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Terahertz vibration—rotation—tunneling spectroscopy of water clusters
in the translational band region of liquid water
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We report the first direct observation of the hydrogen-bond stretching vibration for a water cluster.

A perpendicular band ofD,0); was measured by terahertz laser vibration—rotation—tunneling
spectroscopy at 142.8 crhin the “translational band” region of the liquid corresponding to the
hindered translational motions of water molecules. We have tentatively assigned the spectrum to
transitions from the vibrational ground state to the degenerate hydrogen-bond stretch or a
combination or mixed state of the degenerate stretch and a torsional vibration. Comparison with
theoretical results shows that calculated frequencies are much too high, presumably because they do
not include coupling between the torsional and stretching vibrations20@1L American Institute of
Physics. [DOI: 10.1063/1.1337051

I. INTRODUCTION based on the SAPTs5potential fit to a large number afb
initio data points computed by symmetry-adapted perturba-
In recent years the study of small water clusters in th&jon theory(SAPT). This potential was improved by tuning it
gas phase has been stimulated by the prospects for determig spectroscopic data in six-dimensional calculations of the
ing an accurate intermolecular potential for water as well agyater dimer far-infrared spectrum. When supplemented with
for unraveling the molecular details of the hydrogen-bondexplicitly calculated three-body interactions obtained by
dynamics.™*? Water clusters have now been studied in greaisaPT, it reproduces not only the equilibrium structure of the
detail by microwave and terahertz laser vibration—rotation—water trimer, but also the measured torsional frequencies.
tunneling (THz-VRT) spectroscopy at low frequencies  The water trimer, the structure of which is shown in Fig.
(<105 cm'Y), and in less detail in the mid-infrared by a 1, is thus the key to the next step toward developing an
variety of methods including infrared cavity ringdown accurate model for the bulk, as the VRT data allow explicit
spectroscopy.”****"**There have been numerous theoreti- quantification of three-body forces. Current interest in the
cal efforts comparing the THz-VRT results with calculationswater trimer is evidenced by the large number of recent the-
employing bothab initio results and empirical potentials. oretical calculations investigating its structure, torsional po-
The experimental results have allowed the determination ofential energy surface, vibrations, and hydrogen bond tunnel-
the two most accurate intermolecular water pair potential tang dynamics®2°=2° Much effort has been spent in
date. The first is the VR(ASP-W) potential of Fellers collecting an extensive experimental data set for
et al,'”> who made a six-dimensional fit based on Stone’s(H,0),, (D,0)s, and the mixed isotopomers by VRT spec-
ASP-W potential to water dimer spectroscopic data. This potroscopy, with four, seven, and six vibrational bands, respec-
larizable potential accurately reproduces the experimentallyively, observed to daté®3°
determined properties of the water dimer as well as the sec-  All previously reported water cluster VRT spectra, with
ond virial coefficients of water and it even reproduces theexception of the 137.7 cif(D,0), band, lie in or close to
structures of the trimer and tetramer, since it implicitly con-the “bending band” of liquid water(~60 cm ). These
tains the dominant many-body interactiGnduction. What  VRT results have been primarily limited to torsional motions
is missing for describing the bulk phases of water at thisof the free hydrogens, which are not thought to be a domi-
point is principally the three-body exchange interaction,nant motion in room temperature liquid water because of the
which constitutes~10% of the liquid cohesive enerdy™®  small number of single donor—single acceptor molecules in
The second accurate water pair potential is SABTeHied®  the liquid. Although these VRT spectra have facilitated the
development and calibration of various potentials and theo-
aAuthor to whom correspondence should be addressed. Electronic mail€tical models, and have yielded much insight into the nature
saykally@uclink4.berkeley.edu of hydrogen-bond—tunneling dynamics, it would clearly be
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FIG. 1. The equilibrium structure of the water trimer is shown together with
one of the two experimentally observed tunneling motions. The facile flip-
ping motion of the free hydrogen/deuterium connects two degenerate

minima on the potential energy surface. Altogether six such minima can be
interconnected through this torsional motion, splitting each torsional energy \

level into six.
(D,0);

very interesting to investigate cluster vibrations which more
closely resemble those known to occur in liquid water.

The lowest strong vibrational feature of the liquid is the i
“translational band,” centered at 180 crhin H,O and 170 I ” I ‘ I “
cm tin D,O. The hindered translation of water molecules Le—|—||—|—
giving rise to this absorption feature is essentially a hydrogen 105 MLO MLS M2.0 3625 .0 143
bond stretching vibration, but no detailed experimental study —
exists that would allow the characterization of these motions
on a molecular level. It has been proposed that the hydrogen-
bond stretching vibrations in the liquid are local vibrations T T T |
involving only a very small number of water molecufés. 100 150 200 250
The hydrogen-bond stretching vibrations of small water clus- Frequency [em’']
ters can therefore provide models for translational vibration . . ,

. . . . FIG. 2. An overview of the observed,D transitions with respect to the
'_n th,e bulk, especially as the free hydrOgenS_the main dISt'ranslational band of liquid BD shows that the 142.8 crhband lies well
tinction of water clusters from the bulk—are predicted not towithin the translational band of the liquid. The first inset shows a stick
influence the stretching vibrations significantly. A study spectrum representation of the 142.8°¢rtD,0); band and the second inset
Comparing the effect of exciting the various intermolecularis a scan of théQRz_(‘2) transition, representative of the strongest observed
vibration on the dynamics of water clusters with liquid water ©VPrational transitions.

is ongoing. Therefore, we have sought to extend the fre-

guency range of our terahertz spectrometer to enable the

study of this novel vibrational maotion.

