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Rotational-tunneling spectra for Ar– (H2O)2 and Ar– (D2O)2 have been observed with the Balle–
Flygare Fourier transform microwave spectrometer. The tunneling levels of the trimer appear to
correlate with those of the water dimer. The ‘‘a’’ dipole transitions from theA1

1 andE1 states of
Ar– (H2O)2 andA1

1 , B1
1 , andE1 states of Ar– (D2O)2 could be fit to a semirigid rotor Watson

Hamiltonian. However, only theE1 states give ‘‘b’’ dipole transitions near rigid rotor predictions.
The ‘‘b’’ dipole transitions forA1

1 andB1
1 are rotational-tunneling spectra. For Ar– (D2O)2 , these

transitions were observed and the donor–acceptor interchange tunneling splitting is determined as
106.3 MHz, compared to about 1100 MHz in the free (D2O)2 . From this splitting, the barrier for
interchange tunneling is calculated to be 642 cm21. This splitting for Ar– (H2O)2 is estimated as
4–5 GHz. This and the spin statistical weight of 0 for theB1

1 state have made it difficult to observe
the ‘‘b’’ dipole rotational tunneling spectra for Ar– (H2O)2 . From the rotational constants for
(H2

18O) containing trimers, the O–O distance in the trimer is estimated as 2.945 Å. This is
significantly~0.035 Å! shorter than the O–O distance reported for water dimer. The Ar is located on
the ‘‘b’’ axis of the water dimer. Assuming the water to be a structureless sphere in the trimer, leads
to Ar-c.m.(H2O) distance of 3.637 Å, very close to the same value in the Ar– H2O dimer.
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I. INTRODUCTION

The Arm(H2O)n system has attracted much intere
as a model for hydrophobic interactions. Man
experimental1–5 and theoretical6–9 studies on its simples
species, Ar– H2O dimer, have appeared during the la
decade. In a classic series of papers culminating in Ref.
Cohen and Saykally obtained a highly accurate and deta
intermolecular potential for this challenging dimer. Th
main objective in studying these weakly bound syste
is to be able to model their dynamics and the bulk inter
tions, and hence, it is important to go beyond the dim
With this in mind we started preliminary studies seve
years ago of the smaller Arm– (H2O)n complexes.11 Since
then, a detailed report has been given for the Ar2– H2O
trimer12 and Ar3– H2O tetramer.13 This paper present
our results for the Ar– (H2O)2 trimer and some of its isoto
pomers.

The totally protonated or deuterated forms of Ar– H2O
~pseudolinear! and Ar2– H2O ~T-shaped! exhibit two series
of rotational transitions. They are assigned to internal ro
states of the H2O/D2O, the upper series correlated with th
O0,0 rotational state of free water and the lower series w
the 10,1 state. This similarity between the dimer and trimer
heightened by finding that the hyperfine interaction consta

a!Author to whom correspondence should be addressed. Electronic
arunan@ipc.iisc.ernet.in

b!Current address: APL Engineered Materials, Urbana, IL 61801.
c!Deceased~January 13, 2000!.
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of the water are nearly identical in the two clusters,5,12 as
must be the dynamic states of the water and the ave
projection of theC2 axis on to the inertial frame. The insen
sitivity of the rotational state of water to its weak interactio
with one or two argons implies that in Ar– (H2O)2 , The
rotational states of the (H2O)2 dimer could correlate
with those of thefreedimer. This is supported in quantitativ
terms by MMC ~molecular mechanics for clusters!14

calculations, which give equilibrium stabilities of 195
and 2317 cm21 for (H2O)2 and Ar– (H2O)2 , respectively.15

This small increment in stability describes the Argo
being stuck weakly to the side of the (H2O)2 dimer as
shown in Fig. 1. This weakness leads one to expect trim
energy levels correlated with those of the dimer. W
give a brief summary of the latter as an aid in the pres
study.

Theoretically and experimentally, the water dimer
probably the most extensively studied H-bonded comple16

In it, different tunneling pathways permit each of the fo
hydrogens to participate in the H-bonding. Two types of tu
neling occur. The first type involves a simple two-fold rot
tion of either or both of the two water molecules about itsC2

symmetry axis, giving permutations such as~12!, ~34! or
~12!~34! in Fig. 1. The other type, interconversion tunnelin
interchanges proton donor and proton acceptor roles in
dimer by permutations such as~ab!~13!~24!. Dyke has shown
that the dimer, with theCs symmetry of Fig. 1 belongs to the
G16 molecular symmetry group.17 The ground vibrational
level is eight-fold degenerate and it splits into six levels a
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result of the multidimensional tunneling. The rotation
states ofA8 symmetry give rotational-tunneling subleve
A1

1 , B1
1 , E1, A2

2 , B2
2 , andE2 symmetry while rotational

states ofA9 symmetry give sublevels ofA1
2 , B1

2 , E2, A2
1 ,

B2
1 , and E1 symmetry. The overall selection rules a

A1
1↔A1

2 , B1
1↔B1

2 , A2
1↔A2

2 , B2
1↔B2

2, and E1↔E2.
For the fully protonated species the spin statistical weig
are 1, 0, 3, 6, and 3 forA1 , B1 , A2 , B2 , andE states, and for
the fully deuterated species they are 21, 15, 3, 6, and 18
a first approximation, the levels with subscripts 1 and 2 s
from each other due to tunneling of protons in the H bo
acceptor, the splitting being about 200 GHz in (H2O)2 and 9
GHz for (D2O)2 .18 These levels split further into three leve
each due to the donor–acceptor interchange tunneling, l
ing to a doubly degenerateE state close to the unperturbe
level flanked byA and B states~see Fig. 2 of Ref. 16 for
details!. This splitting is about 20 GHz for (H2O)2 and 1
GHz for (D2O)2 .16 Only theE states of (H2O)2 give spectra
of the rigid rotor type and theA andB states give rotational
tunneling spectra. With these observations at hand, we
to the results for Ar– (H2O)2 .

