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Observatlon of the Cychc Water Hexamer in Solid Parahydrogen

Mario E. Fajardo 'and Simon Tam®
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We presem mfrared (IR) absorpuon spectra of cryogenic paxahvdrocen solids doped with small water clusters.
" We observe a sequence of peaks shifted to the red by = 15 em” from the absorpnons of cyclic water clusters
* in liquid helium droplets [K. Nauta and R.E. Miller, Science 287, 293 (2000)]; this sequence includes the peak
© due to the cyclic isomer of the water hexamer: cyc-(H,0)s. We believe this is only the second spectroscopic
observation of isolated cye-(H20)s, and the first report of the IR specwrum of the isolated cluster in the solid phase.

Over the past decade, interest in the spectrescopy ofsmall -

water clusters, (H-0), with n = 2 to 10, has grown dramati-
cally.”® The sudies reviewed in refs. 1 and 2 sesk to probe
systematically the development of water cluster structures,
dynamics, and hydrogep-bornd (H-bond) interactions with in-
creasing cluster size; one ultimate goal being a better under-
standmg of bulk liquid water and ice. Many recent studies
have been performed on gas phasewaterchzsters forwincn
rotationally resolved spectroscopic techniques can yield very’
deriled information; e.e.: definitive confirmation of thé theo-

retically predicted lowest-energy cychc su'ucnn'es of the water

wrimer; tetramer, nd pentamer. :
- However, it appears that many important water cluster

structures may ot be amenablé to- studymthecasphase ‘The '

recent observation of the cyclic water hexamer, “cyc~-(H,0)s,”
via its infrared (IR) absorption in liquid helium (1He) droplers®

demonstrates the first production of 4 non-lowest-free-energy *

water cluster isomer. By comparison, spectroscopic data from

the gas phase wa:erhexamerareoneeagambwtexplamedby

the theoretically pmdmted lowest-energy strocture, 2 compact

“cage-(H,0)s” isomer.! The preferennal formation in JHe of .
the metastable cyc-(H»O)s isomer is anributed o 1ing msemon 3

by a water molecuie into. acyc-(I-LO)s cluster, followed by

- rapid d:szpanon of the condensation energy’ by.the IHe, pre- o

 venting isomerization to a lower energy structure. This ex-
pansion of the water cluster “structural landscape™ beyond .
that accessible in.the gas phase is a netable achievement;-

however, with the advantage of hindsight, we willshow below :

that it is not unique to the He droplet environment.

The stabilization and trapping of metastable chemical spe-

. cies in 2 non-reactive solid host to permit their leisurely spec-
troscopic study was an original motivation of the mventors of
the matrix isolation spectroscopy (MIS) technique.® - Indeed,
water clusters have been the subject of numerous MIS swdies
over the years, however to our knowledge no IR absorption

atributable to the matrix isolated cyc{H»O)e isomer has been .

reported previously (vide infra).
The advantages of solid parahydrogen (sz) 2s.2 host for

* Author to whom correspondence should be addressed.
" Electronic mail: mario.fajardo@edwards.2f:mit
® present addréss: KLA-Tencor Corp., I Technology Dnv-
Milpitas, CA 95035 :

hich resolurion MIS studies™ have been"recognized and ex-

. Ploited more frequently over the past few years. These ad-
" “Vantages derive from the preservation of the spherical gature
of the ground state (v=0, J=0) pH, molecule in the solid phase;

the resulting absence of permanent electric multipoles contrib-
utes to typically very weak attractive intermolecular interac- .
tions. These weak interactions and the small H, mass result in
solid pH, existing as a “transiational | quantum solid” & in which
the pH molecules expenence large Zero-point excursmns m 2
very flat anharmonic potential about their lantice posmons
Solid pH, is thus an exu'aordmazﬂy compressible solid, and an ~
extremely “softs matvix host, relafive to the.rare gassohds -
or other molecular solids typically emploved as MIS hosts.
The typically weak dopant-pH, interactions lead us furtherto -

: expectmmxmalpermrbanonsto:bedopantsmcmeand

internal dynamics. -

. Yet, despite this “softness;” solid pH, is stﬂ] afteralla
solid, raising the possibility that the growth of water clisters
might be “templated” gently by the lattice; and tharthe solid -
might offer some mild steric hindrance against relaxation be- - -

. tween (ILO),, isomers: Dramatic examples of thesé effects
~ have been observéd by x-ray ; diffraction of extende& water -

strucmresconﬁned in much’'more rigid orgamc and or- - -+
ganomeralic' crystalline hosts. - Indeed, one-dimensionat ot
“tapes” built from H-bond-associated cyclic water hexamers . -
are found ©0 assemble spontaneously within extended channels.
in 2n organic host.” Since the nearest neighbor separation in” -
so_hde-.usR,,, 3:8 A, and the cemer_-of-massseparanonm
the gas-phase H-H,O complex'’ is R, = 3.6 A, an isolated -
H,0 molecule should be readily accomodated (perhaps as a-
nearly fres rotor) in 2 s;ngie-subsumnonal vacancy insolid .

