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Quantitative characterization of the water trimer torsional manifold
by terahertz laser spectroscopy and theoretical analysis. II. „H2O…3
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We report the measurement of two new (H2O)3 bands by terahertz laser vibration–rotation–
tunneling~VRT! spectroscopy. Both bands have been assigned to torsional~‘‘pseudorotational’’!
transitions and are highly perturbed by Coriolis interactions. The 42.9 cm21 band corresponds to the
k562←61 transition while the 65.6 cm21 band corresponds to thek562←0 transition. A
model Hamiltonian is derived which allowed a global fit of 361 VRT transitions of these two new
bands and the previously reported torsional band at 87.1 cm21. Each of the bifurcation tunneling
components is accurately described. This global fit represents a complete description of the VRT
transitions of (H2O)3 up to 150 cm21, and complements our similar treatment of the (D2O)3

torsional dynamics. ©1999 American Institute of Physics.@S0021-9606~99!00341-4#
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I. INTRODUCTION

Since the experimental characterization of the water
mer in 1992 with terahertz VRT spectroscopy,1 a great deal
of experimental and theoretical results have been realized
this complex. Four additional torsional bands of (D2O)3

have been added to the first observation,2–4 which, along
with the development of a detailed model Hamiltonian, ha
allowed a complete fit2 of the torsional manifold of (D2O)3

up to energies near 100 cm21. Many calculations have bee
performed on the (D2O)3 , (H2O)3 , and mixed isotope forms
of the water trimer in order to theoretically describe th
manifold of states.5–18 A direct comparison between th
theory and experiment has been possible for (D2O)3 due to
the large number of precisely measured torsional vibratio
The same has not been true for (H2O)3 where, prior to the
present study, only a single torsional vibration had be
observed.3 It is important to achieve a quantitative descri
tion of these torsional states for both (H2O)3 and (D2O)3

because such results will facilitate a determination of
complex three-body contributions to the water force field,
conjunction with our efforts toward a spectroscopically a
curate description of the water pair potential.19

The minimum energy structure of the water trimer, t
asymmetric homodromic (C1) ring, see Fig. 1, has been e
tablished by manyab initio calculations.20–23 It is a classic
example of a frustrated equilibrium. Two nonbond

a!Present address: Department of Chemistry, University of Oregon.
b!Present address: Department of Animal Science, University of Califor

Davis, CA 95616.
c!Present address: Department of Chemistry, University of Washington
d!Present address: Department of Molecular and Cellular Biology, Harv

University, Cambridge, MA 02138.
e!Author to whom all correspondence should be addressed.
f!Electronic mail: avda@theochem.kun.nl
7780021-9606/99/111(17)/7789/12/$15.00

Downloaded 18 May 2006 to 128.32.220.140. Redistribution subject to A
i-

or

e

s.

n

e

-

~‘‘free’’ ! hydrogens are on the same side of the oxyg
plane, sterically interacting. Experimentally it has been de
onstrated that this nonplanar asymmetric structure vib
tionally averages to a planar symmetric top via the torsio
~flipping! motion,1,3 illustrated in Fig. 1. This large ampli
tude hydrogen torsional motion creates a very low bar
degenerate rearrangement process, a rearrangement m
nism predicted as early as 1975 by Owicki, Shipman, a
Scheraga.24 The torsional quantum levels of the water trim
have been considered at various levels of theory. The fi
and simplest, was a one-dimensional treatment by Sch¨tz
et al., who used an adjustable cosine wave as
potential.17,18 Their calculation obtained the correct orderin
of the energy levels but gave poor quantitative results
Hückel treatment of the water trimer by Wales16 gave an
improved description of the energy level structure but
quired fitting a tunneling parameter (b1) to the experimental
data. A pair of model torsional potential energy surfaces
to ab initio calculated points were created by Bu¨rgi, Graf,
Leutwyler, and Klopper~the BGLK potential!,10 and by van
Duijneveldt-van de Rijdt and van Duijneveldt14 ~the DD po-
tential!. Several more advanced dynamics calculations h
been performed on these potentials including tw
dimensional12 and three-dimensional calculations excludi
rotation13 and, most recently, three-dimensional calculatio
by van der Avoirdet al.6,7 that couple the torsional motion t
the overall rotation of the trimer complex.

The second type of internal large amplitude motion
the water trimer is bifurcation tunneling~for which one has
also used the less descriptive term ‘‘donor tunneling’’!. This
is a rearrangement process wherein a single water mono
exchanges its hydrogen bonded and free hydrogen atom
tunneling through a bifurcated transition state, as shown
Fig. 2. It could be observed experimentally3 and unambigu-

a,

rd
9 © 1999 American Institute of Physics

IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



r-
be
H

s

t

th

ge
t
rte
r-
l
m

er
d

re

first
vel
d
ter

r-
ing
ace
m
ay
ay
lic

ne.
ive

t-
as

ne-

o
to a

e-
nel-
ter
n,

-
nt

-

nal
is
by

els

e
o

ym
ge
ie
s

ua

-
in
o

the

r t
dro
ss
giv
d
o

tions

f
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ously identified, since it gives rise to a splitting of the to
sional levels and transitions into quartets. The splitting
tween the lines in these quartets, typically about 300 M
for (H2O)3 and about 5 MHz for (D2O)3 , is much smaller
than the energy gaps between the torsional levels. Thi
because the corresponding barrier height, calculated
Fowler and Schaefer20 as 525 cm21 ~corrected for zero poin
effects!, is substantially higher than the torsional barrier.

The collection and analysis of experimental data for
torsional level manifold of (H2O)3 , including the rotational
structure and bifurcation splittings of these levels, has lag
far behind that accumulated for (D2O)3 . The parallel band a
87.1 cm21 is the only measurement that has been repo
previously.3 Here we report the observation of two new to
sional bands of (H2O)3 as well as the derivation of a mode
Hamiltonian used in a global fit of all three bands, thus co
pletely characterizing the torsional manifold of (H2O)3 up to
energies of 150 cm21.

II. THEORY

A. Torsion and bifurcation tunneling

The construction of the torsional manifold for the wat
trimer, including a group theoretical treatment, has been
tailed in several previous papers.3,6,7,16,25Also the bifurcation
tunneling splitting of the levels was considered in these

FIG. 1. The equilibrium structure of the water trimer is a near-oblate as
metric top. Torsion of the free hydrogens approximately about the hydro
bonds is the dominant low-frequency motion of this trimer. This low barr
rearrangement process involves the motion of a free hydrogen from one
of the O–O–O plane to the other~‘‘flipping’’ ! and is predicted to have a
90 cm21 barrier ~Ref. 20!. As a result each free hydrogen spends an eq
amount of time above and below theO–O–Oplane, thus vibrationally av-
eraging the asymmetric (C1) equilibrium structure to that of an oblate sym
metric top in the ground state. The O–O bond distance has been determ
as 2.84 Å through a simple model calculation based on the spectrosc
data~Ref. 36!. Each of the VRT bands reported in this work arises from
manifold of states created through this torsional vibration.