II. EXPERIMENT

The Ar– (H2O)2 rotational-tunneling spectra were ob
served with the Balle–Flygare Fourier transform microwa
spectrometer described in detail elsewhere.19 Argon was used
as carrier gas with about 10% of it bubbled through H2O
kept at ambient conditions. The backing pressure was t
cally 0.75 atm and the nozzle diameter was 1 mm. Isoto
cally enriched D2O ~99.5%! and H2

18O ~70%! were used for
studies on the trimer isotopomers. The presence of Ar
H2O in the species observed was ensured by changing
carrier gas to first run Ne and by bypassing the H2O bubbler.
The optimum microwave pulse required for the ‘‘b’’ dipo
~H2O– H2O axis! transitions was 0.3ms and it was'1 ms
for the ‘‘a’’ @the Ar to c.m. of (H2O)2 axis# dipole transitions.
All the Arm– H2O transitions form51, 2, and 3 required
about 3ms. Hence, the optimum pulse could be used to d
ferentiate the Arm– (H2O)n clusters broadly. Initial searche
with H2O covered a broad spectral range wherein all
isotopomer transitions were eventually found. This w

FIG. 1. Structure of Ar– (H2O)2 trimer. The ‘‘abc’’ axes are the principa
axes for the trimer and the ‘‘a8b8c8’’ axes are for the (H2O)2 dimer.
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helpful in assigning Ar– (H2
18O)2 , Ar– (H2

18O– H2O) and
Ar– (H2O– H2

18O) isotopomers’ spectra as the H2
18O

sample was only 70% enriched with18O and the parent
isotopomer lines could be seen during the search w
H2

18O.

III. RESULTS

A. Search and assignment for Ar– „H2O…2

As in FTMW work on a number of other complexes, th
first lines of Ar– (H2O)2 were found while searching fo
other complexes, in this case C6H6– H2O, Nem– (H2O)n and
Ar2– (H2O). We observed some transitions of some co
plexes containing Ne and H2O, during our work on
C6H6– H2O dimer.20 The presence of Ne could be easily a
certained by adding a few percent Ar, which almost alwa
kills the signal from a Ne complex. Presumably, Ar compe
with Ne and succeeds in forming the complex. Interesting
during one such test a new much stronger line appeare
7992.087 MHz on addition of Ar, which eventually proved
be the ‘‘b’’ dipole 000→111 transition of theE1 state of
Ar– (H2O)2 . Our initial search for Ar2– H2O used predic-
tions from a structure calculated by Chalasinskiet al.7 On
the basis of their structure, the 000→101 transition for the
Ar2– H2O was predicted to be around 4150 MHz. A search
that region, almost immediately, led to a pair of lines
4167.2019 and 4167.4805 MHz. These two lines are
000→101, ‘‘a’’ dipole transitions of Ar– (H2O)2 from two
states that correlate toA1

1 andE1 states of the water dimer
Our initial assumption that these lines were from Ar2– H2O
resulted in laborious searches between 3500–4800 M
which turned out to be extremely beneficial in assigning s
eral of the Arm– (H2O)n complexes.11 In this search we
found two strong lines, one at 4513.4475 MHz requiring
optimum 0.3ms pulse and the other just below at 4512.50
MHz requiring an optimum pulse of 3.0ms. The former line
is the 101→110 transition for theE1 state of Ar– (H2O)2 and
the latter is the 000→101 transition of Ar2– H2O S(101)
state.12

The three transitions of Ar– (H2O)2 listed above areA
1C, B1C, and A2C, respectively, in terms of the rota
tional constants neglecting centrifugal distortion. Predict
the other transitions was straightforward and soon a tota
43 transitions, 18 ‘‘a’’ dipole and 25 ‘‘b’’ dipole, were listed
All the ‘‘a’’ dipole lines were doublets with one stronger tha
the other, but the ‘‘b’’ dipole lines did not show any system
atic doubling. The weaker components of ‘‘a’’ dipole trans
tions were either at a higher or lower frequency than
stronger ones. The stronger transitions along with the ‘
dipole ones could be fit to a semirigid rotor Watson Ham
tonian within experimental uncertainties. These lines show
some hyperfine structure, especially in the lowerJ transi-
tions. The list of observed transitions with residues from
fit is given in Table I. The weaker lines of the ‘‘a’’ dipole
transitions could be fit independently, but with much larg
residues~rms deviation of 456 kHz!.