. pH,. Furthermore, since the separations between oxygen at-

oms in the cyc-(H;0); family? fail in the range 2.7 A < Ro.o < ‘
3.0 A, we expect cyc{H:0), chasterstoﬁtoomfomblympla— .
nar n-substitutional vacancies in solid pH,, where their end- -

 over-end rotations will be quenched but their internal rota-

tional-vibrational-tunneling dynamics may survive intact. -An
opimist considering the formation of metastable cyc-H.0), . -
clusters in solid pH, would thus hope for effective energetic
quenching as in IHe droplets, accompanied by some degree of
structural templating, however retaining much weakerpermr :
bations to the final isolated clusters than in the orgamc and
organometahc hosts ' o .
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We form (H,0), clustets n solid pHe by two dxﬁ'ermt ap-
proaches: (1) thermally mduced diffusion and ag aggregation of
initially isolated HeO monomers, and #4] photolysxs of 0y
doped pH, sohds Our photolysis expenments were origimally
motivated by reports of the exceptional photostabﬂny of 0
atoms msohan. under 193 om irradiation, !>’ and the atten-
dant implications for chemical energy storage. We will -

show thar 2 fraction of the O, dopant can be driven to reaction .

with thie pH, host to prodnce isolated H,O molecules and
(H,O),, clusters.
X Our “Rapid Vapor Deposmon sample preparanon tech-

~ nique produces doped, millimerers-thick, optxcally ansparent
samples which are ideal for characterization via high-

resolution IR spectroscopic methods.'"* Briefly: samples are |

prepared by.co-deposition of independent flows of dopant

« (2.2 H;0 or 0.) and precooled pH, gases omto a BaF, sub-

strate-in-vacuum cooled to T =2 K in 2.1He bath cryostat.

We operate our ortho/para H, converter'® at T = 15 X, yielding - -

= 0.01 % residual orthohydrogen {oH,) content. During a

- deposition the pressure of uncondensed pH; gas remains be-
low ~ 10 Torr.. Our favorite = 200 mmol/hour pH; gas flow

rate results-in a solid growth rate of = 3 mm/bour. We use 2

pulsed ArF excimer laser, A = 193 nm, for photolysis of the

O-JpHe samples. Individual sampie prcparatzon details are

given in the figure caption. ' = - .
IR absorpnon spectra of our sampls 2CT08S the 800 10

7800 cm range are obtained using 2 Fourier Transform IR
spemmetereqmppedthhaglowbarsomce, a KBrbeam--
splitter, and a liquid nitrogen cooled HgCdTe detector. To
accommodate the IR d1agnosuc the entire optical path is'en-
closed within a 0.5 m’® polymrbonate box purzed wnh a con-
stant fow of dry N: gas .
We begin the d:scusslon of our results by demonstraung
the nearly fres rotation of isolated H,O monomers in solid
pH.,, including data from hxgh-rmlunon IR spectra (not
shown) which we will present elsewhere.? Fig. 1 trace (2)
shows the spectrum of a nominally 1000 ppm O+/pH, sample

[ quey (1 donor)

' g~ lreo O-H strelches-—q

) 3500 3600 3
wavenumber (cm) .

clusters in solid pHz. Trace (a) is fora 3.1-
» " mam-thick, 1000 ppmi Oy/pHL: sample'as-
depositedat T=2 24K;=0.5ppm H,0 is
*" also-present as an ynintentional impurity.
Tme(b)zsfora-B-m—thxck, 140 ppm
H:0/pH. sample originally deposited at
"l - -T=2.4K;the spectrumi was recorded overa
L 50 s period during the destructive sublima-
L tiop of the sample (T = 103 K). Trace ()
) sfordaempledepxctsdmtrace(a),
mdnnonvmb-yOOAthserpulss A
. =193 nm, laser fluence = 13 mi/em’, pulse
dmanon=20ns,repeuuonnte=5Hz.T=
24K Al spectra are presented 2t 0.5 em”!
resolution. and have been displaced verti-
cally for ease of presentation.

myen L

prior to photolys:s, this sample also contaizs = 0.5 ppmH»O

as anumntennonal impurity.. The smallp&knea:S?G: Sem’
(=02 cm’ FWHM)Jsthe 1y e-ow“R(O)"transmonofﬁnev
(asymmetric strerch) mode of the pm—HqO monomer; the .

