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Far-infrared laser vibration—rotation—tunneling spectroscopy of water
clusters in the librational band region of liquid water
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We report the first high resolution spectrum of a librational vibration for a water cluster. Four
parallel bands of (KD); were measured between 510 and 525 tmsing diode laser vibration—
rotation—tunnelingVRT) spectroscopy. The bands lie in the “librational band” region of liquid
water and are assigned to the nondegenerate out of plane librational vibration. The observation of
at least three distinct bands within 8 choriginating in the vibrational ground state is explained by

a dramatically increased splitting of the rovibrational levels relative to the ground state by
bifurcation tunneling and is indicative of a greatly reduced barrier height in the excited state. This
tunneling motion is of special significance, as it is the lowest energy pathway for breaking and
reforming of hydrogen bonds, a salient aspect of liquid water dynamics20@. American
Institute of Physics.[DOI: 10.1063/1.1337052

I. INTRODUCTION The most prominent intermolecular vibrational band of
liquid water is the “librational band,” extending from
Small water clusters are of current experimental and the~-300-1000 cr in H,O. The hindered rotational motion of
oretical interest for reasons discussed in many receniater molecules giving rise to this absorption feature is pro-
papers:® An extensive set of high precision vibration— posed to be of singular importance for the solvation and
rotation—tunneling(VRT) spectroscopy results now exists relaxation dynamics of the bulk phasé<® Many different
for small water cluster§?**#1417~%hjs has afforded a rig-  experimental methods, including neutron scattering, dielec-
orous test of various water potentials aadl initio calcula-  tric relaxation, Raman and IR spectroscopy have addressed
tions, and has characterized the nature of the associated hrese motions but there exists little consensus regarding the
drogen bond tunneling dynamics. One of the exciting goalsnolecular details. No detailed experimental study that allows
of this work is the determination of an accurate intermolecuirect characterization of these librational motions on a mi-
lar potential for bulk phases of water. Following our com- croscopic level exists, and simulations which provide such a
prehensive study of the dimer, a similar study of the watepicture suffer from inaccuracy of bulk potentiafs3! The
trimer is the next logical step as it allows explicit quantifi- particular importance of the librations is that in each of the
cation of three-body forces which have not been included iabove processes the initial step in breaking of hydrogen
the recently determined water pair potentfat’ Previous  ponds results from these rotational motions, whereas excita-
spectroscopic studies have been primarily limited to frequention of translational motions does not itself significantly fa-
cies below~3 THz (~100 cmi !) and address torsional mo- cijlitate breaking of hydrogen bond$:3*
tions of the free hydrogen atoms, which are not thoughtto be  The free hydrogens in small water clusters—the main
a prominent feature of bulk water dynamics. Clearly, itdistinction of water clusters from the bulk—are predicted not
would be interesting to investigate both vibrations whichto influence the librational motions to a large degree, and
more closely resemble those observed in the bulk as well agcent low resolution librational band spectra for water clus-
higher energies of the intermolecular potential energy surters containing 10-100 molecules do resemble bulk
face (IPS corresponding to thermally activated bulk pro- spectra® Furthermore, computer simulations by Luzar and
cesses. The first results for the hydrogen bond stretching vichandler indicate that the hydrogen bond dynamics in liquid
bration of a water cluster, corresponding to the “translationalvater are fairly insensitive to both the local hydrogen bond
band” of the liquid, are presented in the accompanyingorder and the effect of chemical environment, citing the ex-
paper® ample of a dimethylsulfoxiddDMSO) water systeni>—34
The fact that librational motions are thus very local and in-
aAuthor to whom correspondence should be addressed. Electronic mai€NSitive to the specific environment allows small water clus-
saykally@uclink4.berkeley.edu ters to serve as models for elucidating the librational dynam-
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shows a stick spectrum of the observed transitions @ ki
relation to the “librational band” of the liquid. Altogether
~800 transitions have been measured, of which 135, gener-
ally the most intense, are assigned to #1e OOP librational
vibration of (H,0);.

II. EXPERIMENT

FIG. 1. The equilibrium structure of the water trimer, together with one of . .
the two experimentally observed tunneling motions are shown. The bifurca- ~ 1"€ Berkeley supersonic beam/diode laser spectrometer

tion tunneling motion consists of the exchange of a free and a bound hydroused in the observation of the new {®); bands has been

gen atom together with the torsional flipping of a neighboring free hydrO-described in detail previous|y and resembles the Conﬁgura_

gen. It connects eight degenerate minima on the IPS and is the lowe : g

energy hydrogen bond breaking motion observed in water clusters. ﬂon used fo,r o,ur study of jet COOle,d uracil in the gas phasg.
Only the principal features and differences from the previ-
ously reported experimental setup will be presented ffete.