FIG. 2. A higher barrier rearrangement process observed for the wate
mer is bifurcation tunneling, where the roles of the free and bound hy
gens of a water in the cluster are switched. The pathway for this proce
predicted to traverse a bifurcated transition state. This rearrangement
rise to the quartet tunneling splitting observed for each torsional ban
(H2O)3 and (D2O)3 . Notice that an adjacent water molecule flips as part
the tunneling pathway. A previous group theoretical analysis~Refs. 6 and 7!
suggests that this pathway, rather than an independentC2 rotation of the
water monomer, is evidenced in our spectra.
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erences. In light of the fact that this paper represents the
experimental determination of the torsional energy le
manifold for (H2O)3 we review here the basic theory behin
the torsional and bifurcation tunneling dynamics in the wa
trimer.

The equilibrium structure of the water trimer may inte
convert between six of the 96 equivalent minima cover
the 12-dimensional intermolecular potential energy surf
~IPS! through a simple, low barrier, flip of a hydrogen fro
one side of the oxygen framework to the other. The pathw
for this process is shown in Fig. 1. Extending this pathw
one ultimately visits six equivalent minima through a cyc
process. All theoretical calculations performed thus far16,20

indicate that this rearrangement process is a very facile o
Such low barrier rearrangement mechanisms naturally g
rise to large ‘‘tunneling’’ splittings, and in fact the first trea
ments of torsion in the water trimer consider the motion
fast tunneling among the six equivalent minima on a o
dimensional potential energy surface.17,18 In light of the un-
derstanding gained from the study of (D2O)3 and mixed iso-
tope water trimers2,5,26,27 it is perhaps more appropriate t
consider such low barrier rearrangements as giving rise
torsional ~also termed ‘‘pseudorotational’’! vibrational en-
ergy level manifold resulting from the coupling of three d
generate torsional vibrations rather than as a genuine tun
ing splitting. Experiments and theory on mixed isotope wa
trimers,5,9,26,27where the symmetry of the system is broke
confirm this analysis.

The permutation-inversion~PI! symmetry group associ
ated with the torsional flipping between the six equivale
minima on the potential surface is the cyclic groupG6 , iso-
morphic to the point groupC3h . The complex irreducible
representations~irreps! of this group are conveniently la
beled by the quantum numberk50,61,62,3 ~modulo 6!. A
diagram showing the six lowest energy torsional vibratio
levels of (H2O)3 , along with the observed transitions,
given in Fig. 3. The corresponding frequencies calculated
van der Avoirdet al.6,7 with the ab initio potentials of Refs.
10 and 14 are listed in Table I. The symmetry of these lev
has been compared to a Hu¨ckel treatment of thep electron
system of benzene. The levels withk50 andk53 are non-
degenerate, as are theA andB levels in benzene, while thos
with k561 andk562 are twofold degenerate, similarly t
the benzeneE levels. The energy increases withuku, the

-
n

r
ide

l

ed
pic

ri-
-
is
es

of
f

FIG. 3. The lowest four torsional energy levels (k50,61,62,3) along with
the allowed transitions and the observed frequencies. Symmetry restric
allow only transitions withD(k2K)53 ~modulo 6! to be observed, as
explained in the text. Between the highest (k53) level in this figure and the
next higher~alsok53! level is a large energy gap. The next higher (k53
←61) transition is expected at'170 cm21, presently out of the range o
our spectrometer.
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Downloaded 18 Ma
TABLE I. Experimentally determined torsional energy levels~in cm21! for the (H2O)3 and (D2O)3 isotopic
forms of the water trimer, compared to the levels computed by fully coupled three-dimensional DVR ca
tions including the overall rotation of the trimer~Refs. 6 and 7!. The computations were based on two torsion
potential energy surfaces, DD pot.~Ref. 14! and BGLK pot.~Ref. 10!.

k

(H2O)3 (D2O)3

Expt. DD pot. BGLK pot. Expt. DD pot. BGLK pot.

0 0 0 0 0 0 0
61 22.6979~2! 19.93 13.97 8.5385~1! 7.68 5.15
62 65.6300~1! 59.07 44.15 27.9922~1! 25.18 17.15

3 87.0527~1! 81.23 62.33 41.0997~2! 36.62 24.73
3 161.01 143.85 90.3808~1! 96.15 88.93

62 172.02 155.18 98.0991~1! 107.5 98.27
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number of nodes in the real wave functions which for t
degenerate levels are plus and minus combinations of
complex functions withk561 andk562. Transitions be-
tween these energy levels follow the selection rule

~k92K9!2~k82K8!53 ~modulo 6!. ~1!

For thek50,61,62 and 3 torsional levels observed in th
work, this rule allows the permitted transitions to be eas
determined, as well as the band polarization~parallel or per-
pendicular!. The k53←0 transition at 87.1 cm21, for ex-
ample, is only allowed forDK50, and hence is observed a
a parallel band. The 65.6 cm21 vibrational band is made up
of two distinct perpendicular vibrational subbands,
k512←0 is only allowed whenDK521 while k522
←0 is only allowed whenDK511. The third band, ob-
served at 42.9 cm21, arises from the two parallel subband
k512←21 andk522←11. Coriolis effects perturb de
generate subbands severely, requiring us to treat each
band separately. It is perhaps more reasonable to think o
42.9, 65.6, and 87.1 cm21 torsional bands as transition
among six, rather than four, torsional energy levels.

Next we consider the bifurcation tunneling proce
shown in Fig. 2. This rearrangement mechanism, along w
the ‘‘flipping’’ process discussed above, creates two disti
sets of 48 interconvertable equivalent minima on the wa
trimer potential energy surface and generates the molec
symmetry group for the water trimer,G48. The group theory
for these rearrangement processes has been examined e
sively in a number of papers.3,6,16 In order to understand th
origins of the splittings in the newly observed bands,
must repeat some of the details here. The nondegenerate
els withk50 andk53 split into quartets with a constant an
equal splitting~say b! between the individual component
which carry theA1g

6 , Tu
6 , Tg

6 , andA1u
6 irreps of the group

G48. Including the overall rotation of the trimer, i.e., fo
nonzeroJ, the G6 symmetry of the rovibrational states
determined byk2K. WhenK is not a multiple of 3 theG48

symmetries of the quartet components become more com
cated, but the bifurcation splitting of the levels into equa
spaced quartets remains basically intact. Because of theG48

selection rules each rovibrational transition between th
nondegenerate levels is also split into a quartet. An exp
mental manifestation of such a splitting is shown, for e
ample, in Fig. 4. The intensities of each quartet compon
nicely follow the nuclear spin statistics predicted for bifu
y 2006 to 128.32.220.140. Redistribution subject to A
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cation tunneling in (H2O)3 , namely a ratio of
A1u :Tg :Tu :A1g511:9:3:1 forrovibrational states withK a
multiple of three and $A2u ,A3u%:Tg :Tu :$A2g ,A3g%
58:9:3:0otherwise. The effect of the missingAg symmetry
components for states withKÞ3n appear distinctly in theQ
branch depicted in Fig. 4.

