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We peetifrdared (IR) absorption spectra of cryogenic parahydroggen solids doped with small water clusters.
We observe a iequence of peaks shifted to the red by = 15 cmf'1 from the absorptions of cyclic water clusters
in liquid ihelium drolets [P. Nauta and R.E. Miller, Science 287, 293 (2600)]; this sequence includes the peak-
due to the cyclic, isomer of the water hexamer. cyc-(H20)6. 'We believe this is only the second spectroscopic
observation of isolated cyc-(H20),s, and the first report of the IR spectrum of the isolated cluster in the solid phase.

Over the past decade, interest in the spectroscopy -of-small high resolution MIS studies"' have beenriecognized and ex-
water clusters, (M),O) with n = 2 to 10, has grown drainati-. .plaited more frequny over the past few years. These ad-
cally.U The studies reviewed in refs. I and 2 seek to pif~be vanta.ges defive fromt the preservation 'of the spherical nature
systematically the development of wamter cluster structures, of the ground state (v--*, J3=0) pH2 molecule in the solid phase;
dynamics, and hydrogen-bond (H-bond) interactions with. in- the resulting absence of permanent electric multipoles contrib-
creasingg cluster size; one ultimate goal being a better under- utes to typically very weak attractive intermolecular interac-
standing of bulk liquid water and ice. Many recent studies tions. These weak interactions and the small 3% massresult in
have been performed 'geitnason gas phase water chluters, for which solid-2 H eitnasatrsliolquantmmsolid" inivhich
rotationially resolved spectroscopic -techniques ca .n yield ýery' the IpR2 molecules experience lagI eopit xusosi
detailed information; e~g.: definitive c6nifirmition of thi theo- very flat anharmonic potential ab .ou t their lattice' po'sinons.s
retically predicted lowest-energy cylici structures- of the; 4Wae Solid pliý is thus an extraordmiazily compressible solid, -and an'

mier tt aner .i pentamer..-eteey"or' mat&x host; relaidveto &i'.rare gaisolids
However, it appears thatman)' important water cluster or other molecular solids typically em~ployed as MIS ho'sts.

structures may not be amenabl& to study-in the gas phaese. The The typically weak dopant-pH2, intetons lead us firberto
recent o6bservation of-the cyclic -water hexamer, "cyc-(HO)&" expect minimal perturbations t6 the dopant's structure and
via its intfrared (IR) absorption in liquid helium. (Ie) droplets3  internal dynamics.
demonstrates the flrstproduction oftaaon-lowest-free-energy Yet, despite this "sofiness;?' solid pH2 is still afterall a
water cluster isomer. By comparison, spectroscopic data from soli, raising the possibility' that the growth of water ciusters
the gas phase y=at hexanier are, once again best explained by. might be -templated" gently by the lattice; and*thaithe solid
the theoretically predicted lowest-'energy structure,. a compact might offer some mild stetic hizidrance .agaistieaxian1be-,
"-cage-(H2O)6-' isorner The preferential formation in M~e of tweein (H2 ),,-isomers. Dramatic excamples *of these eff'icts-
the metastable cyc-(HO)6 isomer is attributed to zing insertion. have be;en observid by x'-ray diffiact~ion of extended' w-at er
by a water molecule into acyc-(H20)5 cluster,. followed by structure confined in much more -rigid organic' and or- -
rapid dissipation of thie condesto gnergy by. the Ie; pre- ganometalic'0 crystalline hosts. -Inddeed, ofie-dimensional . -

venting isomerization to a lower energy structure. This ex- "taper" built from Il-bond-associated. cyclicvwater hexamers
pansion of the water cluster "structural landscape" 3 beyond are found to assemble spontaneously 'within vctendedchannels.
that accessible-inthe gas phase is antotable 'achievement; ain norganic host? Since the nearest neighbor separation in
however, with the advantage of hindsighit; we willshow below solid pH,- is Rý = 3;8 A,, and the center-fa separation in
that itis not unique to the Me droplet environment th Ie gas-phase H2r]KO complex" is P, = .6A, an isolated-

