these transitions,e45.1
gesting that an energetic threshold to this process is beingnd+49.8 cn®, show a similar spacing and intensity profile
reached ah=6. This additional fragmentation in BY\and  to the most intense transitions assigned to SWut are
larger clusters accompanies the change over from cyclic washifted about 20 ¢t to the red Fig. 3(b)]. These transitions
ter sub-structures in smaller BWclusters to three- appear primarily in the BW and BW, mass channels, but
dimensional H-bonded networks in B\With n=6.44"%4 also are observed in the;®¢ mass channel and are thereby

The efficient fragmentation of the clusters following assigned to the BV; cluster. The appearance of thgV
photoionization arises because the ionized cluster has a vefyynsitions in the BW and BW, mass channels indicates
different lowest-energy structure than tieH-bonded struc-  {hat, with two benzene molecules present in the cluster, frag-
ture taken up by the neutr&i The Franck—Condon factors to mentation following photoionization typically involves loss
the adiabatic ionization threshold are then very poor, hinderygs 5 penzene molecule either with or without water loss,
ing two-color R2PI and producing ionized clusters with sub-regpectively. It is not surprising that benzene would be se-
stantial internal energy, which can subsequently fragment. ectively lost from the photoionized cluster, since the least

If BWg clusters fragment similarly to Byand BW;  strongly bound molecule in the ,B/g cluster will be the
upon photoionization, then they will lose either one or twoneytral benzene if the positive charge is localized on the
water molecules and appear in both the Bviind BW  other benzene molecule. As we will see shortly, the hole-

mass channels, respectively. The R2PI spectra at the origiyrning and RIDIR spectra provide a further basis for this
[Figs. 3b) and 3c)] identify four transitions 66.5, 71.3, 73.8, assignment.

and 78.2 cm?! above theS;— S, origin of benzene which

appear only in the BW and BW, mass channels. These g y_uv hole-burning spectra
spectra have benzene concentration dependences similar to
other single-benzene clusters, and are thereby assigned fo
BWj. The single transition at 61.8 cm ! which appears in UV-UV hole-burning spectra collected in the BW
the BW, and BW. mass channelgFigs. 3c) and 3d)] is  mass channel in theé&egion of benzene are shown in Figs.
tentatively assigned to a second isomer of BWrurther ~ 5(b) and 5c). The BW, R2PI spectrum of Fig. @) marks
discussion of this species will be taken up elsewl{&re. the transitions used for hole burning Asand B. The R2PI

BWg isomers
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Relative Frequency (Cmil) FIG. 7. Resonant ion-dip infrared spectra(af BWg(1), (o) BWg(l1), (c)
B,Wjs(1), and(d) B,Wg(I1) isomers. The monitored transitions for B{V)

FIG. 6. (8 One-color R2PI spectrum monitoring the BWnass channel.  and BW(I1) are labeledA andB in Fig. 5, while those for BiVg(I) and
(b)—(e): Hole-burning spectra taken with the hole-burning laser tuned toB,wg(I1) are labeled 1 and 2 in Fig. 6, respectively. The top trace is the
transitions 1,3,4, and 5, locaté) 46.1 cm%, (c) 61.7 cm %, (d) 67.6 cm OPO power curve for the LiNbQcrystal used in this study. The spectra
and(e) 78.1 cmi* above the §transition of benzene monomer. The assign- have not been corrected for OPO power.
ments of the transitions to By\tlusters are given. See the text for further
discussion.

structure in BW which is more stable than the correspond-
ing W, structure in BW, and thereby less easily broken
transitions assigned in Sec. Il A to By¥leanly divide un-  gpart following photoionization.
der hole burning into two sub-spectra, indicating that there
are two isomers of BWpresent. The spectrum of each iso-
mer consists of a doubldicentered at+66.5 cm* for
BWjg(l) and at+71.4 cm * for BWg(11)] and a weaker sec- UV-UV hole-burning spectra collected in the BW
ond doublet 7 cm!® to the blue, tentatively assigned as a mass channel near th% Gansition of benzene are shown in
combination band involving a low-frequency intermolecular Figs. &b)—6(e). The corresponding R2PI spectrum of this
vibration. mass channel is shown in Figiab for comparison. The hole-

The ultraviolet(UV) spectra of the BW isomers sug- burning spectra of Figs.(6)—6(e) are recorded with the ul-
gests that the isomers are close structural analogs of orteaviolet hole-burning laser tuned to transitions 1, 3, 4, and 5,
another. First, the frequency shifts differ only by 4.9Ym respectively. Each of these transitions produces a hole-
out of ~38 000 cm*. Second, the identicaléesplittings(z.z burning spectrum due to a unique species each of which
cm™?) indicate that in both isomers the Weéntity induces  strongly favorsAv =0 Franck—Condon factors in the inter-
similar asymmetry in the benzene molecule. Third, the isomolecular modes. Transitions in the hole-burning spectra of
mers show the same intermolecular structure. Finally, thé&igs. §c) and Ge) are assigned as isomers of the B\®us-
isomers fragment with similar efficiencies into the Bviind  ter and will be discussed elsewhé&feThe hole-burning
BW; mass channels. spectrum shown in Fig.(6) is assigned to the-66.5 cm *