The degenerate torsional levels withk561 and
k562 are split~for J50! by bifurcation tunneling into six
levels, carrying the$A2g

6 ,A3g
6 % ~degenerate!, Tu

6 ~twice!, Tg
6

~twice!, and$A2u
6 ,A3u

6 % ~degenerate! irreps of the groupG48.
The splitting of these sextets is determined as follows. Fi
the levels split into the same type of equally spacedAg , Tu ,
Tg , Au bifurcation tunneling quartets as the nondegener
k50 andk53 levels. The symbolsAg andAu now represent
the degenerate ~complex conjugate! $A2g ,A3g% and
$A2u ,A3u% states, respectively. In addition, there is a sp
ting between the twoTu components and between the twoTg

levels, because these states of the same symmetry int
through the bifurcation tunneling process and repel e
other. This was group theoretically derived in Ref. 6, and
the resulting bifurcation tunneling splittings of the leve
were explicitly calculated in terms of two parametersb2 and
b3 , associated with two different possible bifurcation~do-
nor! tunneling pathways~see Table II of Ref. 6!. For the
~constant! quartet splitting parameterb it was found that

b5H ~2/3!~22b22b3! for k50
~2/3!~b21b3! for k561
~2/3!~b22b3! for k562
~2/3!~22b21b3! for k53.

~2!

The interaction matrix element between the2uku and 1uku
components of the sameTu or Tg symmetry is

d5 H ~2/3!~2b22b3!

~2/3!~2b21b3!

for k561
for k562. ~3!

For J50 this interaction leads to a splitting of 2d between
these components. ForJ.0 this additional splitting between
the two components ofTu symmetry and between those o
Tg symmetry depends strongly onK, because the2uku and
1uku substates are split by a Coriolis coupling ter
72zCK, linear in K ~as explained below!. For K50 the
2uku and1uku sublevels are in resonance and one finds
maximum splitting 2d, just as forJ50. For KÞ0 the2uku
sublevel is lowered by the linear Coriolis term, the1uku
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



z.
ur

7792 J. Chem. Phys., Vol. 111, No. 17, 1 November 1999 Brown et al.
FIG. 4. Q branch of the 87.1 cm21 torsional band. The quartet tunneling splitting is evident as fourQ branches separated by a tunneling splitting of 289 MH
Notice that the fourth component~Ag symmetry! has a nonzero nuclear spin weight only whenK is a multiple of three. The relative intensities of the fo
components are not accurate due to long term drift in the laser power, as explained in the text.
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sublevel is raised. Hence, the bifurcation~off-diagonal! cou-
pling term d becomes less effective, and the splitting b
tween the pairs ofTu andTg levels is strongly reduced. Es
pecially for (H2O)3 , where the Coriolis and bifurcation
tunneling coupling matrix elements are of similar size, t
leads to a complicatedJ,K dependent splitting pattern.

From here on we will globally indicate all the levels o
G48 symmetriesA1g ,A2g ,A3g ,A1u ,A2u ,A3u as A levels,
sometimes distinguished intoAg andAu , and those withTu

andTg symmetries asT levels. Quantitative calculations o
the torsional levels in Refs. 6 and 7, forJ50, 1, and 2, show
that the splitting patterns indeed differ for theA levels and
theT levels, cf. Figs. 2 and 3 in Ref. 6 and Tables III and
in Ref. 7.

B. Effective rotational Hamiltonian

The techniques used in fitting the three vibrational ba
~five subbands! in (H2O)3 correspond closely to those use
in the corresponding global fit of (D2O)3 recently reported.2

The analysis of the rotational structure in the torsional ba
observed in (D2O)3 was achieved by derivation of an effe
tive Hamiltonian, which takes into the account the Corio
coupling between the large amplitude internal torsional m
tions and the overall rotation of the complex. This Ham
tonian was based on the explicit form of the rotational a
Coriolis operators derived in Ref. 6. The effective Ham
tonian describing the rotational structure of each torsio
level was obtained by second-order Van Vleck perturbat
theory. For the nondegenerate torsional levels withk50 and
k53 it simply reads as a standard symmetric rotor Ham
tonian

Heff
rot(k)5B(k)J21@C(k)2B(k)#Jz

2 ~4!
Downloaded 18 May 2006 to 128.32.220.140. Redistribution subject to A
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with rotational constantsB(k)5B12m12
(k) and C(k)5C

1mzz
(k) modified by the second-order Coriolis coupling p

rametersm12
(k) 5m21

(k) andmzz
(k) , explicitly defined in Ref. 2.

For the degenerate torsional levels withk561 and k
562 the situation is more complex because of the appe
ance of off-diagonal second-order Coriolis coupling mat
elements involving the shift operatorsJ1 and J2 . Partly
these can be rewritten, with the use of the commutation
lation

J1J22J2J152Jz , ~5!

and may then be taken into account as a diagonal Cor
term, 72z ukuCukuJz , linear in Jz , with 22z ukuCuku equal to
the second-orderCoriolis coupling matrix elementm12

uku

2m21
uku defined in Ref. 2. This term has the same appeara

as a standardfirst-orderCoriolis term,28 and its effects on the
experimental spectra are very similar. The fact that it ori
nates from second-order Coriolis coupling is related to
choice of the body-fixed frame in Ref. 6. Because of t
large amplitude motions and the occurrence of tunneling
tween multiple equilibrium geometries in the water trimer,
is not possible to define such a frame by imposing the Ec
conditions that minimize the Coriolis coupling between i
ternal motions and overall rotation. With the inclusion of a
other, off-diagonal, coupling terms the effective rotation
Hamiltonian for the levels withk561 andk562 becomes

Heff
rot(k8,k)5dk8,k@BukuJ21~Cuku2Buku!Jz

272z ukuCukuJz#

1dk8,k22(modulo 6)m22
(k) J2J2

1dk8,k12(modulo 6)m11
(k) J1J1 ~6!

with the ~modified! rotational constantsBuku5B1m12
uku

1m21
uku andCuku5C1mzz

uku . All Coriolis coupling parameters
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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are defined in Ref. 2. For givenJ the matrix of this effective
rotational Hamiltonian over the basisu2uku,K& and
u1uku,K&, with K52J,2J11,...,J, has dimension 2(2J
11). It has nonzero elements only on the main diagonal
in the second codiagonal of the off-diagonal blocks betw
the substates withk521 and k511 and between thos
with k512 andk522, see Fig. 2 of Ref. 2. This matri
can simply be diagonalized~even analytically, in 232
blocks!, for each value ofJ, to obtain the rovibrational levels
and transition frequencies during the fit of the measured h
resolution spectrum. Dramatic effects of both of these p
turbations were also observed in the spectrum of (H2O)3 .