In order to assign the two sets of transitions, we tak
closer look at the rotational tunneling levels of the ‘‘free
water dimer. These levels can also be understood in term



unneling
TABLE I. Observed transition frequencies for Ar– (H2O)2 tunneling states that correlate withE1 andA1
1 states of the water dimer.

J8 Kp8 Ko8 J9 Kp9 Ko9 Frequency Res. Frequencya

2 1 1 2 1 2 2066.1399 24.6 -
3 1 2 3 1 3 4124.6347 22.7 4124.5842
1 0 1 0 0 0 4167.4805 0.6 4167.2019
2 1 2 1 1 1 7645.0615 0.1 7645.3358
2 0 2 1 0 1 8249.5475 0.5 8248.9762
2 1 1 1 1 0 9022.3684 21.0 9022.5224
3 1 3 2 1 2 11 416.6253 20.5 11 417.2244
3 0 3 2 0 2 12 169.1247 0.9 12 168.2219
3 2 2 2 2 1 12 496.2498 23.3 12 496.0198
3 2 1 2 2 0 12 827.0004 23.5 12 826.3428
3 1 2 2 1 1 13 475.1204 1.6 13 475.2230
4 1 4 3 1 3 15 135.7537 21.4 15 136.2892
4 0 4 3 0 3 15 884.1367 20.9 15 882.8263
4 2 3 3 2 2 16 593.3757 20.4 16 593.4376
4 3 2 3 3 1 16 803.3249 20.7 16 803.8224
4 3 1 3 3 0 16 842.2509 2.3 16 843.0830
4 2 2 3 2 1 17 372.3278 0.1 17 371.2739
4 1 3 3 1 2 17 848.5283 1.0 17 848.2774
2 0 2 1 1 1 4424.9426 5.9 ¯

1 1 0 1 0 1 4513.4475 0.7 ¯

2 1 1 2 0 2 5286.2665 22.8 ¯

3 1 2 3 0 3 6592.2621 22.2 ¯

1 1 1 0 0 0 7992.0870 23.2 ¯

4 1 3 4 0 4 8556.6560 2.0 ¯

3 0 3 2 1 2 8948.9970 22.0 ¯

5 2 3 5 1 4 10 368.2088 3.5 ¯

4 2 2 4 1 3 10 434.1094 3.0 ¯

6 2 4 6 1 5 10 903.9950 23.2 ¯

3 2 1 3 1 2 10 910.3041 21.9 ¯

5 1 4 5 0 5 11 239.4573 8.5 ¯

2 1 2 1 0 1 11 469.6750 3.3 ¯

2 2 0 2 1 1 11 558.4226 1.7 ¯

5 1 4 4 2 3 12 861.8585 3.4 ¯

4 0 4 3 1 3 13 416.5099 20.9 ¯

2 2 1 2 1 2 13 539.7957 1.8 ¯

6 1 5 6 0 6 14 574.5571 25.1 ¯

3 2 2 3 1 3 14 619.4198 21.3 ¯

3 1 3 2 0 2 14 636.7523 1.7 ¯

4 2 3 4 1 4 16 077.0396 22.6 ¯

4 1 4 3 0 3 17 603.3812 20.7 ¯

5 0 5 4 1 4 17 699.4466 21.9 ¯

5 2 4 5 1 5 17 912.2243 2.2 ¯

6 3 3 6 2 4 17 985.5050 0.1 ¯

aThe rms deviation forA1 transition is 456 kHz which is 2 orders of magnitude larger than the experimental uncertainty. They are affected by some t
motion, which is not considered in this work.
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the four different combinations of ortho (I 51,101) and para
(I 50,000) H2O.16 The A1 andB1 states have para water a
both H-bond acceptor and donor. TheA2 andB2 states have
ortho water as both acceptor and donor. TheE1 state arises
from para acceptor and ortho donor and theE2 state has the
opposite combination. As pointed out in the IntroductionA1 ,
B1 , andE1 states have comparable energy and theA2 , B2 ,
andE2 states are at a much higher energy~about 5 cm21!. Is
it likely that the rigid rotor spectra observed from th
A1 /B1 /E1 states overlap with theA2 /B2 /E2 states? The
spin statistics of these states and the expected hyperfine
tings from the ortho (I 51) water provide clear evidence t
suggest that such overlap does not happen. For Ar– (H2O)2 ,
the two states observed should beA1 andE1 , as theB1 state
has a zero-spin statistical weight. If theB1 andB2 states had
spectral overlap, ‘‘a’’ dipole transitions would have shown
lit-

three-line pattern. Moreover, the weaker ‘‘a’’ dipole trans
tions did not show any evidence for hyperfine splitting whi
is possible for theA2 state. The lines from theE1 state
clearly showed small hyperfine splitting~10–15 kHz for the
lower J transitions! as expected for the ortho (I 51) H2O.
The hyperfine splitting, though clearly visible, was difficu
for analysis and the center of the transition was used in
fitting. Either theA2 /B2 /E2 levels are not populated in th
expansion or they have not been identified yet.