Yet, while the spectra of the two isomers are very simi-isomer of BW [i.e., BW(l)]. Hole-burning spectroscopy
lar, they are quite different from those of BVand BW,, could not be fruitfully applied to the other ByMsomer in
implying that the BW species are structurally distinct from this mass channel due to its lower intensity and the nearby
BW;g and BW,. The S, S, electronic frequency shifts for spectral congestiofFig. 6(@)].
the BW; isomers(+66.5 and+71.4 cm) are much less In the context of this paper, the two sets of doublets
than those for BW (+117 cm't) and BW, (+138 cm'}) labeled 1 and 2 are of most consequence. These areéthe 6
clusters. Furthermore, the extent of fragmentation followingtransitions built on the origin transitions assigned previously
photoionization(Fig. 4) decreases in going from BWto  to B,W;g in Figs. 3a) and 3b). The hole-burning spectrum
BWjg. Such a reduction is consistent with ag\W-bonded recorded with the hole-burning laser tuned to transition 1

2. B,Wg isomers
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TABLE II. Experimental vibrational frequenciéswidths? and integrated intensiti&$or the conformational isomers of By\and BWj.

H-bonded Number I[BWy(Sy)] 11 [BWg(D20)] 1[BaWs(Sy)] 11 [BWe(D20)]
topology of of OH
[BWg] and{B,Wg} groups  Freq.  (Width) Int. Freq. (Width) Int. Freq. (Width) Int. Freq. (Width) Int.
Free OH [31, {2} 3 3 2 2
3713 ) 3713 ) 3714 (5) 3713 7
7 H-bonded OH [1], {2} 4 4 4 4
3650 (6) 3649 (6) 3656 (5 3653 (5)
3642 8 3637 (8) 3645 (5 3643 (6)
Double-donor OH 8
Asymmetric stretch 29 20 28 18
3563 (20 3568 (25) 3557 d 3555 (30)
3543 (20 3545 d
Symmetric stretch 12 12 18 16
3520 9) 3523 (13 3520 (~8) 3522 (8)
3506 (~8) 3508 (~8) 3495 1Y 3496 (12
3496 (8) 3497 9) 3468 12 3470 (10
3454 (10 3446 (12 3458 (11 3458 (12
Single-donor OH 4 16 18 24 17
3198 (~20 3203 (19 3190 (32 3198 (25
3148 (20 3151 (21 3135 (33 3137 (3D
3092 (20) 3097 (16
CH stretch region ~0.6 ~0.6 ~1.3 ~1.0
of benzene 3048  (4) 3047 (4) 3100 €) 3099 €)
3048 3 3047 3)

3All frequencies reported in wave numbdisn™1).

5The widths(in cm™) of the transitions are full-widths at half-maximum.

“Approximate power-normalized, integrated intensities for each type of OH stretch. TRBRM free OH intensities are scaled to values of 3.0/2.0, since
there are 3/2 free OH groups present in the JB8W\Vg isomers, respectively. The intensities have not been corrected for the effects of partial saturation.
YTransitions were unresolved at the resolution of the OPO sy&2eom ).

[Fig. 6(b)] indicates that, as with By the set of four tran- OH stretch of the water molecule which is complexed to
sitions assigned to Vg is composed of two doublets due to benzene’sr cloud, shifted down in frequency by the weak
two different BWg isomers. The spectrum of Fig(t§ also  H-bond to about 3650 cnt, (iii) the double-donor
identifies transition 6 at 95 cnt to the same BNg isomer  (H,0—H,0) H-bonded OH stretches in the 3450-3600 ¢m
responsible for transition 1. The former transition could beregion(D), and(iv) the single-donor (bD—-H,O) H-bonded

an intermolecular transition built on theé @and. More OH stretches in the 3100—3250 cinregion (S). The CH
likely, however, is an assignment as the secobdmnsition stretch fundamentals of the benzene mole@lli| the clus-
arising from the presence of two benzene molecules in theer appear as a Fermi resonance triad at 3048, 3074, and
B,Wjs(l) isomer. Transitions 1 and 2 in,B/; possess the 3100 cm!, essentially unshifted from their values in free
same relative spacingt.7 cm1), 65 splitting (2.2 cm'Y),  benzene.

and relative intensity as the transitions due the two gBW The simplicity and striking similarities of the IR spectra
isomers. This suggests a structural similarity between thef Fig. 7 suggests that a common H-bonding topology is

BWg and BWj clusters. shared by the water molecules in these clusters. In the two
isomers of BW, the most significant difference is found in
C. RIDIR spectra the double-donor region near 3550 thmwhere there are