same feature was prewously reported in spectra of UV phioto-
Iyzed HUCOy/pH, samples.”' In other spectra of dilute
H,0/pH, samples (not shown), we also observe the-Ogo - Toy
“P(1)" and 2g; & o7 “R(1)” transmons of the vy-mode of the -
ortho-H,0 monomer at 3719.8 cad (=02 m“r-wmvo 4nd
37871 em™ (=25 em FWHM) respectively. -

Taking the average of the R(0) and P(1) lmeposmons as:
the v; mode v=1 vibmnemlongm, we estimate:” voz % [R(O)
+P(1)}=3742.6 e cozrspandmgto a 13.3“cm -red shift -
from the gas phase'v; ofigin™ at3755.9 cm andan 11 en™
redslnﬁfromﬂ:ev,ongnmlﬁe near 3754.cm ! (the v,
peaks for the H,O Tonomer in IHe droplets show” Imewzdtbs
between3and6cm FwWhM). The—dlﬁ‘erencebetweenﬂ:e

TABLEL. Compmsonofpmou-donoro-ﬂsuwhmgabsorpmofahm.
mgasph:se,m!ﬂedmpies,ndmsobdpﬁ:.,&mpsmmm s
rounded to the nearest whole mumber, . R

S let ot i t

3601 - 3597 . 35190 . 18, . (HOp
.354553544% 3531 14, 13 - Cye(EO)
'3533" 3532.3528° 3518, - 14,10 . cye{H:0)
, 3474 : ? -
.. M4 ‘
3416 3394¢ 7 TR cyc-(!-l’:O)."f, o
33600 - 3353 3338 15 cye0) |
no. 3335° 3319 16 cye-(H:0)
32200 .329%. 32 LT .. ..c2ge{EhO)
- 3192sh ... v H:0?
3170 5147sh . 1,00 ?
a-Huisken (1996) b-Pawl(1997) ¢ - Frochtenicht (1996)
d - Nanz (2000) 0.0. - not observed

sh - shoulder

ARG TR TR
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. TABLE Il Summary of harmonized a.ss:gmnems of proton-donor O-H strerching absomtzous of (H~0).. inverious
" matrix hosts. Allm@rgxesreponedmcm romdcdtotbenmestwho’enmnbu- . s )

_Ne A K N gﬂm ment -
3579 3566°, 3562_" .3590' 3574“‘ . 3%69° 3550.3548%3546° (RO "
: Co0 T 3sesh3sa0” R B
3531 39255,3523° 3529‘ '_:5’8‘ 3527, :szs‘ 35107 ' o) N
3518 3516 3517‘ 16 351 T eyeHRO)
-3500° . ? .
3474 SR ? '
3454 . 3aast 3435 1
ot 3415533904 ‘ 2
3379 3378%,3375° 3374,3372° - 33690 3355 " eye-{HO) -
3338 . 3337 3320%3327°. 3320°7 3318° ; cyc-(HzO)s '
3320° o
3319 . co L c\c-a-w)‘ ,
k) } 3212°5209° - . 3220% - cige-(H:Ok .
3192¢h - L 2v; H:0?
3147sh - 31507 (0042
a-Van Thiel (1957 = b- Tursi (1970) . ¢ - Strommen (1973) © 4 Ayers (1976)
£ - Murby (1979) f- Beatwood (x9so) g~ Engdahl (1987) b - Engdshi(1989)" ~ -
shoulder i ] Wioowl R L

i-Fomey (1993) sh-

R(0) and P(1) line positions is the sum of the energies of the .
1o; rotational Jevels in the gfound and Vy'v=1 vibrational
states: R(0)-P(1)=45.7 cm" which s 96.5 % of the gas-
phase R(0) - P(1) = 47.36 cm™ separation. Thus, both para-
H-0 and ortho-H-0 monomers exxst asvery shightly hmdered
rotors insolid pH;.  °

The results of two dxﬁ‘erent expernnents yxeldmg water
clusters isolated in solid pH, are also presented inFig 1.
Trace () is the spectrum of the O./pH. sample depicted in
trace (a) following uradmuon by the AsF laser. The absorp-
tions in the 2900 to 3600 cm region are the “bonded O-H
suetches” of proton-donor H-bonded H.O molecules, those
above = 3600 cm™ are due to free O-H stretches of O

" monomers and H-bonded H,0 molecules.! Restricting our

attention further to the bonded O-H su'etch rTegion, we note a
broad absorption peaking near 3300 cm™ topped by 2 progres-
sion of peaks shifted uniformly by = 15 cm™ 1o the red of the
absorptions of cyc-(H20), clusters in IHe droplets.> These
results, along thh the positions of the gas-phase (H.0), clus-
‘ter absorptions,*** are summarized in Table L. We note that
the broad featureless absorption membls the spectrum of
very large (o > 10) water clusters,”® or perhaps that of amor-
phous ice.Z?