ics of liquid. Two types of librational modes are expected for A helium-cooled diode laser spectrometéBpectra-
Cyc]ic water clusters: Out-of-p|an@og and in_p|ane(|P) PhyS|C$ USing lead—salt diOde(iaser Photoni(jswas used
motions. The nuclear displacements of the OOP librational® Produce infrared radiation from 515-528 cThe infra-
motion of a single water molecule closely resemble part ofed laser beam is multipassed 18—22 times through a pulsed
the bifurcation tunneling pathway, depicted in Fig. 1, whichPlanar supersonic expansion of a mixture of helium ap0 H
additionally includes the torsionalfflipping) motion of a  Using a Herriott cell configuration and detected by a liquid
single free hydrogen on an adjacent water molecule. Thi§elium cooled (Si:B) photoconductive detectofinfrared
bifurcation tunneling pathway is the lowest energy procesé-abs. The pulsed molecular beam is produced by expanding
for breaking and reforming hydrogen bonds in water clusterure He, bubbled through liquid @, through a 101.6 mm-
and is therefore of special interest. long slit at a repetition rate of 35 Hz, while maintaining the
We have investigated the frequency range from 515—528acuum chamber at approximately 200 mTorr by a Roots
cm ! by diode laser VRT spectroscopy, thereby performingPlower (Edwards EH4200backed by two rotary pumg&d-

the first high-resolution measurements of water clusters ifvards E2M275 Simultaneously, the fringe spacing of a
the “librational band” region of liquid water. Figure 2 Vacuum spacedtalon and an OCS reference gas spectrum

are detected on a liquid helium coold@€u:Ge detector
(Santa Barbara Research Cejptand recorded to enable pre-
cise frequency calibration of the water cluster scans. The
observed linewidth of 30—40 MHz full width at half maxi-
mum (FWHM) is slightly larger than the Doppler limited
linewidths extrapolated from our 140 crhresults. The typi-
b) cally obtainable frequency accuracy was 10-20 MHz, lim-
ited by the linewidths, drift of the diode laser, and accuracy
‘ } of the frequency calibration.
|||l| i .IH [ |i |l ’|| I\
" L
5

The frequency range from 100—1200 chhas been no-
toriously hard to access via high-resolution spectroscopic
a) studies for a variety of reasons, most importantly the lack of
i | A “lhﬂm. m o LL“ a convenient laser system. The study reported here required
T I the use of ten different diodes, each operating on several
516 518 5200 %22 524 526 528 modes to cover the frequency range from 515-528 tm
Even so, complete coverage of the region was not possible
and several spectral gaps remain. Investigation of some re-
gions was hindered by very strong atmospheric water ab-
sorptions, and the frequency accuracy of other regions is
inferior due to a lack of suitable reference gas transitions and
large frequency drift of some diode laser modes. Figure 2
shows an overview of the spectra measured in the 515-528
cm ! range for pure KO clusters.

300 400 500 600 700 800 900 IIl. RESULTS

Frequency [cm™']
Four bands of (KHO); were measured between 515 and
FIG. 2. An overview of the observed,B transitions with respect to the 528 cm *, representing the highest frequency water cluster
librational band of liquid HO shows that they are close to the center of the intermolecular vibrational Spectra observed to date. The
!lbratlonal band of the Ilqg!d. Inse(a? shows the unassigned transm_ons_and identity of the spectral carrier was unambiguously estab-
inset(b) shows the transitions assigned(t8,0); on the same relative in- ) . . .
tensity scale. ThéH,0); transitions generally correspond to the most in- lished both throth Isotopic substitution studies, and throth

tense transitions. the fitted rotational constants. The transitions were assigned
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FIG. 3. (a) Spectral gaps only allowed the observation of B{@), P(3), R(1), R(3), R(4), andR(6) branches of the 517.2 cthband. The spectrum is

typical for a parallel band of an oblate symmetric téip. A stick spectrum representation of the 523.97¢rband is shown. The inset shows real data from

the Q-branch region together with a stick spectrum representation of a simulation based on an oblate symmetric top energy expression and the molecular
constants obtained from the fit. The rotational temperature in the simulation was 4 K. Comparison sh@a€lth&ansitions to be split into an equally

spaced equal intensity doublét) The 525.3 cm? band has the largest observed numbeP-oénd R-branch transitions. Th@-branch region was scanned

with a mode of inferior quality. The inset shows real data fromRI(8) transition and demonstrates that e 0 andK =1 transitions could not be resolved
separately.

either by identifying theQ-branch transitions and then using experiments?! which arise from fairly intense torsional vi-
known vibrational ground state combination differences ofbrations. The sensitivity of the diode laser experimet—
(H,0); to assignP- andR-branch lines, or by directly using 100 ppmn) is about two orders-of-magnitudes lower than that
combination differences for the- andR-branches. Analysis of the THz experiments, which indicates that these are in-
of the spectra was hindered by the lower absolute precisiodeed intense transitions, with the strongest beiri@b ab-

of the diode laser spectrometer as compared to the THgorbers.

spectrometéf (however, the relative frequency accuracy is
comparable at 1 ppjmand large gaps in the spectra, as de-
scribed previously. A stick spectrum of the three assigned The VRT bands were fit to the standard energy expres-
c-type bands together with the observ@dbranch of the sion for an oblate symmetric tofz=v+BJ(J+1)+(C
523.9 cm ! band andP(3) clump of the 525.3 cm band is  —B)K2—D [J(J+1)]?—D,kJ(J+1)K?—DgK* The fit
shown in Figs. 8)—3(c). These are typical for parallel bands of the 525.3 cm® band included an additional term

of an oblate symmetric top. The most intense transitionst yJ(J+ 1) to take the observed splitting of tike=1 lines
were observed in th®-branches and have a signal-to-noiseinto account. The assigned transition frequencies are shown
ratio of about 200:1, compared to about 8000:1 for the mosin Table KA)—(C) together with the difference between ob-
intense vibrations observed in THz spectroscopyserved and calculated frequencies, and the molecular con-

A. Analysis
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TABLE I. The assigned transitions together with the difference between calculated and observed frequencies
are shown. The excited states of the 517.2, 523.9, and 525.3 bands are labeled as =1, 2, and 3,

respectively. The high and low frequency component ofkiel levels of the 523.9 cit band are labeled 1

and 2, respectively. All values are in MHz.