Overview RIDIR spectra of the Byand BW; isomers two resc_JIve'd, intensg bangis_in F.ig{a}Yanc.i only one in Fig.
in the OH and CH stretch region of the infrared are shown in/(P)- This difference is a distinguishing signature for the two
Figs. 1a)—7(d). The RIDIR spectra of the two isomers of iSomers. A more subtle difference is found in the single-
BW, [Figs. 7@ and 7b)] were obtained by monitoring the donor region, where the highest-frequency single-donor band
BW, mass channel with the R2P! laser tuned to transitions 1S more intense in Fig.(B) than in Fig. 7a).
and B, respectively, of Fig. 5. The analogous transitions in A comparison of the RIDIR spectra of the two isomers
B,Ws [1 and 2 in Fig. €3)] were used to record the RIDIR Of BW;g with those previously reportéd’ for BW¢ and BW,
spectra of Figs. (£) and 1d), respectively, while monitoring shows the BV spectra to be surprisingly simple. The BW
the BW, ion signal. The frequencies, full width at half maxi- and BW, clusters are the smallest BV¢lusters which pos-
mum (FWHM), and approximate power-normalized, inte- S€SS a three-dimensional H-bonded network containing
grated intensities for each kind of OH stretch vibration aredouble-donor water molecules. In both B\nd BW;, the
given for the four species in Table Il. The OH stretch ab-distinction between double-donor and single-donor bands is
sorptions in Fig. 7 can be grouped into one of four categoblurred, with transitions appearing throughout the region
ries: (i) The free(nonbondeyl OH stretch transitions appear- from 3600 to 3000 cm®. In both isomers of BW, by con-
ing around 3715 cm' marked by arF, (ii) the = H-bonded  trast, the single-donor transitions appear between 3050 and
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3200 cm'}, leaving a 300 cmi! gap between double-donor
and single-donor transitions. Furthermore, the double-donor
regions of BW, and BW, have a series of similar-intensity
bands, unlike the present BV¢pectra, which are dominated
by the bands at 3550 cm. As we shall see shortly, the
apparent simplicity of the BWinfrared spectra reflects the
high symmetry of the \y/ structure in the cluster.

The RIDIR spectra of the two BVg isomerg[Figs. 7c)
and 7d)] bear a strong resemblance to their B\&bunter-
parts[Figs. 7@ and 7b), respectively, suggesting that the
same hydrogen-bonding topology is taken up by thecW(s-
ter in BWg as in BW;. Like the BW; spectra, the OH
stretch fundamentals of ;B/g divide cleanly into well-
defined sub-groups involving freey H-bonded, double-
donor, and single-donor OH vibrations. The double-donor
regions of BWg and BW, are especially similar, with Fig.
7(c) exhibiting the same intense doublet as Fi@),7and Fig.
7(d) the same unresolved single feature as found in Ri). 7 Fi6. 8. calculated Becke3LYP/6-33G(d)/6-31G(d)] minimum-energy

The free andr H-bonded OH stretch regions show most structures for thes, (a) andD,q4 (b) water octamers and the corresponding
directly the effects of the second benzene molecule. In botRWs clusters(c) and(d), respectively.

Figs. 7c) and 7d), the addition of the second benzene in-

creases the intensity of the C—H stretch fundamerigd48

and 3100 cmY), consistent with the assignment to\BBg. At Vicinity of the water molecule bonded to the ring. In particu-
the same time, by comparison to the BWpectra, the BN lar, the water to which the benzene is attached becomes a
spectra swap intensity in the free OH stretch region in favoetter OH acceptofshrinking the O—O distances by about
of an additional band in the H-bonded OH region. It would 0.030 A) and poorer OH dondiincreasing the O-O distance
seem a firm conclusion, then, that the second benzene by about the same amouras a result of the interaction with
H-bonds to another of the free OH groups in the ¥ib-  the benzene ring!

cluster. Finally, the single-donor region of theVB; iso- The interaction energy between benzene aRpdMBWjg
mers’ spectra differs from their Byounterparts in shifting is calculated to be nearly the sarfte within 0.02 kcal/mol
the absorptions in such a way that only two resolved band# the BWs(D,4) and BW4(S,) isomers, both with and with-
are now observed, with the h|ghest frequency band moréut inclusion of the Counterpoise Correcti{nmd with both

intense in Fig. @) than in Fig. 7c). the 6-31 G(d)/6-31+ G(d) and 6-31 G(d)/6-31G(d) ba-
sis set$ With inclusion of vibrational ZPE, the BW¥{S,)
D. Theoretical results isomer is predicted to be slightl{#0.05 kcal/mol more

1. Structures and binding energies

The computed IOW_eSt'energy Stru.CtureS for g and TABLE IIl. Key structural data for thé&, andD,4 isomers of W and BWs?
S, forms of Wz and their complexes with benzene are shownrrom Becke3LYP calculatiorts.