For the dimer, theA1
1 state does not show rigid rotorlik

spectrum because the donor–acceptor interchange tunn
reverses the dipole moment leading to rotational tunne
spectra. However, for the trimer the interchange tunnel
does not reverse the sign of ‘‘a’’ dipole, and hence, the ‘‘
dipole transitions appear near rigid rotor predictions. T
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TABLE II. Observed transition frequencies and splittings~MHz! for Ar– (D2O)2 .a

J9 Kp9 Ko9 J8 Kp8 Ko8 Lower Middle Upper D1b D2c

‘‘a’’ dipole Transitions

0 0 0 1 0 1 3894.858 3894.890 3894.921 0.032 0.03
1 1 1 2 1 2 ¯ 7122.0138 ¯ ¯ ¯

1 0 1 2 0 2 7696.4903 7696.5410 7696.5935 0.051 0.05
1 1 0 2 1 1 8455.2972 8455.3955 8455.4795 0.098 0.08
2 1 2 3 1 3 10 627.8454 10 627.8837 10 627.9292 0.038 0.0
2 0 2 3 0 3 11 323.1049 11 323.1647 11 323.2298 0.060 0.0
2 2 1 3 2 2 11 679.1923 11 679.2806 11 679.3733 0.088 0.0
2 2 0 3 2 1 12 038.4845 12 038.5829 12 038.7286 0.097 0.1
2 1 1 3 1 2 12 618.89969 12 619.0163 12 619.1580 0.119 0.1
3 1 3 4 1 4 14 078.2516 14 078.2935 14 078.3483 0.042 0.0
3 0 3 4 0 4 ¯ 14 738.9941 ¯ ¯ ¯

3 2 2 4 2 3 15 498.0687 15 498.1750 15 498.3005 0.107 0.1
3 3 1 4 3 2 15 727.0330 15 727.1466 15 727.3032 0.113 0.1
3 3 0 4 3 1 15 775.1143 15 775.2397 15 775.3985 0.125 0.1
3 2 1 4 2 2 16 332.5382 16 332.7092 16 332.9029 0.171 0.1
3 1 2 4 1 3 16 694.2167 16 994.3706 16 694.5421 0.154 0.1
4 1 4 5 1 5 17 470.1181 17 470.1580 17 470.2233 0.040 0.0
4 0 4 5 0 5 ¯ 17 986.3350 ¯ ¯ ¯

‘‘b’’ dipole Transitions

0 0 0 1 1 1 7024.926 7131.264 7237.618 106.338 106.3
1 0 1 1 1 0 3796.961 3903.225 4009.520 106.264 106.2
1 1 1 2 0 2 4353.931 4460.154 4566.425 106.266 106.2
1 0 1 2 1 2 10 252.093 10 358.375 10 464.683 106.282 106.
2 0 2 2 1 1 4555.931 4662.066 4768.236 106.135 106.1
2 1 1 2 2 0 9695.681 9801.764 9907.891 106.083 106.1
2 1 2 2 2 1 11 603.131 11 709.315 11 815.523 106.184 106.
2 1 2 3 0 3 8555.150 8661.323 8767.497 106.173 106.1
3 0 3 3 1 2 ¯ 5957.920 6063.903 ¯ 105.983
3 1 2 3 2 1 9115.506 9221.349 9327.209 105.843 105.8
3 1 3 4 0 4 ¯ 12 772.431 ¯ ¯ ¯

4 0 4 4 1 3 7807.592 7913.301 8019.078 105.709 105.7
4 1 3 4 2 2 8754.194 8859.690 8965.207 105.496 105.5
5 1 4 5 2 3 8847.764 8952.881 9057.929 105.117 105.0
6 1 5 6 2 4 ¯ 9680.583 ¯ ¯ ¯

5 1 4 5 0 5 ¯ 10 561.294 ¯ ¯ ¯

4 2 3 5 1 4 ¯ 13 061.198 ¯ ¯ ¯

4 1 4 4 2 3 ¯ 14 180.587 ¯ ¯ ¯

aThe middle lines belong to the trimer state correlating toE1 state of (D2O)2 . The lower and upper lines have contribution fromA1
1 andB1

1 depending on
Kp9 ~see text!.

bSpacing between the lower and middle frequencies.
cSpacing between the upper and middle frequencies. For ‘‘b’’ dipole transitions, the splitting is related to the donor–acceptor interchange tunneling. For ‘‘a’’
dipole transitions, the splitting is due to tunneling motions not considered here.
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‘‘b’’ dipole does reverse the sign on interchange tunnel
and so the ‘‘b’’ dipole transitions for theA1

1 state must have
shifted by the tunneling frequency from theE1 transitions.
The tunneling frequency of 20 GHz in the dimer could
smaller in the trimer, but so far we have not been able
assign ‘‘b’’ dipole A1

1 transitions. Unlike the free wate
dimer for which, the ‘‘a’’ dipoleA1

1 transitions were always
at higher frequencies compared to theE1 transitions, for the
trimer the ‘‘a’’ dipole transitions were either at higher o
lower frequencies than theE1 transitions. This could be the
case for ‘‘b’’ dipole transitions for the trimer as well, wit
much larger splitting~several GHz!, making the identifica-
tion of these lines more difficult. The dimer ‘‘a’’ axis is th
‘‘b’’ axis for the trimer ~see Fig. 1!. A detailed look at the
o

energy levels of the trimer explains this feature in the ro
tional spectrum~vide infra!.