(A)
517.2 cm* Observed—
band v’ J’ K’ V" J’ K” Frequency calculated
1 1 1 0 1 1 15503 714.4 9.32
1 2 2 0 2 2 15503 535.9 1.75
1 3 3 0 3 3 15503 305.1 4.22
1 3 2 0 3 2 15503 043.9 4.74
1 4 4 0 4 4 15502 997.7 —6.99
1 5 5 0 5 5 15502 642.8 —2.89
1 4 3 0 4 3 15502 617.1 —5.32
1 4 2 0 4 2 15502 355.8 4.79
1 6 6 0 6 6 15502 232.5 8.16
1 5 4 0 5 4 15502 107.4 -21.17
1 7 7 0 7 7 15501 754 12.4
1 6 5 0 6 5 15501 550.2 —-4.11
1 8 8 0 8 8 15501 200.5 171
1 7 6 0 7 6 15500 914.8 17.61
1 9 9 0 9 9 15500 604 6.23
1 10 10 0 10 10 15499 948.1 7.38
1 11 11 0 11 11 15499 222.2 —8.41
1 1 1 0 2 1 15477 118.9 0.35
1 2 2 0 3 2 15463 662.7 7.02
1 2 1 0 3 1 15463 510.5 5.65
1 2 1 0 1 1 15529 953.4 -15.3
1 4 3 0 3 3 15555 797.1 5.47
1 4 2 0 3 2 15555 529.5 11.84
1 4 1 0 3 1 15555 342.8 -11.18
1 5 4 0 4 4 15568 555.4 —31.45
1 5 3 0 4 3 15568 170.9 -12.33
1 5 2 0 4 2 15567 924.1 27.54
1 5 1 0 4 1 15567 731.6 6.38
1 7 6 0 6 6 15593 895.5 -32.97
1 7 5 0 6 5 15593 223.1 11.68
1 7 3 0 6 3 15592 175.7 —4.44
1 7 2 0 6 2 15591 873.6 12.91
1 7 1 0 6 1 15591 659 —10.59
(B
523.9 cm? Observed—
band v’ J’ K’ Label V" J’ K” Frequency calculated
2 1 1 1 0 1 1 15 706 006.4 —10.95
2 1 1 2 0 1 1 15705 940.5 —9.56
2 2 2 0 0 2 2 15705 694.2 2.64
2 2 1 1 0 2 1 15705 643.4 —7.55
2 2 1 2 0 2 1 15705 448.7 -0.23
2 3 3 0 0 3 3 15705 261.3 -11.09
2 3 2 0 0 3 2 15705 062 19.1
2 4 4 0 0 4 4 15704 717.9 —0.69
2 4 3 0 0 4 3 15704 390.9 -19.01
2 4 2 0 0 4 2 15704 214.2 23.22
2 5 5 0 0 5 5 15704 029.1 9.34
2 5 4 0 0 5 4 15703 638.1 —4.65
2 6 6 0 0 6 6 15703177.1 14.63
2 6 5 0 0 6 5 15702 728.4 —2.34
2 7 7 0 0 7 7 15702 118.1 -12.33
2 7 6 0 0 7 6 15701 668.2 8.12
2 4 4 0 0 5 4 15638 261.8 1.48
2 4 3 0 0 5 3 15637 931.6 —24.4
2 4 2 0 0 5 2 15637 754.5 14.26
2 4 1 2 0 5 1 15637 256.7 —18.61
2 4 1 1 0 5 1 15637 931.6 -16
2 3 3 0 0 4 3 15652 090.3 —-12.99
2 3 2 0 0 4 2 15651 904 27.72
2 3 1 1 0 4 1 15651943.4 0.91
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TABLE I. (Continued)

Water clusters in the librational band region

B)