The stabilization and trapping of metastable chemnical ape- H20 molecule, should be readily accomodatedfperbitpi as a,
cies in a non-reactive solid host to permit their leisurely spec- nearly free rotor) in a single-substitutional vacancy in solid.
u'oscopic study was an original motivation of the inventors of pH2. Furthermore, since the separations between oxygen at-
the matrix isolation spectroscopy (MI) technique. -Indeed, oms in the cyc-(H20)6 family2 fell in the range:2.7- A < Ro~o<i
water clusters have been the subject of numerous MIS studies 3.0 A, we expect cyc-{H2O)., clusers to fit comfortably in pla-
over the years, however to our knowledge no IR absorption nar ni-substituttional vacancies in solid pH2, where their end-.
attributable to. the matrix isolated cyo-(H20)6 isomer has been . over-end rotations -will bi quenched but their internal rota-
reported previously vijde infra). tional-vibrational-tinneling dynamnics may survive intac An

The advantages of solid parahydrogen (pH2) as.a host for optimist considering the formation of metastable cyc-{HO)
______________ - -I-__ __ clusters in solid pH2 would thus hope for effective energetic

Author to whom ca epoude=c should be addressed. quenching as in M~e droplets, accompanied by~some degriee of
Eiecuronicmi mmoNroewd~~f structural templating, however retaining much weaker pertur-

bpreset address: KLA-Tencor Corp., I Technology Drive, bations to the final isolated clusters than in the organic and.
Milpims, CA 95035 organomeralic hosts.
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We form (H20), clusters in solid pH2 by two different ap-. prior to plioolysis; this sample .also, contains -'0-5 ppm.H20
proaches: (1) thermally inducedd diffsion and aggregation of as an unintentional impurity.. The small peak near 3765.5 .cm7

iiily isolated H20 monomers, and (2) photolysii 6f 0-, (=0. cm~l FWHM).is the loi +7 000 "R(Or transition of the v3
dope pH2 sol IdS." Our photolysis expriets were originally (aslymmetric streth) mode of the para-Hi0 monoiner the
mmoivated Iby reports of the exceptonal photostability of 0 same feature was previously reported imspecta of UV photo
atoms Iin solid nD2 under 193 ma irradiation,12-13 and the atten- lyzed HI/C(a/pW 1ap~2  In~othspectona oilute
dant implications for chemical energy storage. 14We will H20/piH samples (not shown), we also observe the~0oo 10
show that a fraction of the -0, dopant can be driven to reaction,
with the pH2 host to produce isolated H20 molecules an -() ý k '() rniin o h ~oeo h

(H~O~, .. ortho-H,-O monomer. at 3719.8 cm7' (- 0.2 cm FWn*4)!and
Our 'tkapid Vaobpsto apepreparation tech~- "378 7.1 cid"1 (= 2-5 crif' FWHM, respectively.

Vpor~~siio~" ~leTaking the average of the R(0O and P(1) line positions as.
nique produces doped, millimeters-thick, optically tranp ~ the v' mode'v1- vibirational, origi weCtrae o~~R()
samples which =r ideal for characterization via high- lj3726c ,corpndgta'3.cmresif

oltoipectroscopic methods.'~" rel: ape r
prepred y~co,-dqpositon o .f .independent flows of dpat from the gas phase 'PcfigO212 at 3755.9 cti'Anid an-I 11em'
Ltg.&H 20OorO0--) and precooled A, gases onto aBaF2 sub- red slfftfromliev 3 oiginhll Me 3newr315* cm,(the'v'3
strate-in-vacuuxn cooled to T F2 K in a.lHe bath cryostat. . ek o h 2  ooe n -'ilt hwlnwd
We operateOur ortho/para H2 converter" at 7=15Yk, ilding bten3ad6c 4 F1V) hdfeec ew~ h