We have investigated the frequency range from 4.1-4
THz (137-143 cm?), thus performing the first high resolu-

gf v(lasep = v(microwave, which results in an effective tun-

“ing range of 2—60 GHz centered around each FIR laser. The

tion measurements in the translational band region of quuidS'de.ands are _mqupassed through a pulsed supersonic ex-
pansion of a mixture of argon and,O and detected on an

water. Figure 2 shows the observed transitions fg0 n unstressed germanium/gallium photoconductive detector
relation to the translational band of the liquid. We have as- g 9 P i

signed a VRT spectrum of (D,0); centered at The pulsed molecular beam is produced by expanding pure

4.2847817®7) THz to the degenerate hydrogen bond Ar, sg';urated with BO, thr_ough a 1(.)1.'6 mm-long slit at a
o L . repetition rate of 33 Hz while maintaining the vacuum cham-
stretch vibration, combination band, or mixed level of the

) o ber at approximately 35 mTorr with a Roots blowd-
degenerate hydrogen bond stretch and torsional V|brat|ons.Wards EH420p backed by two rotary pumpsEdwards

E2M275.

The extension of the frequency range of our instrument

The Berkeley terahertz spectrometer used in the obsete frequencies larger than 3.0 THz, which corresponds to the
vation of the new 142.8cmt(D,0); band has been de- translational band region of liquid water, has been made pos-
scribed previously and only the principal features and recengible through the recent improvements in Schottky barrier
improvements will be discussed heéfe®* Tunable terahertz technology by Crowe and co-workets.Earlier Schottky
laser light is generated by nonlinear mixing of fixed fre- barrier diodes designed for high frequency made measure-
guency THz radiation with tunable microwave radiation in aments above 4 THz extremely difficult as the contact be-
Schottky barrier diode. TheP(34) transition of a line tun- tween the antenna and the diode was very unstable and it was
able CQ laser with an output of 85 W is used to pump thetime consuming to repeatedly reestablish the contact. Al-
70um(4.251 6736 THECH;OH gas laser. The THz radia- though the contact area between the diode and the antenna
tion and the fundamental, first, or second harmonic of dor the 1T24 diode remains much smaller than the 1T12
HP8367B microwave synthesizé2—26 GHz are coupled Schottky barrier diode used in previous, lower frequency ex-
through an antenna onto a 1T24 Schottky barrier diode. Mixperiments, the stability and time for recontacting are compa-
ing in the diode produces tunable sidebands with frequenciesble.

Il. EXPERIMENT
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PQI(S) PQ1(4) PQ1(3) PQI(Q) PQ[(l) for the strongest transitions. N®-branch transition_s _hig_her
in frequency tharfR;(3) were observable due to limitations
| ” | | I || | || of the microwave frequency available for sideband genera-
tion.

The spectrum exhibits severe Coriolis perturbations.
Compared to othe®-branches, th&Q,-branch is expanded
and the”Q;-branch is compressed. T =1 states of the
AK=+1 band are split into a doublet, with the

RQ,-transitions terminating in the lower energy doublet
|\ component and th€P,- and RR,-transitions in the higher
10MHz 8.7 MHz energy one. AllK=0<—1 transitions are split into nearly
equally spaced equal intensity triplets, which is readily ob-
428'7 . 428'7 ) 428'7 ] 428'7 . servable in thé’Ql—brangh shown in Fig._3, but is also fqun.d.
‘ F.requency [GH'z] ‘ for the PP, -branch transitions. The spacing shows no signifi-
cant dependence ajj although there might be a slight de-
FIG. 3. Inspection of th8Q,-branch shows that af=0< —1 transitons ~ Créase of the magnitude of the splitting for higlevalues.
are split into equal intensity triplets within the experimental uncertainty. TheThe spacing of these triplets is nearly equal with about 10.0
spacing is about 10 and 8.7 MHz. and 8.7 MHz(Fig. 3.

Previous work on the torsional states of the water trimer
introduced a quantum numbérassociated with the pseu-
dorotational symmetry associated with these states. In the

We report the observation of @atype VRT spectrum of  Gg¢PI group of the water trimer there exist six symmetries
(D,0); at 142.8 cm* (4.284 781 7@7) TH2). As the experi- and their correlation to thé-label are shown in Table I.
mentalA and B rotational constants are identical for the wa- Selection rules require that the excited state hkwet 2
ter trimer,a-type andb-type spectra are identical. A total of symmetry for ana-type band originating in the vibrational
119 transitions were measured with a precision of 3 MHzground state. The appearance of the spectrum is very similar
and assigned by first identifying th@-branches and then to that of the 28 and 81.8 cm bands of(D,0);. Accord-
using known vibrational ground state combination differ-ingly, the assigned transitions were fit to the energy expres-
ences of(D,0); to assign theP- and R-branch lines. Using sion developed for those bantfsThe assigned transition
combination differences of the first degenerate excited levelfrequencies are given in Table 1l together with the differ-
resulted in much larger differences between calculated andnces between observed and calculated frequencies.
observed values. The molecular constants determined from this fit are

A stick spectrum representation of the new band, togiven in Table Ill. It was not possible to fit th@-rotational
gether with the observe@R,(2) transition is shown in the constants for the excited and the ground state without corre-
inset of Fig. 2 and is typical for a perpendicular band of anlation, and onlyAC will be discussed. The rms deviation of
oblate symmetric top. The most intense transitions were obthe fit was 0.86 MHz, which is better than the frequency
served in theR-branch and have a signal-to-noise rdN)  accuracy of the experiment, and the quality of this fit is one
of about 30:1. This can be compared to a S/N ratio of aboupf the best obtained for any VRT band measured to date.
8000:1 for the strongest torsional bafeim of all bifurca-
tion tunneling componentsThe linewidths were about 3.7 V. VIBRATIONAL ASSIGNMENT AND ANALYSIS

MHz slightly larger than the Doppler limited linewidths ob- . . . . . -
served in the 4.1 THz(137.7 c)(D,0), band. Bifurcation Bgfore discussing the V|brat|qna}l assignment |t. is helpful
tunneling splittings were not observed, in contrast to all pre—t0 review some of th? characteristics of the previously Ok.)'
viously observedD,0); bands except for the 583.2 GHz served(D,0); bands, insofar as they pertain to the analysis
band reported in the previous paper. Decreasing the modulg—f the band reported here.
tion depth revealed barely observable shoulders on each lind, Previously observed (D,0); bands
indicating possible bifurcation tun_nell_ng sp_llttlng_s of less Six VRT bands of(D,0); have previously been mea-
than 1 MHz. Due to the decrease in signal intensity accom- . . . Lo

anying reduced modulation depth this was onl observablgured’ al Of which arise f“im t0r3|0r_1al V|brat!0ns and oceur
panying P Y at frequencies below 100 ¢rh?®% This collection of bands

at low frequencies has been explained in detail previgisly
TABLE I. Correlation of the pseudorotational quantum numkemd the ~ and is caused by the very facile flipping motion of the free
symmetry labels in th€g group of the water trimef. deuterongFig. 1). Flipping of one of the two free deuterons
. which are on the same side of the oxygen framework is sym-
metrically equivalent to a rotation around the figucg axis.