523.9 cm? Observed—
band v’ J’ K’ Label V" J’ K" Frequency calculated
2 3 1 2 0 4 1 15651 547.4 8.28
2 4 3 0 0 3 3 15757 562.1 -16.9
2 4 2 0 0 3 2 15757 372.5 14.93
2 4 1 1 0 3 1 15757 562.1 0.57
2 4 1 2 0 3 1 15756 885.4 -3.83
2 2 2 0 0 3 2 15665 830.4 17.29
2 2 1 1 0 3 1 15665 777.6 4.28
2 2 1 2 0 3 1 15665 577.3 5.68
2 1 1 1 0 2 1 15679 432.6 1.87
2 1 1 2 0 2 1 15679 363.8 0.27
2 0 0 0 0 1 0 15692 856.2 —3.44
©
525.3 cm? Observed—
band v’ J’ K’ I J’ K" Frequency calculated
3 0 0 0 1 0 1573584.5 —7.98
3 1 1 0 1 1 1574852.9 -0.85
3 1 1 0 2 1 15722174.1 6.85
3 1 0 0 2 0 1572264.1 7.67
3 2 2 0 2 2 1574825.3 —4.84
3 2 2 0 3 2 15708@7.1 —14.52
3 2 1 0 2 1 15748 263 —2.98
3 2 1 0 3 1 1570880.7 —7.93
3 2 0 0 3 0 15708 80.7 —7.04
3 2 1 0 1 1 1577481.4 -1.09
3 2 0 0 1 0 1577481.4 0.42
3 3 3 0 3 3 1574780.1 -5.89
3 3 2 0 3 2 1574782.1 5.58
3 3 2 0 4 2 1569441.2 11.27
3 3 2 0 2 2 1578748.9 3.83
3 3 1 0 3 1 1574737.6 —4.01
3 3 1 0 4 1 1569462.3 -4.13
3 3 0 0 4 0 1569452.3 -3.07
3 3 1 0 2 1 15787@9.7 0.83
3 3 0 0 2 0 1578729.7 2.76
3 4 3 0 4 3 1574641.3 —3.47
3 4 3 0 5 3 15680 196 5.14
3 4 3 0 3 3 15799@1.3 -12.6
3 4 2 0 4 2 15746@5.8 22.34
3 4 2 0 5 2 1568047.2 14.55
3 4 2 0 3 2 15799 766 16
3 4 1 0 4 1 1574651.1 3.87
3 4 1 0 5 1 15680@3.9 —4.47
3 4 0 0 5 0 1568083.9 -3.15
3 4 1 0 3 1 15799713.2 0.81
3 4 0 0 3 0 15799@3.2 3.25
3 5 3 0 5 3 15745@4.7 -5.36
3 5 2 0 5 2 1574533.5 -12.8
3 5 1 0 5 1 1574523.7 —15.07
3 5 4 0 6 4 1566577.6 14.95
3 5 4 0 4 4 1581136.9 -23.03
3 5 3 0 4 3 15811876 n97
3 5 2 0 4 2 15811 87.7 20.62
3 5 2 0 6 2 15 66548.8 32.34
3 5 1 0 4 1 1581165.8 8.19
3 5 0 0 4 0 1581155.8 11.24
3 5 1 0 6 1 1566582.3 1.2
3 5 0 0 6 0 1566582.3 2.88
3 6 5 0 6 5 1574444.3 5.39
3 6 1 0 6 1 1574395.6 -14.9
3 6 5 0 5 5 1582384.5 -0.17
3 6 4 0 5 4 1582340.3 -10.81
3 6 3 0 5 3 1582380.3 —29.93
3 6 2 0 5 2 1582361.6 -18.17
3 6 1 0 5 1 1582339.1 0.95
3 6 0 0 5 0 1582339.1 4.72
3 6 1 0 7 1 1565092.8 —17.36
3 6 0 0 7 0 1565082.8 —15.24
3 6 2 0 7 2 15650482.5 —4.27
3 6 3 0 7 3 15 65089.7 —19.39
3 6 5 0 7 5 1565132.7 15.37
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TABLE I. (Continued)

©
525.3 cm* Observed—
band v’ J’ K’ 74 J’ K" Frequency calculated
3 7 6 0 6 6 15835%2.6 2.21
3 7 5 0 6 5 15835%2.5 0.16
3 7 3 0 6 3 1583564.9 —0.08
3 7 2 0 6 2 1583586.7 -3.87
3 7 1 0 6 1 1583564.8 18.29
3 7 0 0 6 0 15835%.8 22.85

stants determined from the fits are shown in Table Il. Theand fit. Even with the relatively small humber of observed
observation ofc-type bands did not allow an independent transitions, an unambiguous assignment was possible and the
determination of the ground and excited st&eotational results of the fit are shown in Table II.

constants, and onlsC=C' —C" will be discussed. The re-

sults shown in Table Il were obtained by keeping the ground?. 517.5 cm~* band

state constants fixed at values determined in previous THz
experiments? To ensure that the transitions are indeed Orgi-cm=t can be assigned to (B); via isotopic substitution

nating in the vibrational ground state, initial fits were madeg, neriments and the observation of combination differences
by floating the ground state constants. The resulting molecuyg,, (H,0)s, they could not be definitely assigned or fit to a
lar constants matched the ground state constants very wellgiistactory degree. The transitions possibly belong to a hot

but due to the small number of transitions the excited stat® and judging by the combination differences. The appear-
constants could not be fit without strong correlation. The, '

= > o ance of theQ-branch is not that typically expected for an
root-mean-square deviation of the fits4d2 MHz, whichis |5t symmetric top and both in te and R-branches a

sim.ilar to or better than the frequency accuracy of the €X1arger number of lines were observed than expected. The
periment. band appears to be split into two subbands, possibly by a
_ Coriolis interaction, and all previously observed and
1. 517.2 cm™ band c-type bands of (B0); and (H0); hot bands were split into