Ul.0 % residual orthohydrogen (oHs) content During a
deposition the pressure of umcondensid p11x gas remains be- TABLE L Comparisoo *fpr~ouo-do"O0-H streching absoirptions of QWO)
low - 10"4 Tonr.. Our favorite -200 mmol/hour pHz gas flow in ps pluse, in 11e dpets,andiu solid p 2 Ame eon nc'
rate results-in a solid .growth rate of- 3 mm/hour. We use a roun~ded to the nearst whole tutcber.
pulsed ArP eoccimer lase, I = 193 man, for photolysis of the
O,/pl% samples. Individual sample preparation details are Ms phase tHe dmolei *'soHlid o AEM"Mo~ assignment
given.in the figurecaption. , .36014 3597c . '1-579 1S.- ( 2 )

IR absorption spectra of our samples across the -800 to 3545%. 3544 ~3531 14,13 cc( 2 )
7800 cmf' range are obtained using a Fourier Transform IR 33 52.32' 31 4 0 CC( 2 )
spectrometer equipped with a glowbar source, a KBr-beam- W4.

splitter, and a liquid nitrogen cooled HgCdTe detector. To ~39' 37
accommodate the IR diagnostic, the entire optical path is en- 3 35333 5 cyih)
closed within a 0-5mpolycarbonate box purged with aco'n- 33W35V 3339 16' crc-(1WO)s
stant flow of dry N3 gas. .3220k .3229r. 322 .7 _-~cagp-#h2O),

We begin the discussion of our results by demons~tramg 3192sb 2v, Hz0?
the nearly free rotation of isolated HiO monomers ha solid 3170b 3 147sh,
pH2, including data from high-resolution IR spectra (not
shown) which we will present elsewhere.20 Fig. I trace (a) a- Huislcen (1996) b.Paul(1997) c-Procfteniclst(1096)
shows the spectrum of a nominally 1000 ppm 02/pH 2 sample - la(20) i-soudr no-otosve

2



TABLE IL Summary ofmonizedassirnenms ofproton-door O-H- m tngmabsoons of-(HO),-inrvaious
• m'tixhosts. Aflene ies rorted inn',ronded 6t de nes whole nmmber.

S Ne Ar Kr •
3579 3566, 3562!, .3590' 3574' !'569h 3550'. 3.3546W (H"0" "

3565. 350' ?
3531 35525 3523k 3 i29, 352-'V 3S275 , 3521? 3510'u C.-. 2 0), . ..

3518 3516" ,. 3517',3516'• 3 5 14s. . C"-(i--O)3,3500'

.3474 , .

3454 3445' 3435"r'.
.3413,.330• ".

3379 3379, 3375' 3374, 3372" 33 .3355L-.'

3338 . J337' 3329, 3327'. 332061,33182 "c-(HNO)s
3320' . .

3319 . •• -W- )6

..222 3212f. 32090 32,. 322 0b• "ge-F-I_,)"
"3192sh " " -2v7HO?
3147sh 3i50'' (K,.,0)-, .?

a-VThiel(1957) b- Tumi (1'970) c-Sbunn (I973) d-Ayem (1976)
e-Murby (1979) f- Bentwood (1980) g - Engdahl (1 987) b - Enjdahl (.198ý)"
i-Fomey(1993) s" sho-".der .

R(I) and P(l) line positi6ns is the sum of the energies of the Thus only =10 to 25 %.of the Oz molecules in the originl
Ior rotational levels in the ground and V y'.- ibrational 1000 ppm-.O2/pH2 .sampl. had reacted to produce lHO when
states: R(0) - P(l) - 45.7 cm-I, which is 96.5 % of the gas-. the spectruin'trace (c).was recorded,.by which point the
phase R(0) - P(l) = 47.36 cm"i separation?*', Thus, both para- growb-of the (C.20) IJR absoiptions.with tther193 nn in-a-
H20 and ortho-HO monomers exist as-vemy slightly hindered diation had ceased. This is consistent-with the observed.
rotors in solid pH. " -" " ch•emical etivity being associated with clusters of 02 mole-