C. Rotational and bifurcation tunneling structure in
the levels of „H2O…3

The difficulty in assigning and fitting the (H2O)3 transi-
tions was that of establishing a procedure to accurately
scribe the large splittings observed~described below! in each
vibration. The magnitude of the bifurcation splitting
(H2O)3 is considerably~'60 times! larger than that ob-
served in (D2O)3 , putting the bifurcation tunneling splitting
on the same scale as separations between rotational en
levels and making it necessary to include perturbations to
bifurcation tunneling splitting in the fit of the bands. In oth
words, there is strong interference between the effects
Coriolis coupling and of bifurcation tunneling, giving rise
strongly perturbed levels and spectra. The bifurcation tun
ing splitting in (D2O)3 is small enough that any such pertu
bations are smaller than the accuracy of the
(;2 MHz.). Hence, in the fit of the spectra of (H2O)3 we
had to take into account the following effects, not included
(D2O)3 .

In the nondegenerate torsional levels withk50 and k
53 there is a small splitting of the levels withKÞ0, pro-
portional toJ(J11), which occurs only for the bifurcation
levels ofT symmetry, not for theA levels. The origin of this
splitting was explained in Refs. 6 and 7; it is related to t
additional splitting in the T levels of the degenerat
~k561 and k562! states due to bifurcation tunneling
which we discussed above. This splitting, proportional to
bifurcation tunneling matrix elementd, also induces a split-
ting of the nondegeneratek50 andk53 levels by Coriolis
mixing between the torsional eigenstates withk50 and k
561, and between those withk53 and k562. The
amount of Coriolis mixing is proportional toAJ(J11),
which leads to theJ(J11) dependence of the level spli
tings. Since the Coriolis mixing conservesk2K ~modulo 6!
one finds, in particular, that the basis functionuk50,
K511& mixes with uk521, K50&, and thatuk50, K5
21& mixes withuk511, K50&, which induces a splitting of
the k50 level with uKu51. Similarly, the basis functionuk
53, K511& mixes with uk512, K50&, and uk53, K5
21& with uk522, K50&, which causes the splitting of th
k53 level with uKu51. Actually, theseuKu51 levels are the
only ones where this ‘‘Coriolis-induced bifurcation spli
ting’’ is sufficiently large to be measurable. The bifurcatio
coupling between the functionsuk521, K50& and uk5
11, K50& ~of Tu and Tg symmetry! leads to a mixing of
these functions with equal weights and, hence, of the fu
Downloaded 18 May 2006 to 128.32.220.140. Redistribution subject to A
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tions uk50, K511& and uk50, K521& as well. Also the
functionsuk53, K511& and uk53, K521& are mixed into
plus/minus combinations. Although the selection rule of E
~1! is still valid, these mixed states contain components w
two different values ofk2K, and the transitions between th
split k50 andk53 levels involved in this mixing obey spe
cial selection rules.

These additional splittings of the levels withk50 and
k53 were observed experimentally7 in thek53←0 band at
87.1 cm21. Specifically, it was seen that only theP and R
branches of theT lines are split, but not theQ branch, and
that the splitting is proportional toJ2. This pattern is similar
to the effects of ‘‘axis switching’’ in a nearly symmetri
rotor. With the aid of the appropriate selection rules it cou
be deduced7 that the bifurcation coupling parameterd must
be nearly of equal magnitude fork561 and k562, but
differ in sign. From the expressions ford given in Eq.~3!, it
then follows directly thatb2'0 and that bifurcation tunnel
ing prefers the pathway corresponding tob3 . This pathway
involves inversion of the complex,E* .16 From Eqs.~2! and
~3! it also follows then thatudu equalsubu for both the levels
with k561 andk562.

Also for the degenerate torsional levels withk561 and
k562 we had to extend the theory. The bifurcation co
pling ~d! between the level pairs of the sameTg or Tu sym-
metry, which we explained above, is roughly of the sa
size as the linear Coriolis coupling term in the effective r
tational Hamiltonian. Hence, these effects interfere forJ
.0 andKÞ0, as discussed in Sec. II B, and the resulti
line structure for the transitions involving these degener
levels becomes very irregular. Since it is known from t
theory in Ref. 6 that the bifurcation tunneling interactio
between the2uku and 1uku sublevels is diagonal inK, we
solved this problem by simply adding, for theT levels, the
term dk8,2kdK8,Kd to the effective rotational Hamiltonian o
Eq. ~6!. In the matrix of the effective rotational Hamiltonia
this gives rise to an additional~constant! term d in all diag-
onal elements of the blocks that are off-diagonal ink. In Fig.
5 we show an example of such a matrix fork561 andJ
52. Similar mixing occurs for the sublevels ofT symmetry
with k522 andk512, and we also include a constantd on
the diagonal of those blocks in the Hamilton matrix f
k562 that are off-diagonal ink. This bifurcation matrix
elementd may be taken as a parameter in the fit of t
experimental spectra, just as the rotational and quartic dis
tion constantsB, C, DJ , DJK , DK , the Coriolis constantsz
and um11u, and the bifurcation splitting constantb. Note,
however, that these additional matrix elementsd occur only
for the levels ofT symmetry. They are absent for theA
levels, and the structure of the Hamilton matrix used in
fit of these levels is the same as in Fig. 2 of Ref. 2. Acco
ing to the theory, see Eqs.~2! and ~3!, combined with the
observation~see the preceding paragraph! that the paramete
b2 is negligibly small, the bifurcation tunneling paramete
b andd of each band must be simply related: they are b
equal to (2/3)b3 in absolute value. We treated them as ind
pendent fit parameters and compare the results to the the
Another relevant point is that it follows from the theory
Ref. 6 that bothd and m11 are complex numbers. By a
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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simple basis transformation one can, however, obtain
values for these parameters~matrix elements!. Hence, in the
fit program we kept these fit parameters as real numbers,
diagonalized a real symmetric Hamilton matrix for ea
value ofJ to obtain the vibration–rotation–tunneling~VRT!
levels.

At the end of this theory section, let us observe that
have checked the reliability of our effective rotation
Hamiltonian by comparison of the energy levels obtain
from the diagonalization of this Hamiltonian with the resu
of full calculations of the torsional levels forJ50, 1, 2, and
3. The latter include explicitly the coupled torsional motio
by means of a three-dimensional discrete variable repre
tation ~DVR!, as well as all Coriolis coupling effects, c
Tables III and IV of Ref. 7 forJ<2. It turned out that our
effective Hamiltonian gives an accurate representation of
level splittings and shifts from the full numerical comput
tions, including the irregularities in the degenerate sta
with k561 andk562.