in Fig. 8. Their key structural parameters are given in Table

[ll, while Table IV reports their dipole moments, rotational Sy Dad
constants, and binding energies. Unless noted otherwise, this Wg BWj W, BW;
discussion will focus on the results obtained w?th the 6-31 R(0,-00) 676 > 702 > 680 706
+G(d_)/6-31G(d)_ ba_S|s set. _The aton_w_numberlng_ scheme R(Oi—Oi) 5 843 2815 2 837 2810
used in Table Il is given in Fig. 8. Additional material about r(o__0)) 2.839 2.809 2837 2.807
the structures of \Wand BW, are found in E-PAPS forrf. r(0O;—H,) 1.004 0.999 1.004 0.999
In agreement with earlier theoretical studids;1%1":20  r(0,—H,) 0.982 0.985 0.982 0.985
the D,4 andS, forms of W, are found to be nearly isoener-  (Os—Ha) 0.962 0.985 0.982 0.984
. . . . r(Oy—Hy) 0.969 0.973 0.969 0.973
getic (Table 1V), with the D,y form being predicted to be f(X_H,)° 2535 2537
about 0.06 kcal/mol more stable than tBg form in the F(X=0,)° 3.460 3.465
absence of corrections for vibrational zero point energy 6(0,—Hy,--0,) 167.26 165.02 167.41 165.15
(ZPB), but with theS, form being more stable by 0.11 kcal/  6(Or-Hs=0,) 159.34 160.39 159.50 160.01
mol when ZPE corrections are included. The ZPE’s were %(Or-Hi=0) 160.19 161.77 159.50 160.94
calculated 7using the computed harmonic vibrational 2582:81:825; 22:2? 23:21 2?:22 gg:g;
frequencies: 6(0,—0,—0%) 89.54 90.16 88.50 89.04
Both theS, andD,4 BWjg isomerg[Figs. §c) and &d), 6(0;—0,—0,) 91.56 90.56 91.44 90.52

respectively have calculated minimum-energy structures inaB — _ — —— _
which benzene attaches to the8Vttube via am H-bond Scc;?éjmingt s are in Angstroms, angles in degrees. See Fig. 8 for numbering

which distorts, but does not break up, the cubic H-bondinggesits obtained with the mixed 6-35(d)/6-31G(d) basis set.
network. The distortion induced by benzene is greatest in théx is the inversion center of the benzene ring.
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TABLE IV. Energetics and properties of ti8 andD,4 isomers of Wy and LIRS B A S I R HL LA B
BW;.2 a) S
Sy Dag D-a

Wg BWj, Wy BW, Des | 5
Binding energ$ —88.0 —3.84 -88.1(—-742 —3.83 i I (l)
(kcal/mo) 7,}
BSSE(kcal/mo)®  14.6 1.43 14.67.5) 1.62 Z|b) S D-a
Corrected —-73.3 —2.41 —73.4-66.7) —2.21 i D-s F
binding energy <} | 1 ll T3
(kcal/mo)) g 1 e L.
Dipole moment 0.000 1.236 0.000 1.167 5(¢)
(Debye =
Rotational 0.9093 0.6815 0.9099 0.6847 B
constants 0.8829 0.2127 0.9099 0.2165 §
(GH2) 0.8829 0.2120 0.8580 0.2139 =]

d 4)

8All  results, except those in parentheses are obtained from | {
Becke3LYP/6-3%#G(d) calculations using the mixed 6-31
+G(d)/6-31G(d) basis set. The results in parentheses forDhg form of d)
Wg are obtained from single-point calculations using the 6-31
++G(2d,p) basis set at the 6-31G(d) optimized geometries. €)
bBinding energy of W calculated from W—8W, and that for BW for | - - ! .I j | . 1 Il .
BWg— B+Ws. ST T T T
‘Corrected for basis set superposition e®®5SE using the counterpoise -800 -600 400 . 200_1 0
method. Frequency Shift (cm™)

FIG. 9. Calculated Becke3LYP/6-3%G(d)/6-31G(d)] OH stretch vibra-
. . tional frequency shifts and infrared intensities for Byewater octamera),
stable than the BWD,,) isomer. Obviously, Becke3LYP/ the s, water octamer in BW (b), the freeD,, water octamerc), and the
6-31+G(d) calculations are not reliable for predicting rela- D,y water octamer in BW(d). The zero of the frequency scale is the mean

tive energies correct to hundredths of a kcal/mol. even foPf the symmetric and antisymmetric OH stretch modes of the water mono-

"y h struct I imilar i Iti | h mer calculated at the same level of the®y92.2 cmiY). The normal modes
0 such structurally similar ISomers. IS clear, owever’separate into groups as free @A), = H-bonded OH(r), double-donor

that the two low-energy BWisomers, like the WWisomers  antisymmetric stretch@¥-a), double-donor symmetric stretchd¢s), and
from which they derive, are nearly isoenergéfic. single-donor(S).