A total of 32 transitions were assigned ta@-&ype vibra-  two subbands by Coriolis interactions as illustrated in one of
tional band of (HO); centered at 517.2 cnl, as shown in  the preceding papet$*>*°Presently we are unable to make
Fig. 3(a). Spectral gaps only allowed observation of B(3) a definitive assignment, although it is clear that spectral car-
and P(2) P-branch transitions. Similarly in thB-branches rier for the 517.5 cm* band is (HO);.
only theR(1), R(3), R(4), andR(6) transitions were ob-
served. Additionally, transitions witlK =0 values are af- 3. 523.9 cm™? band
fected by an unknown perturbation and could not be assigned A total of 35 transitions were assigned ta-&ype vibra-

tional band of (HO); centered at 523.9 ci [see Fig. &)].
TABLE II. The results of the fits of the 500 c bands are shown. The Spectral gaps only allowed observation of t¢l)—P(5)
values of the ground state constants were fixed to the values determined #3-branch transitions. Similarly onlR(3) was observed for
Brown et al,” D}, was fixed as it could not be fit without correlation. Al the R-branch transitions. Although the region of tRé5)
values are in MHzZAA=AB—-2AC is relat_ed to the difference in |nert|a! transition was scanned, this laser mode appears to have se-
defect,A(A=I1.—1,—1,), between the excited state and ground state. Like drif d isf f librati
the inertial defect, it is a measure of planarity of a molecule, with a planarv_ere N t a_n no satistactory frequency (_:al ration was pOS-
molecule having—2C=0, andA=0, and a negative sign indicates non- Sible. This is also shown by the fact that it was only possible
planarity.y is a constant introduced to take account ofkhe splittingsin ~ to assign very few of th&-branch transitions of the 525.3

the 523.9 cm! band. The dramatic decrease of the rotational constants itm~1 band. which were scanned with the same mode. The
remarkable and is indicative of significant structural rearrangement. The ’

observed value oAA for the 525.3 cm® band shows a more planar struc- 'nse’[_ of Fig. 8b) shows a comparison of the simulatetK
ture in the excited state. rotational temperatujeand observed-branch. TheQ,(1)

transition is split into an equal intensity doublet. This was
observed for all transitions involving=1. The magnitude

Eo 0.0(fixed)® 15503 814(6) 15706 153(5) 15 748 986(4) of the splitting isJ-dependent and could be fit well by adding
B(=A) 6646.91fixed”  6567.9(7) 6537.8(8) 6525.3(4) a term = yJ(J+1) for all K=1 states to the usual oblate

Although the transitions of a band centered at 517.5

Ground Statt  517.2cmt?® 5239 cm'? 5253cm'?

SC g(gﬁd)f_ ) 622%2841(2) :(?8;‘:(27; *01%)%;"47(8) rotational top energy expression. Although the explicit
T osxri;Tfedc)i)b s 3055(1;) o é02(:(47)) o 111((2)0) source of this splitting is unknown, it has also been observed
D, 0.027fixed? 0 (fixed) 0 (fixed) 0 (fixed) for the degenerate vibrational levels of B); but not for

y 16.81(4) nondegenerate levels as in this case. It appears thadt all
AA -19 +12 +100 =0 transitions are affected by &dependent perturbation
RMS . 12.55 . similar to theK=1 transitions, and onlyP,(1) was identi-

2 uncertainties of fitted constants in parentheses. fied. Unfortunately, extensive analysis of the entire spectral
PBrown et al. (Ref. 13. region did not allow unambiguous identification of the other
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K =0 transitions. The results of the fit are shown in Table |I.TABLE Ill. The calculated harmonic vibrational frequencies and intensities,
AIthough the quality of the fit is within the experimental together with the type of moti‘on and the symmetries of the normal modes in
tainty. the distorti tants for the 523.9 &imand Gg are shown. The frequencies calculated by Klopper and Xantheas do not
uncertainty, the distortuon cons an_ S for . e = n vary significantly?® Due to torsional averaging, the ground state wave func-
are unusual. In all other water trimer vibrational states 0b+ion of the trimer is effectively that of an oblate symmetric top and so we
served to data, the value & ; has been positive and the expect a degenerate OOP and IP vibration. All frequencies are i and
value of Dk negative. Together with the perturb&d=0,1 intensities in km/mol. The only allowed parallel transition from thg¢

i, . - ; - ihrati -1
transitions this leads us to the conclusion that the unusud¥ound state is to thé; OOP librational state at-680 cm ~.

values_ result fro_m an unl_<nown _perturbanon which has NO&ymmetry  Kloppet Type of motion Xantheds Intensity
been rigorously included in the fit.
Az A 346.9 in-plane libration 346 95
443.2 446 132
4. 525.3 cm™* band
» . . A7 A 358.1  out-of-plane libration 356 37
A total of 62 transitions were assigned ta@-#pe vibra- 559.8 574 148
tional band of (HO); centered at 525.3 cil [see Fig. &)]. . 6071 Cof-olane librati o68 so1
. _ . 1 . out-or-plane lipration
As mentioned above, th@-branch region appears to have Al 8279  in-plane libration 864 1

been scanned with an inferior laser mode. Even without
many Q-branch transitions this band has the most complet§<I0pperet al. (Ref. 6.
set of P- and R-branch transitions and(1)-P(7) and Cigmggi'fzfl (4R])éf 3
R(1)-R(7) were observed, although some of the weaker T

transitions within the highel-value clumps were not observ-

able. The fact that not necessarily the strong@dtranch  placements calculated by Xantheetsal. reveals that a rig-
transitions were identified is puzzling and to ensure the vaprous separation into IP and OOP liberations is also mislead-
lidity of our assignments a fit with only>- and R-branch  ing as all vibrations contain both IP and OOP
transitions was made, yielding identical results within thecontributions®® Therefore description of the observed vibra-
error of the fit. TheK=0 andK=1 transitions are spaced tion as theA; OOP libration serves only as a label, and
very closely in frequency and could not be resolved as twayrthermore it is likely that the other librational modes bor-
separate transitions. This can be demonstrated by inspectiggy intensity from this OOP libration, perhaps allowing ob-
of the P(3) clump[see inset in Fig. @)], where the low  servation ofc-type transitions for those modes. Inspection of
frequency line, corresponding to the convolution of theTaple 11l reveals that the calculated frequencies of the vari-
Po(3) andP,(3) transitions, clearly has a larger linewidth oys Jibrational modes differ by 130—350 cifrom the A}