III. EXPERIMENT

The torsional bands of the H2O water trimer discussed
here have been measured over the past several years
the Berkeley terahertz laser spectrometers. The 87.1 c21

band was first reported3 in 1994 by Liuet al. The 65.6 and
42.9 cm21 bands are reported and analyzed here for the
time. The design of the spectrometers has been discu
previously,29,30 and therefore only details relevant to the
new bands are reported here. Briefly, a line-tunable 100
CO2 laser is used to pump a molecular gas terahertz la
yielding a fixed frequency terahertz laser line. The laser li
used in this study include the 1193.7273 (CH3OH),
1299.9954 (CH3OD), 1397.1186 (CH2F2), 1891.2743
(CH2F2), 2058.1418 (CH3OD), 2633.8991 (13CH3OH), and
2714.7151 GHz (13CH3OH) lasers. Tunability is achieved b

FIG. 5. Effective rotational Hamiltonian matrix for a degenerate level w
k561 and J52, with K522,21,0,1,2. The diagonal elements ar
HK,K

(61,61)5B(1)J(J11)1@C(1)2B(1)#K272z (1)C(1)K. In the off-diagonal
blocks we have, on the diagonal:HK,K

(1,21)5HK,K
(21,1)5d for the T levels, or

HK,K
(1,21)5HK,K

(21,1)50 for the A levels, and off-diagonal:HK12,K
(1,21)5HK,K12

(21,1)

5m11
(21)@J(J11)2K(K11)#1/2@J(J11)2(K11)(K12)#1/2.
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mixing a fixed frequency laser line with microwave radiatio
on a Schottky barrier diode, a process that yields tuna
sidebands of frequencynsidebands5nlaser6nmicrowave. A
Martin–Puplett polarizing diplexer separates the tuna
sidebands from the fixed frequency laser, after which
sidebands make 24 passes through a pulsed planar ar
water supersonic expansion31 and are detected on a variety o
terahertz detectors. The higher frequency 87.1 and 65.6 c21

bands were observed using a mechanically stressed G
photoconductive detector while the 42.9 cm21 band required
the use of a Putley mode InSb hot electron bolometer
brief description of the three (H2O)3 vibrational bands is
given in Sec. IV.

IV. EXPERIMENTAL RESULTS

A. 87.1 cm 21 torsional band

The 87.1 cm21 torsional band was the first observatio
of the (H2O)3 isotopic form of the water trimer. It is a text
book example of a parallel band of an oblate symmetric
and is remarkably unperturbed. It was measured in 1994
Liu and co-workers using a planar cw expansion of arg
and water and a multipass cell in the Perry configuration;
gave only eight passes of the laser through the throat of
expansion. This band is vastly more intense than both
42.9 and 65.6 cm21 bands, even when considering that t
latter were measured with a pulsed slit expansion and a
pass Herriot cell.32,33 As an example of the intensity exhib
ited by the 87.1 cm21 band, theQ branch of the band ha
been detected through third-order mixing of the microwa
radiation with the 118mm laser.

Each rovibrational transition is split by bifurcation tun
neling into the now familiar quartet depicted in Fig. 4. Ea
component of the quartet is separated from the other b
relatively constant 289 MHz, a slightly smaller splitting b
ing observed at high values of the rotational quantum nu
ber J. The nuclear spin intensity ratios for the bifurcatio
pattern are 11:9:3:1 whenK53n and 8:9:3:0 whenKÞ3n.
Within the uncertainties imposed by laser power fluctuatio
the observed intensities of the quartet lines nicely ma
these ratios. The missing tunneling components whenK
Þ3n are clearly evident in the spectrum. One addition
point worth noting is that eachT state component arising
from uKu51 transitions is split into a doublet, a Corioli
effect explained by van der Avoirdet al.6,7 and in Sec. II C.
We originally assigned this band to the torsional transit
k53←0, an assignment vindicated by the present analy
The highest level torsional calculations6,7 on the water trimer
predict this 87.1 cm21 band to occur at either 81.23 o
61.33 cm21 depending on whether the DD or BGLK poten
tial is used in the calculation respectively.

B. 65.6 cm 21 torsional band

More recently a perpendicular (H2O)3 spectrum was re-
corded near 66 cm21. That spectrum was assigned to thek
562←0 torsional transition based on the model calcu
tions by van der Avoirdet al. and on the ratio of the band
origin to that of the correspondingk562←0 transition in
(D2O)3 . The ratio of the (H2O)3 and (D2O)3 band origins
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 6. Stick spectrum of the 65.6 cm21 band, exhibit-
ing the general features of a perpendicular band o
symmetric top. Note the perturbations evident in t
K52←1 Q branch shown in the inset. A standar
Q-branch progression, like that observed in th
87.1 cm21 band, is not present.
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for k562←0 is 2.5 while the ratio fork53←0 is 2.1.
Torsional calculations predict the newly observed band
arise at either 59.07 cm21 ~for the DD potential! or
44.15 cm21 ~for the BGLK potential! as shown in Table I.

This band was significantly weaker than the 87.1 cm21

spectrum, even with the use of a pulsed supersonic sli
and a 24-pass Herriot cell. A computer-assisted proces
scheme was also used instead of boxcar averaging.
strongest transitions were observed with a signal to no
ratio of approximately 100/1.

Over 300 individual vibration–rotation–tunnelin
~VRT! transitions were recorded in a 5-cm21-wide region
around the 65.6 cm21 band origin. A plot of the stronges
component of each tunneling quartet is shown in Fig.
Analogous to its deuterated counterpart, this (H2O)3 spec-
trum exhibits a variety of severe perturbations. The qua
spacing is not constant as a function ofJ and K, and both
‘‘first-’’ and second-order Coriolis perturbations similar
those observed in the D2O trimer are also found.

An interesting feature of the bifurcation tunneling spl
tings not observed in the D2O trimer spectra can be seen b
close examination of theT tunneling components relative t
theA components. A perturbation was observed that had
been evident in any of the previous water trimer bands
the 65.6 cm21 band theTg andTu states are separated by
constant 255 MHz, and theAu and Ag components by a
constant tunneling splitting of 765 MHz~3 times the 255
MHz spacing!. However, it was noticed that theT compo-
nents shift considerably relative to theA components, result
ing in separations between theA andT components that vary
from 200 to 300 MHz. This perturbation caused considera
difficulty in the rotational assignment of the band.

C. 42.9 cm21 torsional band

Most recently we observed a parallel band of a symm
ric top heavily perturbed by Coriolis effects near 43 cm21. It
Downloaded 18 May 2006 to 128.32.220.140. Redistribution subject to A
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was therefore suspected to correspond to thek562←61
torsional transition, the only low frequency band of (H2O)3

expected to be both a parallel spectrum and strongly p
turbed. The observation of this transition was a surprise
the k561 torsional levels are 23 cm21 above the ground
state, suggesting that our expansion is not nearly as
vibrationally as it is rotationally. The corresponding band
(D2O)3 has not been observed and is calculated2 to lie close
to 20 cm21, as can be seen in Table I. The perturbations
this band are particularly severe as both thek562 and the
k561 torsional states are highly affected by Coriolis pe
turbations. Without the model Hamiltonian described in S
II it is unlikely that this band could have been fit to an
reasonable degree.