2. Vibrational spectra intensity. In theS, isomer, the highest-frequency single-

Figure 9 and Table V summarize the calculated OHdonor mode is doubly degenerate, but the pair of modes car-
stretch spectra for th8, and D,4 forms of W; [Figs. 9a) ries the same integrated intensity as its hondegen®gje
and 9c)] and BW; [Figs. 9b) and 9d)]. In discussing these counterpart. The frequencies of these single-donor IR bands
results, use will be made of the frequency shifts obtained byliffer by 39 cm %, with the D,4 isomer(3214 cm'%) higher
subtracting the mean of the harmonic frequendi®@892.2 in frequency tharS, (3175 cmi}). This difference serves as
cm 1) of the symmetric and antisymmetric stretch modes ofthe basis for the distinction between theg(l,,) and
the water monometcalculated at the same level of thepry Wg(S,) isomers by Buck and co-workéfsin their size-
from the calculated OH stretch frequencies of thg 8d  selected IR spectroscopy ongW
BWj specied:11:88 The double-donor \W(S,) and W,(D,g) Vibrations ap-

As anticipated from the structures, the OH stretch frepear with intermediate frequency shifts, ranging frerthi66
quencies of thes, andD,4 forms of W, separate into three to —261 cm! (Table IV). The double-donor vibrations are
regions associated with vibrations of the free OH, single-shifted less than the single-donor OH stretch vibrations be-
donor OH, and double-donor OH groups. Analysis of thecause of the weaker, nonlinear H-bonds created when both
normal modes indicates that this separation is near complet@H groups on a given water molecule are involved in H-
with greater than 98% of the OH stretch amplitude isolatedbonds in a strained structure such as the cube. The result is a
on the OH groups of the indicated type. Due to the highgap between single-donor and double-donor fundamentals of
symmetry of the W structures, the normal modes are com-over 300 cm? [Figs. 9a) and 9c)]. The four highest-
pletely delocalized over the OH groups of a given type, withfrequency transitions have antisymmetric stretch character on
each vibration differing from the others in its class in theeach of the double-donor water moleculesd are, there-
relative phases of the oscillations of the OH groups. The foufore, hereafter labeleD-a), while the four lowest-frequency
free OH vibrations have smalt-18 cmi 1) frequency shifts, modes are nominally double-donor symmetric stretch in
are nearly degenerate, and have low IR intensities. The fowharacter P-s). The double-donob-a doublet in W(S,)
single-donor OH stretch modes, with their strong, linear H-is perhaps the most striking difference between the computed
bonds, have large frequency shifts578 to—674 cm ). In IR spectra of W(S,) and Ws(D,g).%”
the D,y isomer, it is the highest-frequency single-donor  The calculations reveal that the addition of a benzene
mode, which is nondegenerate, which carries all the infraredholecule to the WW(D,4) and Ws(S,) clusters has several

Downloaded 21 Aug 2003 to 128.210.142.204. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



6610 J. Chem. Phys., Vol. 109, No. 16, 22 October 1998 Gruenloh et al.

TABLE V. Comparison of the OH stretch vibrational frequenciesi %) and shift& (cm™2) of Wy and BW; at the Becke3LYP level of theofy.

D,4 Form S, Form
Wy BW, Wy BWs
Freq. Shift Intensity’ Freq. Shift Intensity Freg. Shift Intensity’ Freq. Shift Intensity
38115 18.6 0 3812.0 19.1 50 3810.7 17.8 0 38114 18.5 53.3
3811.3 18.4 58 3811.6 18.7 71 3810.5 17.6 56 3810.9 18.0 59.9
3811.3 18.4 58 3810.9 17.9 63 3810.5 17.6 100 3810.7 17.8 70.1
3811.3 18.3 143 3749.2 —43.7 215 3810.5 17.6 100 37455 —47.4 257.0
3627.2 —165.8 1156 3632.4 —160.5 1021 3624.0 —168.9 1143 3626.3 —166.6 959.1
3627.2 —165.8 1156 36159 -—-177.0 1265 3605.1 —187.8 696 3604.6 —188.3 699.7
3577.5 —215.4 0 3580.3 —212.7 55 3605.1 —187.8 696 3595.0 —197.9 874.2
3577.5 —215.4 0 35705 —2224 58 3575.0 —217.9 0 35715 —2215 39.4
3553.5 —239.4 28 3558.2 —234.7 84 3549.1 24338 0 3550.7 —242.2 118.4
3550.9 —242.0 0 35345 —258.5 492 3537.1 —255.9 202 3534.6 —258.3 421.7
3533.4 —259.5 451 35299 —-263.0 113 3537.1 —2559 202 3525.3 —267.6 171.0
3533.4 —259.5 451 3502.4 —290.5 407 3532.2 —260.7 486 3500.6 —292.3 379.1
3214.0 —578.9 3811 32575 5354 2044 3175.3 —617.6 1847 3245.0 —547.9 1041.9
3146.3 —646.7 3 3176.5 —616.4 1327 3175.3 —-617.6 1847 31689 —624.1 1694.6
3146.3 —646.7 3 3128.7 —664.3 8 3142.4 —650.5 4 3133.4 —659.5 527.2
3119.1 -673.8 0 31171 —675.8 130 3115.0 -678.0 0 3109.5 —-683.4 2125

Aibrational frequency shifts are reported relative to the average of symmetric and asymmetric stretch frequenGeat dfi¢isame level of theo792.2
cm ! for the 6-31 G(d) basis set

PResults obtained using the 6-85G(d) basis set on water and the 6-3H}(basis set on benzene.