Al 0 The barrier for this motion is very near to the zero point

Ill. RESULTS

Symmetry inGg

As Az energy, giving rise to a very large tunneling splitting and
23, A2 3 generating the pseudorotational manifold of energy levels
! shown together with the previously observed transitions be-
aFrom Viantet al. (Ref. 26. tween them in Fig. 1 of the preceding papér:*® The mo-

N -
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TABLE II. The assigned transitions are shown together with the difference between calculated and observed frequencies. The cere+r® of-tle
triplets were used in the fit. The two degenerate vibrational levels are labetet], 2, with the level pushed to higher energy by the Coriolis interaction being
v'=2. Label 1 refers to all observétvalues forv’ =1, including the lower of the splk=1 states, and label 2 refers to the otKer 1 state ofv’=1. Label

3 corresponds t& values withK=J,J—1 of »'=2 and label 4 to all otheK-values.

Frequency Obs—Calc. Frequency Obs—Calc.
v’ Label J’ K’ v’ J’ K" (MHz) (MHz) v’ Label J’ K’ I J’ K" (MHz) (MHz)
1 1 8 5 0 8 4 4258811.88 -1.35 2 4 5 1 0 5 2 4292 666.64 0.88
1 1 7 5 0 7 4 4259 032.56 0.93 2 4 4 1 0 4 2 4292804.28 0.82
1 1 6 5 0 6 4  4259221.44  —0.48 2 4 3 1 0 3 2 4292914.98 0.14
1 1 5 5 0 5 4 4259 384.28 —-0.14 2 3 2 1 0 2 2 4293000.84 1.75
1 1 9 4 0 9 3 4264049 0.29 2 4 6 2 0 6 3 42981054 —0.1
1 1 8 4 0 8 3 4264302.88 0.87 2 4 5 2 0 5 3 4298270.04 —-1.92
1 1 7 4 0 7 3  4264525.72 0.26 2 4 4 2 0 4 3 4298413.68 1.66
1 1 6 4 0 6 3 4264 719.52 -0.13 2 3 3 2 0 3 3 4298526.36 1.42
1 1 5 4 0 5 3 4264 885.84 0.73 2 4 9 3 0 9 4  4303065.64 —1.42
1 1 4 4 0 4 3 42650225 0.2 2 4 8 3 0 8 4 4303313.28 0.67
1 1 9 3 0 9 2 4269539.1 0.43 2 4 7 3 0 7 4  4303532.76 —0.75
1 1 8 3 0 8 2 4269800.4 -1.33 2 4 6 3 0 6 4 430372752 —1.32
1 1 7 3 0 7 2 4270032.2 —-0.34 2 4 5 3 0 5 4 4303897.8 0.03
1 1 6 3 0 6 2 4270232.7 0.55 2 3 4 3 0 4 4 4304038.8 —0.82
1 1 5 3 0 5 2 4270402.5 1 2 4 9 4 0 9 5 4308699.6 0.17
1 1 4 3 0 4 2 4270542.3 0.91 2 4 8 4 0 8 5 4308948.84 —0.45
1 1 3 3 0 3 2 4270652.3 -0.19 2 4 7 4 0 7 5 4309173.72 0.1
1 1 7 2 0 7 1 4275541.92 —0.05 2 4 6 4 0 6 5 4309370.88 —0.76
1 1 6 2 0 6 1 4275753 —0.49 2 3 5 4 0 5 5 4309542.84 0.19
1 1 5 2 0 5 1 4275930.12 —0.68 2 3 1 0 0 2 1 4264 277.92 0.09
1 1 4 2 0 4 1 4276076.24 0.52 2 4 3 0 0 4 1 4240960.48 0.26
1 1 3 2 0 3 1 4276 189.92 0.12 2 4 4 0 0 5 1 4229266.72 0.75
1 1 2 2 0 2 1 4276 273.32 —0.95 2 3 1 1 0 2 2 4269868.76 —1.76
1 1 8 1 0 8 0 4279997.4 0.98 2 3 2 1 0 3 2 4258223.28 0.05
1 1 7 1 0 7 0 4280420.3 -0.97 2 4 3 1 0 4 2 4246550.28 —0.01
1 1 6 1 0 6 0 4280793.4 -0.34 2 4 4 1 0 5 2 4234854.4 1.37
1 1 5 1 0 5 0 4281113.3 —-0.25 2 4 5 1 0 6 2 422313276 -—-0.2
1 1 4 1 0 4 0 4281379.5 —0.93 2 3 2 2 0 3 3 426383144 —-1.65
1 1 3 1 0 3 0 4281594.8 0.61 2 4 4 2 0 5 3  4240458.97 —0.63
1 1 2 1 0 2 0 4281754.8 0.14 2 4 5 2 0 6 3 4228737.36 0.6
1 1 1 1 0 1 0 4281861.5 -0.21 2 3 3 3 0 4 4 4257 786.48 1.07
1 2 2 1 0 1 0 4305091.56 —-1.21 2 3 4 3 0 5 4  4246083.96 —0.43
1 2 1 1 0 2 0 4258728.12 —0.38 2 4 5 3 0 6 4 4234 359.52 0.31
1 2 2 1 0 3 0 4247133.8 0.37 2 4 6 3 0 7 4 4222608.7 —2.44
1 2 3 1 0 4 0 4235536.08 —2.19 2 4 7 3 0 8 4  4210840.2 —1.38
1 1 2 2 0 1 1 4299457.6 —-1.26 2 3 5 4 0 6 5 4240 000.04 0.27
1 1 3 2 0 2 1 4310964.84 -0.1 2 4 6 4 0 7 5 4288 249.68 0.78
1 1 3 3 0 2 2 4305427.8 -0.55 2 3 5 5 0 6 6 4245658.82 0.53
1 1 4 4 0 3 3 4311388.8 0.36 2 3 6 5 0 7 6 4233905.8 1.16
2 4 7 0 0 7 1 4286752.24 0.78 2 4 7 5 0 8 6 4222129.44 1.05
2 4 6 0 0 6 1 4286927.48 0.52 2 4 8 5 0 9 6 4210330.3 -0.55
2 4 5 0 0 5 1 4287 082.52 0.24 2 3 6 6 0 7 7 4239578.4 0.23
2 4 4 0 0 4 1 4287215.48 0.29 2 3 7 6 0 8 7 4227 799.6 0.97
2 4 3 0 0 3 1 4287 324.32 0.52 2 3 7 7 0 8 8 4233485.3 -—-1.11
2 4 2 0 0 2 1 4287407.24 0.65 2 3 8 7 0 9 8 4221682 0.72
2 3 1 0 0 1 1 4287 463.04 0.62 2 4 9 7 0 10 8 4209855.1 -0.11
2 4 9 1 0 9 2 4291876.8 1.48 2 3 8 8 0 9 9 42273817 -—0.78
2 4 8 1 0 8 2 4292 105.04 -1 2 3 9 9 0 10 10 4221265.4 —0.39
2 4 7 1 0 7 2 4292 316.24 0.5 2 3 10 9 0 11 10 42094111 0.68
2 4 6 1 0 6 2 4292503.68 0.9