Three terahertz lasers were used in the scanning of
42.9 cm21 band, the 1.193 727 3 THz laser of CH3OH, the
1.299 995 4 THz laser of CH3OD, and the 1.397 118 6 THz
laser of CH2F2. The band is fairly weak, with the maximum
signal to noise observed approximately 60/1. It was scan
using our most recent experimental setup, including a pul
slit jet and computer-assisted processing scheme. A tota
137 transitions were assigned and fit, withJ andK ranging
from 0 to 20.

A stick-figure representation of theQ branch of the band
is presented in Fig. 7. The two repellingQ branches are
characteristic of a ‘‘first-order’’ Coriolis perturbation28 and
indeed, one of the perturbations in this band was mode
using a62zCK term in the Hamiltonian. As a transition
between two doubly degenerate levels, each of the pertu
tions discussed for the 65.6 cm21 band is present in both th
lower and upper state of the 42.9 cm21 band. The large num-
ber of strong perturbations present in this band made
assignment of the rovibrational transitions a very diffic
task.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 7. The repellingQ branches of the 42.9 cm21

band. TheQ branch to the left is shifted to lower en
ergy by the22zCK pseudo-first-order Coriolis inter-
action, while theQ branch to the right is shifted to
higher energy by12zCK. The inset shows a represen
tative spectrum in a 10 MHz scan.
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V. ANALYSIS OF THE TERAHERTZ SPECTRA

A. Global fit

The observed ordering of the symmetry components
the quartet in the 87.1 cm21 band correspond to that expecte
for a quartet arising from a sum of tunneling splittings in t
ground and excited states, as depicted in Fig. 8~a!. All of the
D2O trimer torsional bands exhibit the opposite effect, viz
quartet pattern that arises from a difference of tunnel
splittings in the ground and excited states as shown in
8~b!. It was found in the H2O trimer that the central compo
nents of the bifurcation tunneling quartet~the T states! shift
relative to the outer components~the A states!, thus creating
a quartet of transitions with an unequal spacing.

The global fit of the entire (H2O)3 VRT data set is pre-
sented on a band-by-band basis. In each band theA tunneling
components are fit separately from theT tunneling compo-
nents. Table II summarizes the optimized parameters~tor-
sional energies, rotational and distortion constants, and
riolis parameters! obtained from the final fit of theA states
while Table III contains the parameters obtained from a fit
the T states. The overall result of the fit is a very prec
description of the torsional vibrational levels of (H2O)3 up to
energies of;150 cm21. A summary of the techniques use
in fitting the A andT states is given below.

1. Bifurcation tunneling components of A symmetry

TheA states of all three bands were fit using the meth
described in our paper on the global fit of the D2O trimer
torsional manifold.2 The same two major classes of secon
order Coriolis perturbations were observed, one acting lik
diagonal ‘‘first-order’’ Coriolis perturbation (62zCK) and
the other an off-diagonal Coriolis perturbation represen
by the Coriolis parameterum11u. TheAg states are separate
from the Au states by a constant amount, three times
tunneling splittingb reported for each band. In fact, the m
jor difficulty in fitting the A states arose from assigning in
Downloaded 18 May 2006 to 128.32.220.140. Redistribution subject to A
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dividual transitions embedded in dense and highly pertur
spectra. Once assigned, the model Hamiltonian derived
Ref. 2 and described in Sec. II B was highly effective f
fitting the data. A summary of the optimized parameters
tained from the final fit of theA states is given in Table II.

2. Bifurcation tunneling components of T symmetry

Assigning and fitting theT bifurcation tunneling compo-
nents was straightforward for the 87.1 cm21 band, as it arises
from a transition between two nondegenerate torsional vib
tional levels, viz.k53←0. A reasonably constant tunnelin
splitting of 289 MHz is observed, with slightly
(;10 MHz) lower values recorded at the larger values ofJ.

FIG. 8. The ordering of the bifurcation quartet in the excited state can g
rise to observed tunneling splittings that are either the sum or the differe
of splittings in the ground and excited torsional states.~a! An example of a
sum of tunneling splittings, as observed in the 87.1 and 65.6 cm21 bands.~b!
An example of a difference of tunneling splittings, as observed in
42.9 cm21 band and all (D2O)3 trimer torsional bands.
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Downloaded 18 Ma
TABLE II. Parameters~in megahertz, exceptz which is dimensionless! obtained by a fit of 361 (H2O)3

bifurcation tunneling states ofA symmetry to the model torsional Hamiltonian derived here.E0 is the torsional
vibrational energy,A, B, C, DJ , DJK , and DK are rotational and distortion constants, andz and m11 are
Coriolis perturbation parameters. The threeC constants could not be determined independently and there
the ground stateC was fixed at 3513.98 MHz as explained in the text.

k50 k511 k521 k512 k522 k53

E0 0.0a 680 605.3~4! 1 967 970.0~3! 2 609 774.9~2!
B(5A) 6646.91 ~2! 6 641.73~4! 6 632.11~2! 6 626.10~2!
C 3513.98a 3 516.35~2! 3 518.07~2! 3 514.77~1!
DJ 0.0417~2! 0.041~1! 0.0413~9! 0.0410~5! 0.0404~4! 0.0405~3!
DJK 20.0631(6) 20.064(3) 20.064(2) 20.063(2) 20.062(1) 20.0627(8)
DK 0.027~2! 0.030~3! 0.028~2! 0.028~3! 0.027~2! 0.027~2!
z 0.0 20.053 02(2) 20.039 50(1) 0.0
um11u 0.0 15.344~2! 17.47~1! 0.0

aValue fixed to avoid correlation.
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The sole perturbation recorded is a small symmetrical sp
ting of rovibrational transitions withuKu51, observed only
in the P andR branches of the band. This splitting has be
previously explained,6,7 see Sec. II C.

Fitting theT bifurcation tunneling components for tran
sitions involving degenerate vibrational levels required c
siderably more effort. Each degenerate vibrational level
cluded in theT state fit required the diagonalization of
different, slightly more complex Hamiltonian matrix tha
that used for theA states. An example of the matrix used
the fit of the J52 energy levels of the 65.6 cm21 band is
shown in Fig. 5. Note that the extra perturbation termd
requires us to diagonalize the matrix in order to determ
the energy levels. No simple analytical solution exists,
was the case for theA components and in our fit of th
torsional manifold of (D2O)3 . Fortunately, it was found to
be possible to assign the eigenvalues of the matrix to part
lar rotational states. The energy separation between diffe
values ofK is sufficient to distinguish the eigenvalues a
allow assignment to specificJ andK quantum numbers. It is
possible to consider the addition of the parameterd as a
perturbation on the ‘‘normal’’ analytical solutions derive
for both (D2O)3 and theA states of (H2O)3 while assigning
transitions.