Calculated intensities are reported in units of kM/mol.

important consequences for the OH stretch IR spectrum. Thr Fig. 10a) as BW(S,) [Fig. 10c)] and the BW(II)
three of the free OH stretch modes not involvedznH- isomer responsible for Fig. 10) as BW(D,q) [Fig. 10d)].
bonding are virtually unchanged from their values ig\\h  First, the computed spectra mirror the simplicity of the ex-
contrast, the frequency of the OiiH-bonded to the benzene perimental spectra and their clean separation into free,
ring is shifted down in frequency by about 65 chrelative  gouble-donor and single-donor transitions, including the
to the frequencies of the free OH stretch modes of the barg,gre than 300 cmt gap between single-donor and double-
W4 clusters. Moreover, this mode is highly localized and hagjonor transitions. Neither the, or C; cubic W structures
an intensity comparable to the sum of the remaining thregor any noncubic \W structures can reproduce these general
free OH vibrations. _ features of the BWspectra. Secondly, the computed spectra
The minor distortions induced in the g\éubes by ben-  cqrrectly reproduce the characteristic differences between the
zene produce normal modes with an unequal sharing of thgy isomers in the double-donor region. In particular, the
vibrational amplitudes amongst the .OH groups qfi a giverspectrum calculated for BWYS,) [Fig. 10c)] reproduces the
type. Nevertheless, the modes retain their classification 38xperimental doublet in thB-a region of Fig. 10a), while
double-donor or single-donor vibrations. The partial localizanat for BW,(D,y) [Fig. 10d)] possesses a single, unre-
tion causes a splitting of the degeneratg Wodes and in-  g5yedD-a feature, as in Fig. 1®). Third, the calculated
duces infrared intensity in other vibrations which were pre-goecira fajthfully mirror the benzene-induced splittings ob-
viously forbidden(Fig. 9. Because benzene attaches 0 agered in the single-donor region, including the greater in-
single-donor water molecule, the single-donor region is mosfensity of the highest-frequency single-donor transition in
affected by these changes. In the double donor region, th,gig_ 100b) than in Fig. 108). On the basis of these consider-
degeraa s o WD) (S I atons, e assign n specrum of i o () ad
' ’ ' that in Fig. 1@b) to BWg(D,y). The corresponding UV
_ _ spectra for BW(S,;) and BW(D,4) are shown in the
E. The comparison between experiment and theory UV—UV hole-burning spectra of Figs(18 and 5c), respec-
In order to compare with the experimental RIDIR spec-tively.
tra of the two isomers of BW, the computed IR frequencies We have not carried out calculations on theAB clus-
and intensities from Figs.(B) and 9d) are given Gaussian ters due to the large CPU times which would have been
widths which match the experimental widths of the OHrequired. However, the assignment of the two isomers of
stretch fundamentals. Figures (&0 and 1@Qd) report the BWg as BW(S,) and BW(D,4) suggests an analogous as-
computed spectra for BWS,) and BW;(D,4) including  signment for the two isomers of ,B/g. In particular, the
those widths, placed directly beneath the experimental speisomer responsible for the ultraviolet spectrum of Fi¢h)6
tra of Figs. 10a) and 1@b) for comparison. The close cor- and the RIDIR spectrum of Fig. (@ is assigned as
respondence between the computed and experimental specBaWg(S,). The isomer with ultraviolet transitions labeled 2
is immediately evident. Several aspects of the comparisom Fig. 6(@ and with the RIDIR spectrum of Fig.(d) is
argue for an assignment of the B{Y) isomer responsible assigned as BVg(D,y4). The distinction betwee, andD,qy
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FIG. 11. Structures for thé) B,Wg(S,) and(b) B,Wg(D,4) isomers ten-
tatively assigned as the isomers observed experimentally.
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-700 -600 -500 -400 -300 -200 -100 O
Frequency Shift (cm™) ecules do interact with one another either directly, or indi-
rectly through the Vy cluster. Aside from this, the BVg

FIG. 10. Comparison of the RIDIR spectra of the BWomers[BWs(1)  spectra differ from their BW counterparts primarily in the
and BW4(I1)] to the calculated OH stretch spectra of Bye(c) andD,q (d) look of the single-donor region

water octamers in BW. The zero of the frequency scale was taken to be the )
average of the symmetric and antisymmetric modes of the water monomer In order to test the pI’OpOSEd structures for IP’@NB

calculated at the same level of thedB792 cnT?). The lines in the calcu- isomers, the normal modes of nd BW; from the DFT
lated spectra were given Gaussian widths corresponding to the experimentgg|culations were used in a restricted normal coordinate
widths of (8) and (b). analysis involving the set of sixteen OH bond internal coor-
dinates. By projecting the DFT OH stretch normal modes
. . ) onto the OH internal coordinates, effective OH stretch force
is made largely on the basis of thea region of the RIDIR ¢ tant matrices for Wand BW, were extracted and com-
spectrum, with Fig. ) bearing the doublet signature char- ,, e thereby determining a force constant difference matrix
acteristic of V\é(S.4_) an.d Fig. 7d) the unresolved_ singlet of A 88 p comparison of the two revealed that the major ef-
Wg(D2q). In addition, in the R2PI spectrum of Figa, the  fo045 o henzene complexation were on the diagonal force
relative intensities and spacing of th Bands of BWs(Ss)  ¢onstant matrix elements associated with the four OH groups
(transitions 1 and BWg(D,q) (transitions 2 are virtually  qinting toward or away from the corner of the cube to
identical to those in BW(S,) and BWg(D2q). which benzene is attached. To model the effects of the sec-