lecular constants describing the torsional energy levels, toet al's detailed treatment of the water trimer including the
gether with some characteristics of the observed bands are torsional and bifurcation tunneling motion as well as overall
Tables IV and V. rotation showed that while the flipping motion is symmetri-

All bands involving degenerate levels are perturbed, andally equivalent to rotation around th@-axis, the expecta-
both the 28 and 81.8 cnl bands show splittings of thk tion value for first-order vibrational angular momentum is
=1 level of theAK=+1 transitions and have anomalous zero and there can therefore be no first-order Coriolis
bifurcation tunneling splittings of th=0< —1 transitions. interaction’® The recent fits of all previously observed
The perturbation is of the form expected for first-order Co-(D,0); bands to van der Avoircet al’'s model explains
riolis interactions withK-type doubling. van der Avoird nearly all observed perturbations for these baids.
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TABLE Ill. The molecular constants determined for the 142.8 tiiD,0),

band are shown. All values are in MHz except farvhich is dimensionless.

Only AC was determined as it was not possible todit and C” without
correlation.AA=AB—2AC is related to the difference in inertial defect,
A(A=1,~1,—1;), between the excited state and ground state. Like the &
inertial defect, it is a measure of planarity of a molecule, with a planar & H
molecule havingB—2C=0, andA=0, and a negative sign indicates non- 57907
planarity. ¢ is the linear Coriolis term an¢l. .| the second order term M
developed by Viant and GeleijiisThe excited state of the 142.8 cfnband

is the first(D,0); or (H,0); band with a negativd C and has the smallest
increase of the inertial defect for any band.

5800 r 3100

5795 —

[~ 3095

[~ 3090

[ZHINT D

5785 = - 3085

5780

- 3080
Excited States T

Ground Stat?

0 1000 2000 3000 4000
Eo 0.0 4284 781.8) Vibrational energy level [GHz]
B(=A) 5796.345) 5782.335)
AC o° —5.036) FIG. 4. Experimental values of th® and C rotational constants vs. vibra-
D, 0.02928) 0.02748) 0.028@7) tional energy(Ref. 26. The closed circles and squares, respectively, corre-
D« —0.0403) —0.0453) —-0.0384) spond to theB-‘and C-values for the previously observed torsional bands
Dy 0.008447) 0.0113) 0.0116) and the open circle and square correspon_d t<Bthde-'vaIue of the 142.8
e 0.0 ~0.027082) cm’ll band presented herg. Also shown is a I|_near_ fit of the values of the
P 0.0 12.812) previously observe®-rotational constants vs. vibrational energy.
AA 0.0 -3.95

#As defined by Viangt al. (Ref. 26.
b1 uncertainties of fitted constants in parenthesis.
‘Fixed.

trend, as they can arise either from the difference or the sum
of the bifurcation tunneling splittings in the ground and ex-
cited state(see Table V. The bifurcation—tunneling motion
consists of the exchange of a bound and a free deuterium
The B rotational constant decreases with increasing toratoms of one water molecule accompanied by an odd number
sional energy, whereas tl@@rotational constant is larger for of flips of neighboring water molecules. This weak coupling
all excited torsional energy levels than for the ground statéetween the torsional motiofilip) and the bifurcation tun-
(see Fig. 4. This leads to a more negative inertial defect inneling pathway probably explains the slight increase in the
the excited states, consistent with an out-of-plane torsionahagnitude of the splitting with increasing torsional energy.
vibration. The Coriolis constant appears to decrease for the Both the 28 and 81.8 cnt bands have anomalous bifur-
higher lying torsional manifold K+n') and ¢ is already cation tunneling splittings in th&=0<—1 transitions. In
close to zero in ther 21 level. the degenerate vibrational levels there exist two degenerate
All previously observedD,0); bands share a distinctive T,- and T-states, whereas th&-states are nondegenerate.
feature in that each transition is split into an equally spaced’he two degenerateT-states are connected via the
guartet with a characteristic intensity pattern. This splittingbifurcation—tunneling pathway and split, resulting in four
arises from the bifurcation tunneling motion, which connectsstates, which together with th&states gives rise to six tun-
eight degenerate minima on the potential energy surface rexeling components. The magnitude of the tunneling split-
quiring an expansion of the Pl Group froBy to G,g. The  tings is such that a pseudoquartet appears again, but with an
tunneling motion splits each symmetry in tg group into  unusual intensity ratio of 248:54:108:18ee Fig. 5 The
four states(e.g.,A; = Az, T, , T4 ,Az,) With characteristic  magnitude of the observed splitting for this pseudoquartet is
nuclear spin weights of-7:11:5:1, which is reflected in the very similar to the regular bifurcation tunneling splitting.
observed intensity pattern. The magnitude of the tunneling his is only observed for thKk =0 levels, as the other levels
splitting increases with the energy of the vibrational levelare not degenerate because their splitting is proportional to
whereas the observed splittings do not follow a smoottvia the Coriolis interactioR>®