B. Search and assignment of Ar– „D2O…2

For the fully deuterated water dimer, the spin statisti
weights are 21, 15, and 18 forA1

1 , B1
1 and E1 states.

Hence, ‘‘a’’ dipole transitions for all three states from th
deuterated trimers could be observed. Moreover, the in
change tunneling in thefree (D2O)2 dimer is only about 1
GHz, and so the chances of observing the ‘‘b’’ dipole tran
tions for Ar– (D2O)2 for all the three states is better com
pared to Ar– (H2O)2 . With the approximate structure dete
mined from the Ar– (H2O)2 rotational constants, prediction
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were made for Ar– (D2O)2 . Soon ‘‘a’’ dipole 000→101 tran
sitions for the three states were observed at 3894.8
3894.890, and 3894.921 MHz. All the ‘‘a’’ dipole transition
were observed as triplets with the spacing ranging from 3
200 kHz. The lowJ transitions were complicated by theD
quadrupole splitting as well, obscuring the three-line patte
For the highJ transitions, however, the three lines were w
resolved and clearly identified as arising fromA1 , E1 , and
B1 states. The three progressions could be fitted indep
dently, with an rms deviation of a few kHz. The ‘‘b’’ dipole
transitions for theE1 state were then predicted and observ
readily. The 17 ‘‘a’’ dipole and 18 ‘‘b’’ dipole transitions o
theE1 state could be simultaneously fit to within experime
tal accuracy. Table II lists all the transitions assigned
Ar– (D2O)2 .

A search for ‘‘b’’ dipole rotational-tunneling spectra fo
theA1

1/B1
1 states was planned. Initial searches with D2O had

shown a strong line about 106 MHz below theE1 000

→101 transition at 7131.264 MHz. A search 106 MHz abo
theE1 transition resulted positively, suggesting that the tu
neling splitting betweenE1 and A1 /B1 states is about 106
MHz. Several ‘‘b’’ dipole transitions from theA1

1/B1
1 states

were observed as predicted. Most of these lines showed
perfine structure due to D nuclei, but it was not well resolv
for a detailed analysis. The tunneling splitting showed a
table decrease withJ. Table II includes the spacing betwee
the triplet structure for all the transitions observed. It d
creases from 106.34 MHz for the 000→111 transition to
105.05 MHz for the 514→523 transition. Transitions from al
three states could be fit independently to obtain rotatio
and centrifugal distortion constants as well as the tunne
frequency, assumed constant. The results are given in T
III.

TABLE III. Rotational ~MHz! and centrifugal distortion constants~kHz!,
the donor–acceptor interchange tunneling frequency~MHz! and the rms
deviations~kHz! for Ar– (D2O)2 .

Constant Lowera Middle (E1)b Uppera

A 5517.41~2! 5517.465~3! 5517.36~2!
B 2280.963~4! 2280.931~1! 2280.912~5!
C 1614.014~1! 1614.0259~8! 1614.035~7!
d1 27.1~2! 26.75~1! 26.6~2!
d2 22.6~1! 22.361~6! 22.3~1!
dj 17.5~2! 17.88~2! 18.3~3!
djk 161~1! 162.24~6! 163~1!
dk 2157~3! 2139.9~6! 2165~3!
n 2106.30~2! ¯ 106.42~2!
#c 12 35 12

rms 4.2 5.9 4.9

aThe lower and upper transitions have contributions fromA1
1 andB1

1 states.
The table shows the results of fitting the ‘‘b’’ dipole tunneling spectra on
The corresponding ‘‘a’’ dipole transitions could be fit independently to g
slightly better results in the sense that for 15 transitions, the rms devia
is only 2.3 kHz. The constants obtained are marginally different from th
given here.

bThe inertial defect forE1 is 20.0462.
cNumber of transitions included in the fit.
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C. Search and assignment of „H2
18O… containing

trimers

Approximate structural analysis from the rotational co
stants of Ar– (H2O)2 revealed that the O–O distance need
to fit the data depended on whether Ar is kept in the ‘‘c’’ ax
~above or below! or in the ‘‘b’’ axis of the dimer.~See Fig. 1
for the structure and next section for details.! In order to
clarify this ambiguity, predictions were made fo
Ar– (H2

18O)2 trimer and the two trimers with H2
18O, either

as H bond acceptor or donor. The predictions were differ
for the three cases mentioned previously. The predicti
with Ar in the ‘‘b’’ axis of the dimer gave good agreemen
with the experimental results for the three isotopomers. Ta
IV lists the transitions observed for the three trimers. Table
lists the rotational and centrifugal distortion constants for
three trimers and the parent isotopomer along with rms
viations from the fit.