As notgd earlier, the .free OH and H-bon_ded OH ond benzene molecule, the force constant matrix for thg BW
stretch regions of the Vg isomers can be consistently as- isomers was modified by adding to it the appropriAte

signed by assuming that the second benzene takes up a Ragrix corresponding to each of the possible points of attach-
sition 7 H-bonded to a second of the free OH groups Onpent of the second benzene relative to the first. The best
Wg(Ss) and Wg(Doqg). This assignment accounts both for y o with experiment is achieved for structures in which
the transfer of intensity from the free OH to theH-bonded ¢ 1y penzene molecules are placed on adjacent free OH
OH region and the appearance of two H-bonded OH 414,05 on the same tetramer cyéfigs. 11a) and 11b)].
stretch fundamentals. In this picture, the two benzene molry o simulated spectra for Blg(S,) and BWg(D,y) are
ecules of BWg could take up positions either on the same orgp5\vn in Figs. 1) and 12b), respectively. The model,

opposite tetramer cycles. The present data cannot diStingmﬁﬁen, provides some evidence for the proposed structures for
between these possibilities. From the UV-UV hoIe-burninngW8 shown in Fig. 11.

spectrum of BWg(S,) in Fig. 6(b), the doublet near 40 cri
(labeled 3 and the unresolved transition at 95 chilabeled
6) are most probably theéGtransitions of the two benzene
moieties in the cluster. These transitions are approximately The result anticipated by theory; namely, that the two
equally red and blue-shifted from the ®and in BW(S,) lowest-energy structures for the water octamer are two nearly
(65.6 cm'). This would suggest that the two benzene mol-isoenergetic cubic structures &, and D,y symmetry, is

IV. DISCUSSION
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spite the fact that the water molecules in all of these phases
a) are in locally tetrahedral sites, serving as proton donor in two
H-bonds and acceptor in two others. Unique structures can
be formed by shuffling the hydrogens in a water lattice with-

out significant changes in the oxygen atom positions, leading
to orientational disorder in the crystal. In fact, the ice Il and

ice IX phases are, respectively, orientationally disordered

b)
and ordered versions of the same structure, with a phase
transition between them which occurs without a measurable
change in volume or x-ray diffraction pattetrithe S, and
| D,q4 forms of the water octamer show that a similar versatil-
9

ity is present already in water clusters with as few as eight
water molecules.
As noted in the introduction, the cub® andD,4 water

octamers contain only tri-coordinate water molecules: Four
% i MW\W M with AAD (i.e., having one “dangling HY and four with

Intensity (arbitrary units)

ADD bonding (i.e., having one uncoordinated oxygen lone

pair). These H-bond deficient sites on the cluster are remi-
niscent of similar sites on the surface of bulk ice, where they
are thought to be important for the binding of adsorbates to
M‘Wﬂww ice and the ensuing chemistry on its surface. Recently, Dev-

d)

MMWW lin, Buch, and co-workefé~?®have carried out an elegant set
SRR of studies in which they have assigned infrared spectral fea-
3000 3200 3400 3600 3800 tures of the surface and sub-surface layers of ice. These au-
IR Frequency (cm!) thors identify characteristic absorptions due to tri-coordinate
AAD and ADD molecules, including a free OH at 3693
FIG. 12. Calculated OH stretch infrared spectra for theB,Wg(S;) and  c¢m ! and a single-donor OH at 3100 chfor the AAD
(b) B,Wg(D,g) isomers shown in Fig. 11. The simulated spectra show themolecules and absorptions at 3560 and 3330 %cfor the
expected behavior, trading intensity in the free OH for intensity inhe !
H-bonded OH region. The twar H-bonded OH stretch frequencies are double-donor fundamentals of the ADD molecules. The cor-
necessarily identical in the simulation, and do not mirror the small splittingresponding absorptions of BWS,) and BW;(D,q4) for the
of the 7 fundamentals observed experimentally. The single donor region isF(3713 cnr 1) S(3097/3151/3203), and antisymmetric
also qualitatively reproduced, though the intensities are not quantitatively ! 1 A
correct. See the text for further details of the calculation. double-donor(3568 cm ) are striking, though the symmet-
ric double-donor transition§3446—3523 are not as good a
match. Of course, in B/, the single-donor transitions are
confirmed by the present experimental data on gBSY), shifted and split by the presence of benzene. However, the
BWg(D2g), BaWs(Ss), and BWg(Dyg). The Wg(S,) and  comparison of the single-donor transitions in freg #hom
Ws(D,q) isomers presented a special challenge to experithe work of Buch and Buck~3100 cmi'?) is encouraging?
ment, since they are not only the same size, but also possesgus, it appears that water clusters as small as the water
near-identical H-bonding topologi¢subic) which differ pri-  octamer possess infrared absorptions similar to those of tri-
marily in the arrangement of the H-bonds. By attaching &oordinate water molecules at the surface of ice. This raises
benzene molecule to the surface of these structures and efe prospect of using water clusters as models for processes
ploying a combination of R2PI, UV-UV hole-burning, and occuring at ice surfaces.
RIDIR spectroscopy it has been possible to distinguish the  5n6 st not surmise on this basis that all double-donor