TABLE IV. The molecular constants of all previously obser®dO); torsional levels are shownAll values are in MHz, except fof which is dimension-
less.AC is positive andAA negative for all torsional states.is nearly negligible for the higher torsional states.

(k,n) OOa +10a _10a +20a _20a 30a 31a +21a _21a
Eo 0.0° 255 976.494) 839 186.813) 1232139.484) 2709 548.146) 2940 936.954)
B(=A) 5796.342) 5796.043) 5794.643) 5792.8713) 5788.733) 5786.322)
AC 0.0° 2.84(5) 8.093) 11.832) 2.26(5) 0.992)
D; 0.02933) 0.02974) 0.02884) 0.02714) 0.02614) 0.02655) 0.02865) 0.02784) 0.02854)
Dk -0.0421) -0.05q1) —0.0501) —0.0441) —0.0392) —0.0451) —0.0441) —-0.0481)  —0.04%1)
Dk 0.0162) 0.0232) 0.0283) 0.0202) 0.0163) 0.0222) 0.0212) 0.02713) 0.0141)
L° 0.0 —0.043872) —0.048192) 0.0 0.0 0.0003®@)
[w**|° 0.0 26.681) 13.6713) 0.0 0.0 3.61)
AA 0 —5.98 —17.86 —27.13 —12.13 -12

& uncertainties of fitted constants in parenthesis.
PFixed.
‘Results from Vianget al. (Ref. 26.
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TABLE V. The magnitude of the bifurcation tunneling splitting increases with torsional energy. The calculated
and experimental relative intensities of all previously obserii,) vibrational bands from the vibrational
ground state are comparable. The experimental relative intensity of the 984 bamd is smaller than the
calculated one as it was scanned with an older source generation. In contrast the bifurcation tunneling splitting
of the 142.8 cm® band is close to that of the vibrational ground state and the intensity is dramatically smaller
than that calculated for the next allowed torsional transitiar2f< —0°).

. . ) Relative Intensities
Bifurcation—Tunneling

Frequency(cm™ %) Assignment Splitting [MHz] Experimental Calculatéd

19.3 +20<—+10 <1

28.0° +20<-0° 0.9 5.0 11
41.1° +30<—Q° 1.5 125.0 125
81.8 +3l<c—+10 2.7

89.6' +2l<—+10 5

98.1° +2l<—Q° 5 5.0 35
166.7 +22<-0Q° ~10 11
142.8 <1 0.6

®Results by Keutsclet al. (Ref. 28.
PResults by Vianet al. (Ref. 26.
‘Results by Suzuket al. (Ref. 1).
‘Results by Puglianet al. (Ref. 39.
*Results by Olthokt al. (Ref. 36.
Results by Geleijnst al. (Refs. 37, 38
9Reported here.

B. Vibrational assignment frequencies at somewhat lower frequercyThe symmetric

T
Ab initio calculations predict a number of states betweerPtretch .hasAl sy.mm.etry and C,OUId ‘hc?rEfO.re only be 0b-
100 and 200 cm! with the observed excited state served in a combination band with the2” torsional level. It

symmetny® The first is the lowest heretofore unobserved!s Unlikely that the 142.8 cm band corresponds to this case,

purely torsional energy level (ﬁ; A; symmetry, which we as the intensity of such a combination band would be ex-
will call =22, calculated to lie at 167 cnt.® Although this tremely weal® Furthermore, the estimate of the symmetric

energy is about 15% too high, it is not unreasonable as thetretch frequency is probably better than for the case of both
calculated value for the torsional energy level at 98 &iis the very anharmonic torsions and the asymmetric stretch as
also 10% too high. According to Salet al, the =22 level  this is expected to couple strongly to the torsions, which
may well consist of a combination level of thq and r, ~ Would lead us to expect such a combination band of symmet-
torsional modes, whereas all previously observed levels onl§ic stretch and torsion at much higher energies. The situation
involve the r; normal modé Of course, a normal mode for the asymmetric stretch is more complicated. The ground
description is poor for large amplitude motions and everystate wave function ofD,0); is equivalent to that of an
vibration can certainly be a combination of the normal modeoblate symmetric top, and thus one expects a degenerate
motions. asymmetric hydrogen-bond stretching vibration of the ob-
All other calculated levels involve the hydrogen-bondserved symmetry rather than two distinct asymmetric
stretching vibrationsAb initio calculations generally give vibrations?! This degenerate asymmetric stretch itself also is
three stretching vibrational frequencies: the symmetrioof k=*2 symmetry and could therefore correspond to the
stretch at about 175-210 ¢ and two asymmetric-stretch observed band. Sabet al. point out that the degenerate