For the trimer with two H2
18O, the results were very

similar to that of the parent isotopomer. Two lines were o
served for the ‘‘a’’ dipole transitions and one line was o
served for ‘‘b’’ dipole transitions. The donor–acceptor inte
change tunneling leads to different isotopomers for
mixed trimers (18O–16O). Hence, only one state was e
pected for both ‘‘a’’ and ‘‘b’’ dipole transitions. It was indee
true for the Ar– (H2O– H2

18O) trimer ~18O in the donor!.
However, for the other trimer, Ar– (H2

18O– H2O), both ‘‘a’’
and ‘‘b’’ dipole transitions showed doublets, with the spaci
of a few 100 kHz. Table VI lists these lines which could b
fitted independently, but the rms deviation of the 25 obser
lines, 58.8 kHz, was much larger. The other three iso
pomers listed in Table V did not show any evidence for su
splitting. For HDO–DOH and HDO–HOD water dimer iso
topomers, Karyakinet al.21 observed different tunneling
splitting due to the difference in reduced mass for the t
neling motion between the two. However, for all the ful
protonated trimers under consideration, the change in
duced mass will be negligible as the tunneling motion
volves only the hydrogen atoms in all cases. The fact t
transitions from one more state have been observed
Ar– (H2

18O– H2
16O) and not for Ar– (H2

16O– H2
18O),

strongly points to vibrational–rotational interactions such
Coriolis resonance in the former. In fact, Hu and Dyke22

have reported Coriolis resonances in the water dimer pa
isotopomer, (H2O)2 . A detailed analysis of this aspect
beyond the scope of the present investigation.

IV. DISCUSSION

A. Structure of the Ar– „H2O…2

The gross features of the rotational-tunneling spectra
served for the Ar– (H2O)2 follow that of the free water
dimer. The tunneling states observed could be correlate
the water dimer energy levels. We use the rotational c
stants of theE1 state, which is expected to be the lea
perturbed by the various tunneling motions, to determ
structural parameters for the trimer. It is noted that theA
rotational constant~6253.031 MHz! for the trimer is closer to
the (B1C)/2 for the water dimer~6160.7 MHz!.23 This sug-
gests that the trimer is T-shaped with the Ar approaching

.
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e
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TABLE IV. Observed transitions~MHz! for H2
18O containing trimers.a

J8 Kp08 Ko8 J9 Kp9 Ko9 16–18 18–16 18–18 18–18b

‘‘a’’ dipole

1 0 1 0 0 0 4049.2931 4037.8403 3933.9200 3933.723
2 1 2 1 1 1 7413.9885 7398.6695 7189.7718 7189.636
2 0 2 1 0 1 8009.0652 7989.0640 7774.6187 7774.210
2 1 1 1 1 0 8780.8599 8750.3664 8543.7098 8543.454
3 1 3 2 1 2 11067.7737 11 046.4713 10 729.4835 10 729.69
3 0 3 2 0 2 11799.4941 11 776.0495 11 439.9785 11 439.29
3 2 2 2 2 1 12142.1408 12 107.7187 11 796.3072 11 797.14
3 2 1 2 2 0 ¯ 12 442.8400 12 155.8171 12 155.532
3 1 2 2 1 1 13109.9111 13 066.2893 12 751.5716 12 750.81
4 1 4 3 1 3 14667.3457 14 641.5605 14 213.5022 14 214.33
4 0 4 3 0 3 15380.7470 15 358.5792 14 892.8558 14 891.76
4 2 3 3 2 2 16 118.0738 16 074.5483 ¯ ¯

4 2 2 3 2 1 16927.8260 ¯ ¯ ¯

‘‘b’’ dipole

1 1 0 1 0 1 4255.1526 4293.6455 4020.839 ¯

2 0 2 1 1 1 4437.5273 4371.4340 4430.913 ¯

2 1 1 2 0 2 5026.9466 ¯ 4789.928 ¯

3 1 2 3 0 3 6337.3621 ¯ 6101.521 ¯

1 1 1 0 0 0 7620.8250 7655.4646 7277.623 ¯

4 1 3 4 0 4 8311.6899 8288.0066 8080.068 ¯

3 0 3 2 1 2 8823.0270 8748.8127 8681.120 ¯

5 2 3 5 1 4 9761.0067 9853.2816 9221.013 ¯

4 2 2 4 1 3 9754.2768 9874.8704 9147.305 ¯

3 2 1 3 1 2 10181.5150 10 315.2804 9527.906 ¯

6 2 4 6 1 5 10389.2302 10 437.0501 9932.387 ¯

2 2 0 2 1 1 10803.3760 10 938.7286 10 123.658 ¯

2 1 2 1 0 1 10985.5280 11 016.3020 10 533.479 ¯

5 1 4 5 0 5 10998.8837 10 936.2151 ¯ ¯

2 2 1 2 1 2 12764.9623 12 880.4112 12 062.075 ¯

4 0 4 3 1 3 13136.0065 13 060.9209 12 844.494 ¯

3 2 2 3 1 3 13839.3294 13 941.6574 13 128.898 ¯

3 1 3 2 0 2 14044.2361 14 073.7080 13 488.343 ¯

4 2 3 4 1 4 15290.0557 ¯ ¯ ¯

4 1 4 3 0 3 16912.0874 16 939.2196 ¯ ¯

aThe column title refers to the masses of oxygen atoms in the H bond acceptor–donor for Ar– (H2O– H2O). Table VI lists the second line observed for th
18–16 trimer in both ‘‘a’’ and ‘‘b’’ dipole transitions. The 16–18 trimer did not show any other systematic transitions within a few MHz of theE1 level
transitions.

bFor the symmetrical 18–18 trimerA1
1 level also gives ‘‘a’’ dipole semirigid rotor transitions like the parent isotopomer. The ‘‘b’’ dipole transitions for theA1

1

are shifted by large tunneling splitting and have not been detected.
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water dimer through the ‘‘b’’ or ‘‘c’’ axis of the dimer. How-
ever, it is about 93 MHz larger indicating some structur
dynamical changes between the dimer and trimer. The re
ence structure for the trimer is shown in Fig. 1.