UV spectra of the isomers and to record their OH stretcf]Nater molecules will absorb in the region near 3550 &m
infrared spectra free from interference from one another. Th%n the contrary, in ice Ih, all water molecules are tetra co-

63 vibronic transitions of the two isomers are separated by__ . . ,
) 1 . ordinated and double donor, but only a single maximum near
only 5 cm = (out of 38 600 cm™), just sufficient to separate . .
ey ) . " X 3200 cm ~ is present. In this case, the locally tetrahedral
their single vibronic-level transitions for use in the double-

resonance IR-UV scheme of RIDIR spectroscopy. In boﬂ,geometry allows strong, nearly linear H-bonds with large

BWj and BWj, the S, isomers have § intensities about frequency shifts from the free OH region. By contrast, in
50% greater than theilD,q counterparts, suggesting a Ws(S,) and W5(D4y), the double-donor water molecules are

slightly greater stability for BW(S,) than for BW,(D ). constrained to the corners of a cube, producing nonlinear
_ _ W _4 o 6Dz H-bonds with calculated O—O separations 0.17 A longer than
A. The comparison with bulk and interfacial ice their single-donor counterparts. The result is the signature

The S, andD,4 cubic forms of the water octamer fore- cubic or cuboid double-donor OH absorptions near 3550
shadow some of the unique and intriguing aspects of soli¢gm *. Given the similar absorption frequencies of tri-
ice. In particular, ice possesses more crystalline solid phase®ordinate ADD molecules on the surface of ice, a similar

than any other known pure substaricEhis is the case de- strain and O—O separation must be present there.
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B. @ H-bonding in BW 4 and B,Wjg D. Coating, trapping, and expanding the cube

There are several features of the experimental and cal- Several avenues for future study are raised by the
culated results which shed light on theH-bond between present work. First, given the structures deduced forgBW
cubic Wz and benzene. First, the frequency of theH-  and BWyg, one wonders whether it might be possible to cap
bonded OH stretci3650/3648 cm' in S,/D,q BWg) is  all four free OH groups with benzene, thereby coating its
very similar to that found in BW (3651 cm') and BW,  surface with benzene. Such a\Bg structure would be an-
(3647 cm1).* That this is so may reflect the fact that ticipated on symmetry grounds to have a spectrum very close
Wg(S,) and W5(Dyy), like the cyclic W—Ws species, are to that of free W, but with all free OH transitions removed
nonpolar. The insensitivity of the H-bond to the size of the in favor of additionalm H-bonding intensity. The beauty of
cycle (in W5_5) or the presence of a second layar W),  this structure would alone be sufficient justification for pur-
suggests that ther H-bond is a local interaction primarily suing its study.
with a single water molecule in the cluster. Recently, Devlin ~ Second, the recent x-ray crystallagraphic identificafion
and co-worker® have obtained difference infrared spectraof a cubic W, cluster ofC; symmetry trapped in a molecular
of ice nanocrystals with and without benzene physisorbed teavity opens the possibility of devising similar cavities with
the surface. With benzene present, the free OH stretch fdd-bonding groups positioned so as to trap other of the four-
AAD water molecules shifts from 3696 to 3575 chunder  teen W, cubic structures, including WS,) and Ws(D,g).
the influence of thewr H-bond with benzene. This shift Finally, given the unique stability of the cubic structures,
(—121 cml) is about twice that found in BWS,) it is not surprising that these structures can be expanded to
(—56 cm 1) and BW4(D,q) (—58 cmi 1), To date, the larg- accommodate additional water moledsje in  similarly
est shift due tor H-bond formation between benzene and astable structures. We will report elsewhere on two isomers of
water cluster is found in the BWcluster(—72 cmi 1),? still BW, which have spectra consistent with precisely such
well short of that in interfacial ice. structure$® The recent, elegant work of Buck and

The 7 cm? intermolecular vibrational frequency ob- co-worker4* on the free W and W, clusters are also inter-
served in the R2PI spectra of both isomers is consistent witpreted as arising from similar structures. Whether even larger
the notion of a floppy intermolecular coordinate, probablyclusters will favor fused cubic structures over other H-
involving B---Wjg libration. Furthermore, ther H-bonded bonded networks is a completely open question deserving
OH stretch fundamental from the RIDIR spectroscopy confuture study.
sists of two partially resolved transitions separated by about
10 cm . One plausible explanation for this doublet would ACKNOWLEDGMENTS
be to ascribe it to large-amplitude motiofilsAMs) of the 7
bound OH as Wy undergoes its zero-point motion. In the 1:1
benzene—ED complex, the OH stretch infrared spectrum
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