Regular Tunneling Splittings Anomalous Tunneling Splittings
98cm™ band
+ —— - e — A T+ FIG. 5. Anomalous bifurcation tunneling splittings of
A, TA,, (70/70 P 1 e .
2 1A ) e Agy T84, TT,7 (70/70/108) the K=0<—1 transitions in the 98 and 142.8 ¢
T,/T, (108/108) —? o — T+ (54) bands(Refs. 25, 36 The splitting of the degenerate
::«:\ ) T-states folK =0 of the degenerate vibrations results in
T,/T," (54/54) _<:\ N —— T, (108) a pseudoquartet with an unusual intensity ratio of
e . R e s 248:45:108:70. The magnitude of the observed splitting
AyTA,T (818) —_— e AVYATTS (818/54) is nearly identical to that observed for all other
K-values. Splitting of the degenerafestates forK =0
142.8em™ band in the 142.8 cm® band would produce the observed
equal intensity triplets if the magnitude of this splitting
e LT (108/54) is about one order-of-magnitude larger than in the regu-
AL TAT T -7 AL ALY lar bifurcation tunneling splittings of all othé¢-values.
o uw'tu - 2g 3g
T A TA,T \\\ A TAL T (70/70/818)
' T,'/T," (108/54)
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A B C D corresponds to &= =2 level with large torsional contribu-
—2 e — 2 2 _Zé tions in agreement with the results from the fit.
142.8 c ! s 2 | A8 I _l_‘;g
I AS ! : 1. Intensity
i The calculated and experimental intensities for all
; (D,0)5 bands originating from the ground state are shown in
1 Table V. The intensities of bands originating in thel®
—: level are not comparable, as this level is significantly less
| populated in a supersonic jet than is the ground state. The
L _:_ calculated and experimental relative intensities of the
| =+2%<—-0° and thek=+3%<—-0° transitions compare
_}_ fairly well, whereas the experimental intensity of tlke
=+21<—00 transition is too low, which is due to the fact
that it was measured with an older source generation. The
largest S/N ratio for a single tunneling component of khe
F'hG- fﬁzTge f‘}‘j’gosjit_"e \;:b'a“o”a' aslijg”me”ts 0(‘; the (11_43%10:)’&”3- =+29<—00 transitions was about 100:1, corresponding to
geSicted'ascrdnash:é] arlrsovsvs?v'\ll'rt:eazesgoelneraartrgvgs?/rr]nm?ert?iclcsteretct?r;sSlaili)t@dS/ N ratio %f ab_OI_Jt 250:1 for the sum of all f_our tunneling
AS. A corresponds to the case of a purely torsional vibratiar2?), B a components? This is about one order-of-magnitude stronger
purely translational vibratiofAS), C a combination band of AS and tke  than observed for the new band, revealing the latter to be the
= =22 Jevel, andD a mixed level of translation and torsion. Analysis of the weakest(D,0); spectrum, and indeed one of the weakest

band intensity, the molecular constants, and the bifurcation tunneling split: : .
ting determined for the excited state, indicate that c&esdD are most water cluster absorptions detected to date. The sensitivity of

likely. A distinction between the latter cases requires a detailed experiment?Ul SPectrometer is comparable at the higher frequencies and
investigation in the 3—5 THz range. we were able to observe transitions frdavalues as high as
40 for the R-branch transitions of the 137.7 ¢f{D,0),
band. Table V also shows the calculated intensity forkhe

asymmetric stretch could itself give rise to a manifold of = +22< —Q° trimer transition, which is comparable to that
pseudorotational energy levels similar to that of the torsionapf thek= =+ 2°< — 0° transition3’3 The low observed inten-
motion, thereby lowering the energy of the first degeneratgiity of the present VRT band differs significantly from this
stretching vibration considerably, as in the case of tharend and reflects what might be expected for the pure asym-
torsions?' It is also expected that the degenerate asymmetrignetric stretch, a mixed asymmetric stretch/torsional vibra-
stretching vibration will generate first-order vibrational an-tion, or for a combination band of asymmetric stretch and
gular momentum and furthermore couple strongly to theorsion. The intensity for a combination band is expected to
higher torsional manifolds, allowing combination bands andhe very small making experimental observation of such a
possibly resulting in mixed modes containing both torsionalband quite unlikely, and although we cannot rule out this
and stretching motion®. Thus there exist three othdin  possibility with certainty, no combination band has been ob-
addition to thek= =22 level) low-lying states with the cor- served for any water cluster to date.
rect symmetry(see Fig. 6. The first state consists of the pure
degenerate asymmetric stretching vibration. The second POS \1olecular constants
sible state consists of a combination band of tha° tor- ’
sional mode with the degenerate asymmetric stretch, and the Viant et al. showed that the experimental value of the
third is a mixed mode involving both the degenerate asymB-rotational constant ofD,0); decreases linearly with tor-
metric stretch and some excited torsional motion. sional energy and thB-value for the 142.8 cm'" band fits

A distinction between the four possible assignments, esthis trend quite well(see Fig. 4°° This increase was ex-
pecially the latter three, is only possible through the detailedlained with an increase in the average O-O distance by
analysis of the observed molecular constants, perturbation§oupling of the symmetric stretch with the torsional motion.
and intensity of the band. Saboet al. have proposed that for the higher torsional levels
additional coupling to the degenerate asymmetrzilc stretch is
. _ required to rationalize the observe®-values> The
C. Analysis of 142.8 cm ~* band C-crlotational constant cannot be determined for the torsional

The similarities between the new band and the 28 andtates as it is contaminated by the Coriolis perturbation.
81.8 cm! bands, and especially the fact that it was only These examples show that care has to be taken when extract-
possible to get a fit of the data using the Hamiltonian develing a structural interpretation from rotational constants.
oped explicitly for the torsional energy levels, suggests thaHowever it is interesting to attempt such an interpretation as
the vibration at least partially involves a torsional motion.it can reveal information about the nuclear motions of a vi-
However it should be pointed out, that the excited state obrational state. The 142.8 c¢rhband is the onlyD,0); or
the asymmetric stretch can be viewed as ‘“combination(H,O); band to date that shows a negative valueA@. In
level” with the torsional ground state levek€ =0°). This  fact, two timesAC is close to the value akB, showing that
state is already delocalized over the whole torsional subspadhke inertial defect does not increase significantly in the ex-
and thus even the excited state of the asymmetric stretctited vibrational state. This is the smallest increase in inertial