The results of two different expertients yieldingwater cules. not withisolated photo-exqited-Oaoms.
clusters isolated in solid pHE are also presented in Fig. 1. We..assign the peaks "i the bonded O-H-sechmg region
Trace (q) is the spectrum of the 02/pH2 sample depicted in by comparison with the Me .¢oplet results especially the
trace (a), following irradiation by the ArF laser. The absorp- novel cyc-(E-20)6 cluster peak 9t3319 cm7. The" = 15 cm
tions in the 2900 to 3600 cm'• region are the "bonded O-H IHe-to-pH, red shifts for the clusterpeaks are in line with the
stretches" of proton-donor H-bonded H-20 molecules, those 1 I cm7l red- shift discui•ed above for the HO'Monomer.
above = 3600 cm"' are due to free 0-H stretches of H20 The assimmep of the cyc-(H20)6 absorption in IHe droplets'is
monomers and H-bonded H20 molecules.' Restricting our based largely on its.smooth confinmation ofthe-feqtumncy -

S attenion fbrther to the bonded O-H stretch region, we note a trend observed for smaller cyc-(H20): clusters, in agreement
broad absorption peaking near 3300 cm"' topped by a progres- with the predictions ofab-initio calculations. We:will use
sion ofpeaks shifted uniformly by = 15 cm"l to the red of the this criterion below to evaluate.the MNS literature-for a p6ssi-
absorptions of cyc-(- 20)) clusters in IMe droplets. These ble previous observation of cyc-(H20)6 .
results, along with the positions of the gas-phase (H20), clus- To eliminate the possibility that the 3319 cm7.peak is due
ter absorptions,241 are summarized in Table L We note that toan X-H-O6) 3 complex*e._.X=0,0 2,orOij,.weprduceda
the broad featureless absorption resembles the spectrum of 140 ppm H20/pH2 -solid and inducedvae cluse fornation
very large (n > 10) water clusters,26 or perhaps that of amor- by wanring the sample:. As in "ot CLH 2 ekpe, es,9 .
phous ice." warming to T = 4.8 K results in extensive clustering, but

While we postpone a detailed discussion of the photo- warming further to T =1 0 K greaty imbances the 3319 cm"'
S chemistry of 02 in solid pH2, we can make a few relevant peak (under these conditibns the sample destructively sub-

comments here. We have observed an initial induction period, limes; however it survives long en6ugh to permit recording -it
along with the formation of 03 and other intermediates, in low resolution IR spectrum). The resulting spectrum is shown
O2/pH2 solids irradiated at 193 nm. We can estimate the final in Fig. I trace (b); again the progression of cyc-(H 20). cluster
concentration of clustered water molecules in the sample de- absorptions is observed, and the relative size of the cyc-(H20)6
picted in Fig. I trace (c) by integrating the spectrum over the cluster absorptioi is enhance&d. In contrast, the two unas-
2900 to 3900 cm"' region; using an effective integrated ab- signed features at 3454 and 3474 cmt are not reproduced in
sorption coefficient for H20 molecules in ice• of 1200.. the pure water doped sample, suggesting that they may be due
knmlmol results in a number density of N 20 = 6 x 1018 #/cm3, to an X-(H20), complex.
or a concentration of= 230 ppm. Alternatively, direct comn- We have examined the water cluster MIS literaure and
parison with the 140 ppm H2 Q/pH2 sample depicted in Fig I found nine reportsý' which include data from the 3000-3500
trace (b) leads to an estimated concentration of= 450 ppm. cm" region. We have attempted to'"harmonize" these obser-
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varions by making tentative re-assignments for peaks origi- I8. S. Tam nd M.E Fajardo, Fir NIrMk. Temp., 26, 889 (2000),

nally attributed to water "polymers:" the reslts ae c d . [Low Temp. Phys- 26, 653 (2000)]
in Table d o Thewcauer int he posironsofpesuks eolete"19. D.T. Andason RJ. H'mde,,S. Tard, and M.E. fajardo: unpublished.
in Table H. The scater in the positions.ofpeaks "o20. S. Tar. M.,DeRom. and ME. Foardo, unpublished.assigned to the same species and host is probablydue to a 2.. 4. "shiri. T. Shi, T. Morose, and M. Raanen,

combination of experimenurI error and the occupation of mul- J. Phys. Chew. A 104, 3635(2000).
tiple trapping sites. Examining Table H. we see severJ- l-* 22.1 L. Pugh and KN. Rao, J. Mol. Spec. 47,403 (1973).