While we postpone 2 detailed discussion of the photo-
chemistry of O, in solid pH,, we can make a few relevant
comments here. We have observed an initial induction period,
along with the formation of O; and other intermediates, in
O./pH, solids irradiated at 193 nm. We can estimate the final
concentration of clustered water molecules in the sample de-
picted in Fig. 1 trace (c) by i mtegratmg the spectrum over the
2900 to 3900 cm” region; using an effective mtegrated ab-
sorption coefficient for H,O molecules in ice” of 1200.-

—— lan/mol results in a number density of Nuyo = 6 x 10'® #em’,

or a concentration of = 230 ppm. Alternatively, direct com-
parison with the 140 ppm H,O/pH, sample depicted in Fig. |
trace (b) leads to an estimated concentration of = 450 ppm.

. with the predictions of ab-nitio calculations *>

Thus only 10 t0 23 % ofthe 10 molemles mthe origina} .
1000 ppm-Ox/pH, sample had reacted to produce H,0O when -
the spectrum in‘trace {¢).was recorded,. bywhlchpomt:be
growth-of the (H,0), IR absorptions with further 193 nm ira-
diatior bad ceased. This is consistent-with the observed . - -
chemical reactivity being associated with clusters of () mole-- -
cules, and not with isolated photo-excited-O-atoms. - . :
WemznthepabmthebondedO—Hmhnaregmn :
by comparison with the [He-droplet rwults " especially the
novel cyc-(H,0)s cluster peak 2t:3319 cm™. The = 15em™
lHe-to-pH; red shifts for the clusterpeaks are in line with the
= 11 cm™ red shift discussed above for the H;0'monomer.
‘The assignment of the cyc~H.0)s 2bsorption in THe droplezs is’
based Iargely on its:smooth continuation of the ﬁ'equency
- wend observed for smatler cyc-(H;0), clusters m agreement
2 Wewill use
this criterion below to evaluate the MIS hterature fora possz-
ble previous observation of cyc-(HoO)s L
Toehmma:etheposm’bihtythatthe3319 peaklschle :
to an X~(H,0), complex, e.2.X =0, O,, or Og,weproduceda

140 ppm HiO/pH solid and mduwd—water cluster formation
by warming the samplé. As in o HCUpH, experiments,’® .

warmingto T = 48Krestﬂrsme:¢enszveclustenng,bnt
warming further to T = 10 K greatly enhances the 3319 cm

peak (under these conditions the sample destructively sib-
limes, however it survives long enough to permit recordmg 2
low resofution IR specmnn) The. mui:mg spectrum is shown
in Fig. 1 trace (b); again the progression of cyc~(H.0), cluster

- absorptions is observed, and the relative size of the Cyc-(H-,O)s '

clus;er absorption is enhanced. In contrast, the two unas-
signed features at 3454 and 3474 crn™ are not reproduced in
the pure water doped sample, suggesting that they may be due
to an X-(H;0), complex. .

We have examined the water cluster MIS literature and
found nine reports™*! which include data from the 3000-3500

cm region. We have attempted to “harmonize” these obser-




vations by ma!dng'tenmive re.-assignméhts for peaks origi-

nally attributed to water “polymers;”the results are collected
in Table II. The scatter in the posmons of peaks
assigned to the same species and host is probably duetoa

combination of experimental error and the occupation of mul- -
tiple trapping sites. Examining Table I we see several paral- -

lels to the treads from the 1He drople_t data for the smaller
cyclic clusters, i.e. the =145 cm™ wimer-tetramer shift and
the = 40 cm tetramer-pentamer shift. However, there are no
examples of the = 20 cm”™ pentamer-hexamet shift, besides the
pHs results. Thus, while several of the previously reported
features remain unassigned, and may be due to other metasta-
ble water cluster isomers (!), we conclude that none of them
correspond to the cyc-(H.O); absorptions observed in [He
droplets and in solid pH,. We do not understand why this is
50; we speculate that the elevated temperatures required to
induce H,O recombination in the heavier, more rigid host ma-
trices (T » 10 K) may also promote interconversion between
the various (H,0); isomers.

We have already summarized our major. findings 2bove in
the Abstract. In the firure we will report high resolution IR
spectra of HoO/pH') solids including the free-OH and v, bend
spectral regions.” We hope that other researchers will recog-
nize and exploit the advantages of solid pH, as a host for pro-
ducing and characterizing H-bonded clustérs: the clusters are
available in a fixed, stable form and in relatively large -abso-
hute quantities and number densities to truly permit their “Jei-
. surely study” by expenmental techniques not suited to water-
clusters in the gas-phase or in IHe droplets. ‘We suggest that
the path joining the study 6f small gas phase water clusters
with a better understanding of bulk liquid water and water ice
may make 4 profitable detour through an mtetmedza:e cop- -
densed phase bost such as solid pH,. Co
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