B IR
—
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defect of all observedD,0); bands, far smaller than for the 3. Bifurcation —tunneling splittings

other levels lying at high energy. As the magnitude of the  The lack of observed bifurcation—tunneling splittings in
inertial defect correlates with the amount of out-of-plane torthe VRT spectrum is remarkable, and actually hindered the
sional motion, the most obvious interpretation is that theinitial identification of the carrier of the band. The only evi-
small change in inertial defect emanates from a small degredence for a regular splitting due to bifurcation consists of the
of torsion. At the same time, the overall decrease of theshoulders on the peaks, limiting the observed splittings to
rotational constants strongly suggests a stretching motioess than 1 MHz. Therefore the magnitude of the splitting for
Saboet al. have shown that the interpretation of the rota-the excited state has to be about the same as for the ground
tional constants of the torsional energy levels is notState. The small tunneling_splitting tog_et.her with tr_]e anoma-
straightforward? The vibrational wave function is delocal- 0Usly largeK=0<—1 splittings are difficult to rationalize
ized over the entire torsional subspace fBi50); and to a with a pgrely tors[onal motion, but rather |nd_|cate a novel
smaller extent fofD,0),. It is necessary to look at the nodes perturbation resulting from a new type of motion.

. : ) Generally, a significant increase of the bifurcation split-
or maxima of the torsional wave functions to deduce the. . .
) e ting with torsional energy has been observed, and from the
structures where the highest probability is located, and the

infer the eff h ional whal Brevious results one would expect a splitting larger than 10
to infer the effect on the rotational constants. Salt@l.  \;  one order-of-magnitude larger than that observed. All

have shown that larger torsional excitation does not simply these previously observed level predominantly consist of
give higher probabilities at larger distances from the plane ofne 7, torsional normal mode, whereas the2? level can be
the oxygen atom$?! The calculations for the lower levels interpreted as a combination of the and 7, normal modes.
show an increase of the-constant with energy within each |t is possible that the-, normal mode does not couple to the
manifold, with a sudden decrease at the beginning of the nexifurcation tunneling pathway, or couples to a different path-
highest manifold. Unfortunately, Sated al. do not present way containing an even number of flips of neighboring water
any results for the torsional wave functions of th@? lev-  molecules, perhaps with an opposite sign of the magnitude of
els. If the + 22 level can be interpreted as consisting of thethe splitting. Therefore, we might then expect splittings of
7, and, torsional normal modes, it is possible to look at thethe same magnitude or even less than for the° level
wave functions of these two individual levels and interpret(Stemming mainly from ther; contribution of the +1°

the + 22 level as the product of the two. The results showlevel. Although this speculative scenario could explain how
that most of the probability is located close to the minimumthe,i22 levels could lead to small regular bifurcation tun-
structure and not in structures with deuterons in the pland?€ing splitting, it fails to rationalize the largé=0<~1
Therefore it appears that the 22 level should not have a sphttmg. van der Avqrdet "?"-S treatment of the torsmngl
dramatically smaller inertial defect than other torsional Iev_vrl]bratmns "}Clﬁ des b|fur|caui)r(1) tuEnlelmiq gnd ?as E xplained
els, nor a negativA C value. On the other hand the observedt € cause of the anomalo = splittings for the tor-

Il val @ and the ch i inertial def h sional stategsee Fig. 5. Observation of an equal intensity
small value ofB and the change in Inertial defect are rat ertriplet split by 10 MHz and caused by the mechanism found

easy to explain for the degenerate hydrogen bond stretch orgg, e torsional states can only occur if the splitting is large
mixed stretch/torsional motion. A hydrogen bond stretching 15 MHz) and equal in ground and excited state. This is
motion should generate a small positive change in the inertigdot the case, as van der Avoied al. find an upper limit of
defect, which together with a small torsional contribution,1 5 MHz for the magnitude of the splitting of the ground
would explain the observed small negative change of thetate®® Even taking the possible participation of the second
inertial defect. bifurcation tunneling pathwayfrom the , mode into ac-
The Coriolis constantg and |« ;| of the 142.8 cm®  count, the observation of a small regular splitting together
band are similar to those of the1?, and especially the- 2° with the splittings of th&k =0< — 1 transitions can therefore
levels. Thex 2! level already has a negligibleso we expect  not be explained by the torsional vibrations.
a similar value for the highet 22 level, although this is not The equal intensity triplet can be explained easily if the
certain. It is expected that the degenerate asymmetric stretélpgenerateT,- and Tq-levels are split but theAs- and
generates vibrational angular momentum, and all degenerafé:-/€vels remain unaffected. This results in a 162:156:162
torsional levels appear to have a sizedhle . | (see Table intensity r_atlo, which is |d_ent|cal W_lth the obser\{at|on, Wlt.hln
IV). The observed values afand |x, .| can then be ex- the experimental uncertglrj@zee F.|g. 3 _F.rom.th|s analysis
plained by a combination band, with| , . | value close to we conclude that the origin of thls'spllttmg is not from t'he
that of the=2° level and that of¢ including contributions same mechanism as in the previously observed torsional

. bands, strongly suggestive of a novel type of perturbation
0

from. both the asymmetric stretch and the2” level. Alter- and new vibrational mode.

natively, the pure degenerate hydrogen bond stretch or a gy itation of the degenerate asymmetric stretch would

mixed level of the asymmetric stretch and torsion could stillj,g expected to only have a small effect on the regular bifur-
have an appreciable value i .| from the torsional mo-  cation tunneling splittings through an insignificant weaken-
tion and{ from the asymmetric stretch. It was not possible tojng of the hydrogen bond, but no direct coupling to the bi-
fit the respective contributions of the torsion and asymmetriqurcation pathway. Although this does not explain the
stretch to¢ without correlation, in order to distinguish be- splittings of theK=0<—1 transitions, it is worth noting
tween the latter scenarios. that for the degenerate asymmetric stretch, different pertur-
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bations might exist than for the torsional levels. TABLE VI. Comparison of the lowest calculated and experimental vibra-
In summary, the observed perturbations and Successfﬁpnal frequencies in cim shows _thgt_ the harmonic frequenme; calculat‘eq
tilization of the torsional Hamiltonian in the fit stronal y Xantheas and Klopper are significantly too large as the trimer exhibits
u . S : ; 9 extensive large amplitude torsional motions. The calculated frequencies for
suggest the presence of torsional motion in the vibration, buhe asymmetric stretch are20% larger than the 142.8 cthband.