than the high frequency line, corresponding to ®g3)  OOP libration, in contrast to the present observation of three
transition. For the fit the two lines were assumed to bqibrationa| bands within 8 Cﬁ']l_ Overtones Of |ower fre_
spaced by 10 MHz, which corresponds to the value obtainegyency vibrational bands are expected to have lower inten-
by fitting the P(3) transitions as a convolution of three sjty than the very intense transitions we observed here.
Gaussian line shapes. Varying this spacing did not have @herefore, we conclude, taking intensity borrowing by other
significant influence on the molecular constants and the remodes and the limitations of the harmonic approximation

sults of the fit are shown in Table II. into account, that the observed bands do not arise from dif-
ferent fundamental librational modes, but rather just from
IV. VIBRATIONAL ASSIGNMENT one A; vibrational mode, most likely the nondegenerate

OORP libration. 1t is likely that the other librational modes
have not yet been observed, as only a small part of the fre-
quency range of-350—830 cm® has been investigated. The
observation of at least three vibrational subbands rather
arises from a splitting of the rovibrational transitions by the
bifurcation tunneling motion, as explained in the next sec-

The selection rules of th&g symmetry group of the
water trimer allowc-type transitions from the vibrational
ground stateA; ) only to levels ofA; symmetry. There are
six fundamental vibrational frequencies calculatedabyini-
tio methods between 340 and 860 ¢thfor the asymmetric
equilibrium structure of (K0);.3~° Table Il shows these on
calculated harmonic vibrational frequencies and intensities,
together with the type of motion and the symmetries of th
normal modes ifGg. Only one fundamental vibrational bandev' ANALYSIS AND DISCUSSION
with the correct symmetry, th&; (nondegenerajeOOP li- Altogether three VRT bands of (J@); have been mea-
bration, is predicted to occur in the entire librational bandsured previously, all of which occur at frequencies below
region, in contrast to the observation of three bands originat100 cm *.3° The molecular constants of these energy lev-
ing in the ground state of the molecule. However, intensityels, together with some characteristics of the observed bands,
borrowing of other librational modes needs to be consideredare given in Tables IV and V. Two tunneling pathways have
as Klopperet al, who studied various stationary points on been identified in VRT spectra of (B);. The first consists
the torsional potential energy surface, found that a separatf the torsional flipping motion of the free hydrogen atoms to
treatment of the different librational motions is not possible,the opposite side of the oxygen ring framework, also causing
due to coupling between all liberatioRsConsideration of the observed vibrational averaging to an oblate symmetric
these other torsional structures also resulted in a lowering dbp (see Fig. 1 in the preceding papefFor (H,0); the bar-
the librational frequencies. Inspection of the nuclear dis+ier for this motion is less than the zero-point energy of the
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TABLE IV. The molecular constants for the previously obseriedO); torsional transitions are showWnAll values are in MHz except fot which is
dimensionless¢ and |u .. .| are parameters introduced to take the Coriolis perturbations into accourt/arldefined as in Table Il. The change of the
rotational constants is about one order-of-magnitude smaller than for the 500bamds.

(k’n) 00a +1Oa _10a +20a _20a 303
Eo 0.0° 680 605.3(4) 1967 970.003) 2609 774.92)
B(=A) 6646.91(2) 6641.73(4) 6632.11(2) 6626.10(2)
AC 0 2.37(2) 4.09(2) 0.79(1)
D, 0.0417(2) 0.041(1) 0.0413(9) 0.0410(5) 0.0404(4) 0.0405(3)
Dk —0.0631(6) —0.064(3) —0.064(2) —0.063(2) —0.062(1) —0.0627(8)
Dy 0.027(2) 0.030(3) 0.028(3) 0.028(3) 0.027(2) 0.027(2)
13 0.0 —0.05302(2) —0.03950(2) 0.0
PN 0.0 15.344(2) 17.47(1) 0.0
AA 0 —9.98 —23.04 —22.45

#0 uncertainties of fitted constants in parentheses.
Brown et al. (Ref. 13.