The rotational constants reported in Tables III and V
the various isotopomers suggest a simple-minded approa
structural evaluation. The inertial defect for th
Ar– (H2O– H2O), Ar– (H2

18O– H2O), Ar– (H2O– H2
18O),

Ar– (H2
18O– H2

18O), and Ar– (D2O)2 are 1.6178, 1.6542
1.6525, 1.7000, and20.0462 a.m.u. Å2, respectively. Even
for the fully protonated isotopomers, the inertial defect
1.65 is less than half that of the Ar2– H2O trimer.12 Hence,
we treat the trimer as a simple triangle with two wa
spheres and an Argon. In this case, the following iner
equations can be used to calculate the c.m. to c.m. dist
between the two water units,r, and the distance between A
to the c.m. of the water dimer,R.
/
r-

r
to

f

r
l
ce

I a5 1
2mr2 ~1!

I b5mR2, ~2!

wherem is the mass of the water andm is the reduced mas
of the system. Of course,I c would have to be the sum o
these two if inertial defect were zero. Needless to say, s
an analysis can give only approximate values for these
tances. The rotational constants for the parent isotopo
give r 52.996 Å andR53.315 Å. From these values, th
Ar-c.m.(H2O) distance can be calculated to be 3.637 Å, ve
close to the value reported for the global minimum
Ar– H2O dimer, 3.636 Å.10 The Ar– (H2

18O)2 data giver
and R values of 2.990 and 3.311 Å, respectively. The ro
tional constants of Ar– (D2O)2 , which has an inertial defec
very near 0, give 3.025 and 3.328 Å.
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z. The

and
TABLE V. Rotational~MHz!, centrifugal distortion constants and rms deviations~kHz! for theE1
1 state of H2O

and H2
18O containing trimers.a

Constant 16–16 18–16b 16–18 18–18

A 6253.031~2! 5974.807~3! 5938.234~2! 5649.460~2!
B 2428.2309~4! 2356.997~1! 2366.5266~8! 2305.5919~7!
C 1739.3335~2! 1680.9227~9! 1682.8493~7! 1628.4011~5!
Dc 1.6178 1.6542 1.6525 1.6997
d1 27.606~3! 27.06~1! 27.53~1! 26.96~1!
d2 22.775~2! 22.705~5! 22.745~4! 22.717~5!
dj 21.170~8! 19.28~3! 20.38~2! 18.32~2!
djk 183.74~8! 175.8~1! 168.85~9! 164.59~8!
dk 2147.2~2! 2141.2~6! 2137.1~5! 2136.6~3!
hjk 20.060~3! ¯ ¯ ¯

hk j 0.159~9! ¯ ¯ ¯

# 43 29 32 28
rmsd 2.7 4.9 4.6 2.9

aThe column titles for the trimers refer to the mass of oxygen atoms in H bond acceptor-donor water mo
in Ar– (H2O– H2O).

bThe 18–16 trimer spectrum showed one more transition within a few hundred kHz from the ‘‘E1
1’’ state

transitions, see Table VI. These transitions could be fit independently, but the rms deviation was 58.8 kH
constants obtained were marginally different from the results forE1

1 state reported in this table.
cInertial defect in a.m.u. Å2. For Ar– (D2O)2 , the inertial defect is20.0462.
dThe ‘‘a’’ dipole transitions from theA1

1 state for both 16–16 and 18–18 trimers could be independently fit
the rms deviation is much larger at 456 kHz.
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The rotational constants for the parent isotopomer

the two isotopomers with both H2O and H2
18O, can give a

substitution O–O distance in the parent. The procedure
veloped by Kraitchman is described in detail by Gordy a
Cook.24 For the present case of asymmetric tops, it is con
nient to use the planar moments of inertia,P, rather thanI.
They are defined asPx5 1

2(2I x1I y1I z) andPy andPz are
d

e-
d
-

obtained by cyclic permutation of the subscriptsx, y, andz.
The coordinates of the substituted atom are defined as
lows:

uxu5FDPx

m S 11
DPy

I x2I y
D S 11

DPz

I x2I z
D G1/2

~3!
TABLE VI. The second line observed for Ar– (H2
18O– H2O) in all transitions~MHz! with residues~kHz! from

the fit.

j 8 Kp8 Ko8 J9 Kp9 Ko9 Frequency Res.