this could already arise from the torsional ground state of the

molecule. The small intensity, values of the molecular con- Experiment Xanthead Klopper®
stants(negativeA B andAC, small change in inertial defegct 8.5 (torsion 158 156.6(torsion
and especially the extremely small bifurcation tunneling 28.0 (torsion 173 166.9(asstretch
splitting together with the anomalously large splitting of the 41.1(torsion 185 172.8(as-stretch
K=0<—1 transitions are only in agreement with assign- ggggzz:gg ;91’2 ggggg:z:gg
ment to a pure as_ymmetrlc stretching vibration or a m|xe(_j 142.8 (asstretch/torsioif 235 207 5(sstretch
level or combination band of the degenerate asymmetrie

stretch with a torsionat- 2" level. °From Viantet al. (Ref. 26.

bCalculated by Xantheast al. (Ref. 3.
‘Results by Kloppeet al. (Ref. 5.

9Reported here.
V. DISCUSSION

The distinction between the four cases is important, as
this determines whether the lowest excited purely translatential surfacegIPS) and ab initio theory. This has been
tional level is at lower frequency. Salet al. predict that this  largely motivated by the quest for an accurate intermolecular
should be the case through formation of a second pseudorgotential for describing the liquid. Although the torsional
tational manifold by the degenerate asymmetric stretcldegrees of freedom studied previously for the water trimer
vibration?2?2 As mentioned previously this could also pro- have allowed refinement of existing intermolecular poten-
duce mixed levels between any of the excited manifold stateals, inclusion of the translational motions presented here
of the torsional and degenerate asymmetric stretch levelsgpresents a qualitative advance for testing and developing
essentially removing the distinction between torsional anduch potentials.
translational levels. The most straightforward test of any model potential is a

Given the new information presented here, we can preeomparison of the calculated and experimental structures.
dict other bands in the vicinity which might enable the dis-The structures calculated with potentials that were obtained
tinction between a purely torsional or translational vibration,by fitting to bulk properties of the liquid generally do not
a mixed level, or a combination bar{dee Fig. 6. In all reproduce the experimentally observed cluster structures.
cases, we can predict a parallel band at 134.3'doetween  Bothab initio calculations and potentials based on them gen-
the torsional+1° level and the excited state of the 142.8 erally predict these structures fairly well, ki initio calcu-
cm ! band, regardless of its origin. This spectral region hagations themselves are only feasible for small systdis:
not yet been studied, and in addition, such a study will becurate potentials should attempt to also reproduce the
impeded by the small intensity for this transition, as it cor-vibrational energy levels and hydrogen bond tunneling dy-
responds to a hot band. For a combination band of asymmeiramics of water clusters, as these are a very sensitive probe
ric stretch and the-2° level, the asymmetric stretch funda- of the detailed surface topology, and not just the minima.
mental itself then is predicted at 114.8 chna region that Although bothab initio results and the potentials based on
similarly has not been investigated, but this frequency couldhem reproduce the minimum energy structures quite well,
also be shifted due to the coupling. If the degenerate asynthey do not reproduce experimental vibrational frequencies,
metric stretch gives rise to a pseudorotational manifold anénd the tunneling splittings calculated with intermolecular
we are observing a mixed level, predictions become difficultpotentials are often inaccurate by orders-of-magnitude. By
In addition to the band at 134 crhwe would expect transi- comparison VRTASP-W) and SAPT-5-tuned do reproduce
tions to other levels of the stretching/torsional manifold re-the tunneling splittings of the water dimer accurately, since
sembling the 142.8 cnt band. For the case of a pure asym- they were fit to these dat&!®
metric stretch vibration with weak coupling to torsions and  Table VI shows a comparison of some experimental vi-
no formation of a pseudorotational manifold only the nextbrational frequencies for the water trimer aal initio fre-
highest torsionak= =2 level should be observed. We shall quencies calculated using a harmonic approximation. Such
proceed with a search of both the 134 and 114 tnegions, calculations cannot reliably predict vibrational frequencies,
as this should allow unambiguous vibrational assignment oés the water trimer is a weakly bound system and is very
the new band. Furthermore a search at higher frequencies fanharmonic. The 142.8 ¢t band demonstrates this even
the purely torsionat- 22 level or additional mixed levels will  for the stretching vibrations, which are expected to be less
be undertaken. Last, a complete analysis of the anomalowmharmonic than torsional vibrations. The lowest calculated
splittings of theK =0< —1 transitions could be very useful ab initio torsional vibrational energy level is 142 cfhabove
in unambiguously assigning the 142.8 thband and con- the ground state, whereas experimentally nine levels, all due
firming this as the first observation of a translational vibra-to one torsional vibration, have been found (BrO); below
tion for a water cluster. 100 cm L. None of these calculations takes the correct sym-

Previous THz-VRT results for small water clusters havemetry of the ground state of the molecule into account, and
been used to test results calculated using intermolecular pder example, the calculations by Klopper and Xantheas both
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give three different stretching vibrations. Calculations ofcalculations taking all six torsional and stretching degrees of
cluster vibrations therefore must go beyond harmonic apfreedom into account are necessary to obtain a proper de-
proximations and take coupling of various intermolecular de-scription of the energy levels in this frequency region.
grees of freedom into accoufit.
Neglecting the intramolecular vibrational degrees of
freedom a complete treatment of the IPS of the water trimer
requires use of a 12D IPS. Fully coupled calculations for theACKNOWLEDGMENT
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