torsional mode associated with the tunneling pathway, result- Initially, it seemed puzzling that no such equally spaced
ing in splittings of many wave numbers, and all previouslysplitting of each rovibrational transition by bifurcation tun-
observed (HO); bands arise from transitions between theseneling was easily identifiable for the 500 cfbands. How-
levels. These (kD); bands share a very distinctive feature ever, the observation of at least three bands within 8%cm
in that each transition is split into @sually) equally spaced which cannot be rationalized by distinct vibrational modes,
quartet with a characteristic intensity pattern, which isindicates that the splitting due to the bifurcation tunneling
caused by the second tunneling motion viz. bifurcation. Thenotion is dramatically increased, and the effective barrier
bifurcation tunneling motion has been investigated in detaiheight thereby decreased in the excited vibrational state at
by Wale$“® and has been determined to consist of the ex—~500 cnit. Wales and Fowler and Schaefer calculated bi-
change of a bound and a free hydrogen of one water mokurcation tunneling barrier heights of 381 cf(at the DZP/
ecule together with an odd number of flips of neighboringMP2 leve) and 523 cm? [(TZ2P+diff)/CCSD] including
water molecules, indicative of coupling between the tor-corrections for the zero point energy in the tunneling coor-
sional motion(flip) and the bifurcation tunneling pathwdy.  dinate for (HO)3.2*?If the barrier for bifurcation tunneling
The pathway connects eight degenerate minima on the pgs indeed in this range, excitation of a 500 chvibrational
tential energy surface, and the tunneling motion therebynode will result in a dramatically reduced effective barrier
splits each level into four stated\{,T,,T4,A,) with abso-  height in the excited state, and consequently increased tun-
lute nuclear spin weights of 11:9:3:1 whe=3n and neling splittings, if this vibration is associated with the tun-
8:9:3:0 whenK # 3n. The magnitude of the tunneling split- neling pathway. Inspection of Fig. 1 shows that the nuclear
ting of transitions originating in the ground state+250—  displacements of the water molecule exchanging the free and
300 MHz. The observed splittings corresponds to either thgound hydrogen along the beginning of the bifurcation tun-
difference or the sum of the tunneling splittings in the neling pathway resemble an OOP librational motion. The
ground and excited statesee Table Y. The tunneling split-  OOP libration thus directly involves the hydrogen bond
ting increases only slightly with torsional energy for both preaking motion of the rotating water monomer, and it is
(H20)3 and (D,0)3, showing that the effective barrier in the |ikely that the OOP libration is directly associated with this
excited states is nearly identical to the ground state, and il'h_jnne"ng pathway’ resulting in an increase of the tunneling
dicating only weak coupling of the torsional motion with the spjitting in the excited state of ca. three orders-of-magnitude.
tunneling pathway' Similarly, the degenerate hydrogen Therefore we propose that the bands at 517.2, 523.9, and
bond stretch vibration does not appear to couple strongly tg25 3 cni! originating from the vibrational ground state cor-
the tunneling motion, as the magnitude of the tunneling splityespond to three of the four bifurcation tunneling compo-
ting in the excited state is identical to that of the groundpents.
state™® For the torsional states the individual bifurcation tunnel-
ing components are usually equally spaced with relative in-
tensities determined by the nuclear spin weights. However,
TABLE V. The frequencies and the magnitude of the bifurcation tunnelingfqr the low barrier case proposed for the librational mode,

splitting of all previously observe(H,0); bands are showhThe 42.9 cm* . . L. )
band originates from the first excited torsional state and in contrast to théunnellng between nonadjacem minima on the IPS may con

other bands, the observed tunneling splitting corresponds to the differendéibute considerably to the overall tunneling in the excited
between the ground and excited states. state, resulting in an unequal splittifyDue to the unreli-

able relative intensities obtained in the diode laser experi-
ment, especially over the range of many wave numbers,
42.9 20— +1° 39 identification of the symmetries of the quartet tunneling

Frequency(cm 1) 2 Assignmert Tunneling splitting(MHz)?

23'(13 fg‘kgﬁ ;gg components based on the relative intensities predicted by
' ~ nuclear spin-weights is unreliable. Furthermore, we only ex-
#Brown et al. (Ref. 13. pect to be able to identify three of the four tunneling com-
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FIG. 4. TheB-constant of all previously observed torsional states decreaseg|G. 5. Both theB- and C-rotational constants decrease dramatically in the

nearly linearly with vibrational energyAC is always positive leading to a  excited states of the 500 ¢thbands. Comparison with Fig. 4 reveals the

more negative inertial defect, indicative of an out-of-plane torsional vibra-change to be more than an order-of-magnitude larger than in all previously

tion. observed states. The 525.3 thband has a far less negative inertial defect
than the other bands indicative of a torsional motion towards a more planar
structure.