Diagonalizing the matrix in Fig. 5 splits nearly all of th
degeneracies that would be present in a normal symm
top in a degenerate vibrational level. The majority of the
splittings are small~a few megahertz! with a few notable
exceptions. The largest of these exceptions arises in s
pushed to higher energy by the ‘‘first-order’’ Coriolis ter
12zCK with K51. This reasonably large splitting is als
observed in theA states and in the D2O trimer and is a
standard result of the analytical solution of theA state
Hamiltonian matrix~without the extra coupling termd!. The
magnitude of this splitting varies considerably withJ andK
but is approximately a few hundred megahertz. The sma
predicted splittings arise directly from theT state coupling
termd, and are therefore only seen in theT states. The larg-
est of these splittings arises in states withK50. This split-
ting is equal to 2d and is a direct prediction from the diago
nalization of the matrix in Fig. 5. It is seen distinctly in bo
the 65.6 and 42.9 cm21 bands. Smaller splittings of up to
few megahertz are predicted in other rovibrational leve
y 2006 to 128.32.220.140. Redistribution subject to A
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None of these smallest splittings are observed.
A final and unexpected perturbation noticed in the bifu

cation tunneling states of (H2O)3 was a shift of theT states
relative to theA states. The simplest example of this pertu
bation arises in the 65.6 cm21 band, as the perturbation i
only observed in the excited state in that transition. In
65.6 cm21 band the separation between theTg and theTu

tunneling components is a constant 255 MHz, exactly
value for the tunneling splitting derived from the splittin
between theA states. The twoT components, however, shif
relative to theA states, creating an unequal bifurcation tu
neling splitting. The magnitude of this shift is plotted in Fi
9 for the 65.6 cm21 band, which shows the separation b
tween theAu state~the lowest energy bifurcation tunnelin
component! andTg , the lowest energyT state. States pushe
to higher frequency by the diagonal Coriolis term12zCK
have a larger separation between the first two bifurcat
tunneling components while states pushed to lower
quency by the Coriolis term22zCK have a smaller separa
tion.

It should be noted that the dynamics of the bifurcati
tunneling process have not yet been treated by theory, on
qualitative group theoretical treatment and a simple para

TABLE III. The T bifurcation tunneling components of (H2O)3 were ob-
served to shift relative to theA components by an amount that is expone
tially dependent on the rotational quantum numberK. This exponential shift
is given by the parametersa, b ~in megahertz! and c according to the
formula: shift5a1b exp(2cK). The energy of theTu state can be calcu-
lated from the energy of the correspondingAg state, found from the param
eters in Table II, by adding a constantb and the appropriate exponentia
shift to the energy of thisAg state. The addition of another constantb gives
the energy of theTg state. This gives an accurate determination of theT
state energy levels~with errors are less than 2 MHz!. The bifurcation tun-
neling parametersb andd are defined in the text, see Eqs.~2! and ~3!.

k521 k511 k522 k512

a 28.3551 5.9747 215.496 16.863
b 2137.7 129.55 2115.01 113.5
c 0.21881 0.200 77 0.404 38 0.405 54
udu 147 MHz 119 MHz

ubu ub(k50)u1ub(k53)u5289.0 MHz
ub(k50)u1ub(k562)u5253.46 MHz
ub(k562)u2ub(k561)u538.88 MHz
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 9. Exponential shift of theTg and Tu tunneling
components relative to theAu and Ag components,
shown here for the 65.6 cm21 band. The splitting be-
tweenTg andTu remains a constant 255 MHz but th
two T states shift relative to theAu andAg components.
The dotted line in the spectrum is the actual frequen
difference between theAu and Tg tunneling compo-
nents. The solid line is the shift after correction for th
small frequency shifts predicted for theT states by the
inclusion of the parameterd.
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etrized model were given in Refs. 6 and 7. We therefore
not know whether the bifurcation tunneling splitting ‘‘con
stants’’ b and d actually depend onJ and/orK. As can be
seen in Fig. 9 the shift of theT states with respect to theA
states changes exponentially withK. Note, however, that the
exponentials in Fig. 9 do not converge to 255 MHz as wo
be expected from the constant tunneling splitting betw
the Au and Ag states. Interestingly, the lower exponent
converges to 238 MHz while the higher exponential co
verges to 272 MHz, equally spaced around the 255 M
tunneling splitting. Perhaps this indicates that there is
another small~a few megahertz! perturbation shifting theT
states by a constant amount, and combining with the ex
nential shift to give us the spectrum we observe.

B. 87.1 cm 21 torsional band

The 87.1 cm21 parallel torsional band was fit by Liu
et al. to the standard symmetric rotor energy level express

EJ,K5E01BJ~J11!1~C2B!K22DJJ
2~J11!2

2DJKJ~J11!K22DKK4, ~7!

whereE0 is the vibrational energy of the torsional state,B
andC are the rotational constants, andDJ , DJK , andDK are
the quartic distortion constants. Liu reported that Eq.~7!
gave a very high quality fit of the observed transitions. T
observation is in agreement with the theory in Ref. 2 and
Sec. II, cf. Eq.~4! for the nondegenerate torsional ener
levels with k50 andk53. The quartic distortion terms in
Eq. ~7! represent the higher-than-second-order Coriolis
fects, not yet included in the theory that leads to Eq.~4!. The
band was therefore fit as a normal symmetric top with e
tunneling component separated by a constant 289 MHz
the P and R branches the splitting gets slightly smaller
higher values ofJ ~;10 MHz smaller atJ55!. No signifi-
cant deviation from the 289 MHz splitting was observed
the Q branch. From the fit of this vibration the rotation
constants for thek50 and k53 torsional levels were de
Downloaded 18 May 2006 to 128.32.220.140. Redistribution subject to A
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rived, with the exception of theC rotational constant. It is
well known that a parallel (DK50) vibrational band does
not allow independent determination of the ground and
cited stateC constants, only their difference (DC).

The only Coriolis perturbation evident in the 87.1 cm21

band was a small splitting of theT state components of al
K51 transitions in theP and R branches. This splitting
increases proportionally toJ2 @not J(J11)#. The origin of
this splitting, a Coriolis-induced bifurcation splitting, wa
explained in detail in Sec. II C, and theJ2 dependence in
Refs. 6 and 7. This splitting is also observed in the 65.6 cm21

torsional band in all subbands, theP, Q, andR branches of
both theDK511 and theDK521 subbands. The sma
splitting is predicted to occur only in nondegenerate torsio
levels and, in agreement with this prediction, it is not o
served in the 42.9 cm21 band.

A total of 112A state transitions were included in the
of the 87.1 cm21 band, withJ andK values ranging from 0
to 11.