g3. R. Frochiclt.M .aludis. M. Kocl. and F. Huisken,lels to the trends from the IHe droplet data for the smaller J. Chem: Pkys..-IS, 61285(1996- ,
cyclic clusters, i.e.: the = 145 cml trimer-tetramer shift and 24. F. Huisken . Kaloudls, and A. Kulcke.
the - 40 cml tetramer-pentamer shift. However, there are no 1. Chem. Phys. 104, f(2996).

25. JB. Paul. C.U. Collier, RJ. Saykally, .JJ. Scherer, and A. O'Keefe,examples of the = 20 cm"' pentamer-hexamer shift besides the J. Phys. Chem. A 101,5211 (1,97).
pH2 results. Thus, while several of the-previously reported 26. LM. Goms, S.W..SharMe, T.A. Blake, V. Vaida, and J.W. Berult,
fearares remain unassigned, and may be due to other metasta- J. Phys. Chem A 103,8620 (1999).
ble water cluster isomers (!), we conclude that none of them 27. W. Hagen. A.G.G.M. Tielens, and J.M. Greenber.

Chem. Phys. 56.367 (1981).correspond to the cyc-(H 20)6 absorptions observed in ]He 28. J.P. DeW J. Che. Phys. 91.5850 (1989).
droplets and in solid pH2. We do not understand why this is 29. A. Gi-an. A. Loewenseuss, and CJ. N'elsn.
so; we speculate that the elevated temperatures required to Vlbra-. Spec. a .. (1996).
induce H.O recombination in the heavier, more rigid host ma- 30. S.S. Xma as aud TR. Dnning, Jr., J. Chew. Phys. 99,774 (1993 )).
trices (T 10 K) may also promote interconversion etween 31. S.S. Xanths. . Cbe. Phys. 102,4505 (1995);

•- and mpvze communcation.
the various (H20)6 isomers. 32. Hk Lee. L.B. Sub, J.Y. Lee. P. Tarakeshwar, and YS. Kim

We have already summarized our major findings above in I. Che Phys. 112,9759 (2000).
the Abstract. In the future we will report high resolution IR 33. M. Van Thiel. E.D. Becker, and G.C. Pimenw1l

J. Chem. Phys. 27,486 (1957).spectra of H.O/pH. solids including the free-OH and v. bend s34. AJ. Tursi and E.R. Nixon, I. Chm Phys. 1521 (1970).
spectral regions.20 We hope that other researchers will recog- 35. D.P. Snome D.M. Gruen, and R.L McBedh,
nize and exploit the advantages of solid pH2 as a hostfor pro- j. 7he .• &8,•4bn( 973).
ducing and characterizing H-bondedlclusiers: the clusters'are 36. G.P. Avers and A.D.E. Pullin, Spectrodi. Ac 32A, 1629 1976).

aed37. E.J.Mury and A.D.E. Punin. Asxisi. JChmn 3ZI167(1979).
availablein a fixed, stable form and in relatively large-abso- 38. R.M'Bewood, AJ.Barrie, nd WJ. Orvnlle-Thomlas,
lute quantities and number densities to truly permit their "-ei- 3.MoL Spec. 34,191(1980).
surely study" by experimental techniques not suited to ,ater 39. A. ndabl amd B. Neander, 3. Chew.m. s. •6. 4831 (1987). - -.

clusters in the gas-phase or in IHe dropletsM. We suggest that 40. A. Engdabl and B. Neander, 3. MoL St 193, I (1989)
41. D. Forney, M.E. Jacox, and W.E. ThoMPSon,the path joining the- study of small gas phase~water clusters 1. Mot. Spec. 157,479 (1993ý.

with a better understanding ofbulk liquid water and water ice
may make a profitable detour through an intermediate con-
densed phase host such as solid pH.. .
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