ponents, due to the fact that one of #hestates has nonzero
intensities only forK=3n. Together with the fact that the
K=0 levels for most bands appear to be perturbed, this wilsuch large changes-1%) of the rotational constants. The
essentially preclude identification of thisstate with the ex- reason for this is that the dimer, having just one hydrogen
isting data set. In addition to the incompletely characterizedond, is less rigid than all other water clusters. It has three
hot band at 517.5 citt there is evidence for a band in close low barrier tunneling motions, and large changes in the ro-
vicinity of the 523.9 and 525.3 cnt bands. Although we are tational constants are sometimes observed upon excitation of
confident that the three assigned subbands arise from bifutarge amplitude vibrations associated with these motions.
cation tunneling, we are presently unable to determine theiThe only such facile large amplitude motion previously ob-
tunneling symmetries, and cannot unambiguously determinserved in the water trimer is the torsional motion of the free
that they belong to one quartet of states. Therefore, furthemydrogen atoms. In that case, the ground state wave function
work is required to confirm the assignment of these threés already fully delocalized over this torsional subspace and
bands to specific bifurcation tunneling components. excitation of the torsional modes therefore does not change
Further insight into the nuclear motions of a vibration the rotational constants significantly. If the molecular con-
can often be gained by inspection of the change of moleculastants are not contaminated by perturbations, the very large
constants on excitation of a vibration. For the torsional en<hanges of the rotational constants observed for the libra-
ergy levels, theB-rotational constant decreases with increas-tional bands reported here imply significant structural differ-
ing torsional energy, whereas th&rotational constant is ences between the vibrational ground state and the excited
larger for all excited torsional energy levels than for thestate, consistent with excitation of a large amplitude libration
ground statésee Fig. 4. This leads to a more negative value that facilitates the bifurcation tunneling motion.
of B—2C, and thus the inertial defect in the excited states, The large decrease in thig and C-rotational constants
consistent with excitation of an out-of-plane torsional vibra-implies participation of IP librational, translational, or tor-
tion. The overall change of the rotational constants relativesional motion. An estimate of the contribution of these mo-
to the ground state is smaller than 0.3% for all torsionaltions, consistent with the observed changes in the rotational
states. However, care has to be taken in such a direct inteconstants, can be obtained by keeping all other intermolecu-
pretation of molecular constants with respect to structuralar coordinates fixed and only varying the average in plane
parameters as the rotational constants can be severely cof®H---O) angles or O—O distances, respectively. A large
taminated by perturbations and state mixing. increase of the average in plane (OKD) angle (between
Given the evidence of perturbations and the possibility~+13°-20° for the different ban@lor an increase of the
of state mixing, an interpretation of the molecular constant©D—O distance of .02—.03 £&~0.6%—1% is required to ra-
of the librational states has to be carried out with care. Howtionalize the observed decrease in Breotational constants.
ever, it still is interesting to attempt such interpretation. Fig-Presently, we are unable to determine the sizes of contribu-
ure 5 shows a graph afB and AC vs. the vibrational en- tions from IP librational and translational motions, although
ergy for the librational bands. The changes of the rotationathe strong coupling of IP and OOP librations found by
constants relative to the ground stateB; —1.2%,—1.6%, Xantheaset al. and Klopperet al. indicate that most of the
—1.8%AC:~—-0.8%,~—-1.7%,~—-3.2% for the 517.2, contribution results from IP motions.
523.9, and 525.3 cit bands, respectivelyare about one The inertial defect becomes slightly more negative for
order-of-magnitude larger than those observed for any watethe 517.2 cm* band, indicating a less planar structure in the
cluster vibration, save for the dimer, and they decrease draxcited vibrational state than in the ground state. For the pure
matically with increasing energy of the librational band. TheOOP libration, such a slight increase in nonplanarity is
water dimer is the only other water cluster, which showslikely, but the large decrease of tiBerotational constant for
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this band still implies additional contributions from either excitation of a libration results in a dramatically increased
translation or IP libration. In contrast, the inertial defect be-bifurcation tunneling splitting, as librations are the dominant
comes more positive for the 523.9 tirband and especially motion for breaking of hydrogen bonds in the bulk, and thus
the 525.3 cm? band(see Table Il indicating an increased are of special significance in liquid water. An investigation
planarity in the excited state. This requires a large decreassf the detailed effects of exciting the various intermolecular
of the torsional angles of the free hydrogdlesy., one hy- vibrations of the water trimer on the bifurcation tunneling
drogen in the plare This coupling to the flipping motion splitting is ongoind*

shows that the nuclear displacements for these librational

bands indeed resemble the bifurcation tunneling pathway/|. CONCLUSIONS

very closely, since we now know that bifurcation is accom- . .
We have presented diode laser VRT results characteriz-

panied by a single flif° Therefore, we conclude from the . ; librational bands b 515 and 528 &
analysis of the rotational constants, that if they are nofnd fourc-type librational bands between an m

strongly contaminated, a new large amplitude motion hagxtending high-resolution VRT data to much higher energies

been excited and that this motion greatly facilitates the bifur—than previously available. We assign the vibrations to the

cation tunneling pathway, resulting in tunneling splittings Onnﬁndeg?hn:a;a:FEf\thOP I|3r?t|o_n, allthoutgh e_xten_s:jve tC?I'Lrj;
the order of several wave numbers. Iplng Wlb |drar:ons an otrs;pna Imo |otns Its evi (i.n ’ i € d
It is also interesting that the rotational constants for thet?rq,e ot se.rve” change In rotational constants Is rationalize
y “activation” of a new large amplitude motion. Together

individual tunneling components vary so much. The rota-~ . .
tional constants ofgthe 52p5 3 c‘r’nbandycould for example with the observation of at least three bands within 8 ¢m

correspond to the transition state of the bifurcation tunnelinqtgﬁolfl Itnudr:(r:gtlz\r:e orfggatti;he i\r/1|t:jr?atlrﬁ;liz;ﬁc”iﬁitrlggst; g:‘unrél_
pathway. Although it seemingly contradicts the definition ofin splittings 'Igﬁis shoulg allow an evat determination of
a transition state that the averaged structure corresponds tothaq barri h.' ht for this | tant t i th

local maximum in the potential, Saket al. have shown that € barrier height for this important tunneting pathway.

C L C Further theoretical calculations at a higher level than
this is possible if the barrier is lower than the energy of the . .

: . 4 . : . currently available are necessary to extract a detailed under-
vibrational staté* For the torsional vibrations, the wave

functions of certain state@vhich are analogous to the tun- standing of the energy levels in this frequency region, which

neling components of the bifurcation motjohave their are probably immersed in a high density of background

. - . . states. In conjunction with this, further experimental efforts
maxima at the transition state for the tunneling motion. In the . . ; S
re clearly necessary to investigate this spectral region in

low barrier case that applies to the excited state of the 50 .

) . . ore detail.

cm - bands, the wave functions are probably delocalize

over the entire subspace of the bifurcation pathway, and cor-
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