C. 65.6 cm21 torsional band

The other vibrational band originating from the torsion
ground state, the 65.6 cm21 band, is assigned to the perpe
dicular torsional transitionk562←0. A total of 107 transi-
tions were added to the global fit with the assignment of
A states of this transition, including values ofJ andK rang-
ing from 0 to 13. The fit of theA states of this band wa
accomplished as described in our paper on (D2O)3 . Nor-
mally, fitting a perpendicular band of a symmetric top wou
allow us to independently determine the vibrationally av
agedC rotational constants for both the ground and exci
state. Unfortunately, as noticed in the global fit of t
(D2O)3 torsional transitions, the diagonal Coriolis ter
62zCK cannot be uncoupled from theC rotational con-
stant. In the D2O trimer this was dealt with by fixing the
value of the ground stateC constant to approximately th
value published by Liuet al.3 in his fit of the 98.1 cm21 of
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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(D2O)3 . In the H2O trimer we have arbitrarily fixed the
ground stateC constant at a value that gives the same iner
defect as that previously published for the D2O trimer.

All of the Coriolis perturbations that have been d
cussed thus far strongly affect the 65.6 cm21 band. Once the
individual rovibrational transitions were assigned, theA state
transitions were not difficult to include in the fit as the mod
Hamiltonian derived for the D2O trimer describes theA
states of the H2O trimer exceedingly well. TheT state tran-
sitions were a considerably more difficult problem. T
model Hamiltonian for theT states derived in Sec. II C o
this paper was used for an initial fit. All parameters excepd
were held at the same values found for theA states. If the
bifurcation tunneling splitting had been a constant value a
the 87.1 cm21 band, this method would have given a prec
description of theT state transitions. It was found, howeve
that the bifurcation tunneling did not give rise to equa
spaced quartets. TheT states are shifted with respect to theA
states as described earlier. The final fit parameters for thA
bifurcation tunneling components are reported in Table
while the fit parameters for theT states are reported in Tab
III. Note that we used two sets of quartic distortion co
stants, one set for the sublevels withk512 and and one for
k522, since the effects of the higher order Coriolis intera
tions represented by these distortion constants are not ex
itly included in the theory that led to our effective rotation
Hamiltonian. However, the values obtained from the fit
the experimental spectrum are quite similar for the two s
levels, see Table II.

D. 42.9 cm21 torsional band

The 42.9 cm21 band is assigned to the torsional tran
tion k562←61. The observation of this transition allowe
us to complete the torsional manifold shown in Fig. 3. A
signing theA states of the band was straightforward. T
tails of theQ branch were examined and progressions
tween the most intense lines were followed into the hear
the band. These reasonably intense progressions wer
signed asJ5K transitions. Progressions in theP and R
branches were then added to the fit, locking in many of the
parameters.

The assignment of theT states also began in the tails
the Q branches. Progressions found among unassigned
were assumed to arise fromT state transitions. A constant 3
MHz tunneling splitting between theT states~the central two
components of the bifurcation tunneling quartet! was deter-
mined and a full assignment quickly resulted. This 39 M
spacing represents a difference between the tunneling s
ting in the k562 andk561 torsional states as describe
previously. A total of 363 components were fit represent
137 rovibrational transitions.

Finally, let us discuss the relation between the values
b and d extracted from the experimental spectra, see Ta
III. It is predicted by the above-mentioned theory thatubu
5udu for each of the degenerate torsional levels w
k561 andk562. Crudely, it can be concluded from th
data in Table III that this is indeed the case, and that
values ofubu and udu for all the ~lower! torsional levels are
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about 135620 MHz. However, if one tries to extract mor
precise values of the individualubu’s from these data, one
seems to reach the limits of the simple theoretical pict
that we used for the bifurcation tunneling process. Also
observedJ,K dependence of the bifurcation splitting param
eterb and the (K-dependent! shift between theA levels and
T levels indicate that our simple treatment of bifurcati
tunneling should be refined in order to reproduce all
spectroscopically measured details.

VI. CONCLUSIONS

We report a global fit of all the VRT data existing for th
H2O water trimer in the terahertz region. This effects a p
cise experimental determination of the lowest six torsio
sublevels of (H2O)3 . The quality of the fit is reflected in the
rms deviation of 0.93 MHz, less than the typical experime
tal error of 2 MHz. Correlations as high as 0.99 betwe
several distortion constants and rotational constantsB9 and
B8 were observed; most parameters were relatively unco
lated, however.

We recently reported the determination of a spect
scopic pair potential for the water dimer.19 The existence of
such a highly accurate pair potential will make it possible
consider the analysis of the complicated multibody forc
present in larger water clusters, specifically the three-b
forces. In time it seems likely that it will be possible to fit th
multibody forces in the water trimer to the spectra repor
here through adjustment of the parameters of specific th
body terms added to an accurate pair potential, as was
complished for the multibody forces in the simpler Ar2HCl
and Ar2DCl clusters.34 In this stepwise fashion, an accura
description of the force field of the bulk phases of water m
ultimately be obtained. An alternative approach to this pro
lem is the use of advancedab initio electronic structure
methods to compute accurate pair and three-body pote
surfaces for water. Such potentials have recently been
tained and used in quantum calculations of the energy le
associated with the internal~tunneling and vibrational! mo-
tions in the water dimer and trimer.35 By comparison with
detailed spectroscopic data it is possible to establish t
accuracy and, if necessary, to improve them. Considera
progress has also been made in this direction. It is this g
that has motivated our efforts toward a completely assig
and analyzed data set for the water trimer.

This work completes a large body of work on the to
sional dynamics of the (D2O)3 , (H2O)3 , and mixed isotope
forms of the water trimer below 150 cm21. The observation
of several mixed isotope water trimer transitions at simi
frequencies to pure water trimer transitions suggested
the torsional dynamics in the water trimer should properly
treated as a vibration, rather than as a pure tunneling p
lem. Recent theoretical work on these systems is in ag
ment with this analysis.5 Recently we reported the characte
ization of the torsional dynamics of (D2O)3 through a high
quality global fit of the lowest five torsional bands~nine
subbands! to a parametrized energy level expression o
tained using second-order perturbation theory on a mo
Hamiltonian. Perhaps the most interesting and unexpe
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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feature of this fit of the torsional energy levels of (H2O)3 and
(D2O)3 was that second-order perturbation theory on
model Hamiltonian including only spatial rotation of th
cluster and the three torsional degrees of freedom, out of
total of 21 vibrational degrees of freedom, could give su
very high quality results. This implies that an adiabatic se
ration of the torsional coordinates from the other, higher f
quency, intra- and intermolecular vibrational modes yield
good approximation in the treatment of the torsional ma
fold of the water trimer. The bifurcation tunneling dynamic
treated group theoretically here, remain to be character
in terms of the associated potential energy surface. The
furcation tunneling splittings observed, however, may be
curately described through the simple addition of an ex
nential dependence on the rotational quantum numberK to
the rovibrational energy level expression. The combinat
of experimental and theoretical work on (H2O)3 , (D2O)3 ,
and mixed isotope water clusters thus provides an exce
description of the torsional and bifurcation dynamics in t
water trimer.
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