2 1 2 1 1 1 7398.6200 28.6
2 0 2 1 0 1 7989.1060 215.9
2 1 1 1 1 0 8750.5497 235.0
3 1 3 2 1 2 11046.3814 228.9
3 0 3 2 0 2 11776.0391 15.4
3 2 1 2 2 0 12443.0130 33.2
3 1 2 2 1 1 13066.5387 88.2
4 1 4 3 1 3 14641.4139 295.6
4 0 4 3 0 3 15358.4680 7.6
4 2 3 3 2 2 16074.6336 146
2 0 2 1 1 1 4371.5520 257.6
1 1 0 1 0 1 4293.6880 23.1
3 0 3 2 1 2 8748.9692 235.4
5 2 3 5 1 4 9853.1154 275
4 2 2 4 1 3 9874.5963 287.1
6 2 4 6 1 5 10436.8498 63.5
3 2 1 3 1 2 10315.0001 20.6
5 1 4 5 0 5 10936.2510 282.0
2 1 2 1 0 1 11016.1758 34.8
2 2 0 2 1 1 10938.5238 52.3
4 0 4 3 1 3 13061.0578 3.1
2 2 1 2 1 2 12880.5325 28.8
3 2 2 3 1 3 13941.9471 54.9
3 1 3 2 0 2 14073.451 21.6
4 1 4 3 0 3 16938.8245 290.7
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m S 11
DPz

I y2I z
D S 11

DPx

I y2I x
D G1/2

. ~4!

The z coordinate is described by a similar equation in ter
of DPz . However, as the trimer is very nearly planar,z will
be very small and the result not very reliable. Here theDP’s
give the change inP on isotopic substitution, theI i – I j quan-
tities refer to the moments of inertia of the parent andm is
the reduced mass for isotopic substitution MDM/(M
1DM). From these equations,x and y coordinates for the
two oxygen atoms in the trimer were calculated.~The ‘‘x’’
axis is the ‘‘a’’ inertial axis and the ‘‘y’’ axis is the ‘‘b’’
inertial axis.! These were~1.772, 1.426! and ~1.642, 1.516!
for the two oxygen atoms. From these values the dista
between the two oxygen atoms, RO– O, is determined to be
2.945 Å. This is about 0.035 Å shorter than the 2.98 Å c
culated for the water dimer, using isotopic substitution d
with (H2O)2 , (H2

18O)2 , and (D2O)2 .23 The D substitution
can lead to significant changes in the zero-point motion
the O–O distance for the dimer may be less accurate. H
ever, the difference in rotational constants~especiallyA! de-
termined for the two16O–18O mixed trimers support the
shorter O–O distance for the trimer compared to that of
dimer. @For the (H2O)2 , studies on the mixed18O isoto-
pomers would be useful but have not been reported to
best of our knowledge.#

FIG. 2. Energy level diagram for the Ar– (H2O)2 trimer. The splitting be-
tween A and B levels are due to the donor–acceptor interchange tunne
The statistical weight of the energy levels for Ar– (H2O)2 and Ar– (D2O)2

are shown next to the 000 and 111 levels ~lowest levels in theK50 and 1
manifolds!. The approximate frequencies for theE1→E2 transition are
shown. The splitting between the A and B levels is about 106 MHz
Ar–~D2O!2.
s
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As pointed out earlier, a T-shaped structure can be
tained by bringing in the Ar through either the ‘‘b’’ or ‘‘c’’
axis of the dimer. The plane of symmetry in the dimer
‘‘ac’’ plane. With reference to Fig. 1, Ar approaching from
above and below through ‘‘c’’ axis, leads to different valu
of rotational constants. However, for approach through ‘‘
axis, both directions~from behind or front! are symmetric.
Intuitively, one would expect the approach through the ‘‘
axis. In fact, Dykstra’s MMC calculations predict the glob
minimum with Ar on the ‘‘b’’ axis of the dimer.15 In order to
experimentally verify this, rotational constants for the va
ous isotopomers were calculated for the three different p
sibilities using rigid structures.

Starting from the (H2O)2 geometry,23 it was found that if
Ar is kept on the dimer ‘‘c’’ axis, either above or below, th
A rotational constant of trimer automatically increased co
pared to (B1C)/2 for the dimer, as found in the experimen
However, if Ar is kept on the dimer ‘‘b’’ axis, the RO– O had
to be reduced by 0.038 Å in order to reproduce the exp
mentalA. A rigid structure could not fitA, B, andC of the
trimer, simultaneously. For all three structures, a best p
sible fit of the three rotational constants was obtained. W
these structures, the rotational constants for the th
(H2

18O) containing trimers were calculated. It was not
that the change in theA rotational constant betwee
Ar– (H2O– H2

18O) and Ar– (H2
18O– H2O) was very differ-

ent for the three structures. For Ar in the dimer ‘‘c’’ ax
above and below, this difference was 90 and211 MHz, re-
spectively. For Ar in the dimer ‘‘b’’ axis, it was 35 MHz. The
experimental value is 36.6 MHz, clearly supporting t
structure in which Ar is placed on the ‘‘b’’ axis of the dime
It appears that the reduction in O–O distance by 0.035 Å
going from (H2O)2 to Ar– (H2O)2 is real. It is one order of
magnitude larger than the 0.003 Åincreaseseen for the
c.m.–c.m. distance between C6H6 and H2O in C6H6– H2O
dimer on addition of Ar to form the Ar– C6H6– H2O
trimer.20,25

B. Rotational-tunneling energy levels

As indicated earlier, the ‘‘a’’ dipole transition from th
A1 state appeared at either higher or lower frequency co
pared to the transition fromE state for Ar– (H2O)2 . It
should be pointed out now that the two tunneling motio
considered earlier should give identical frequencies for ‘
dipole transition from the three states,A1 , B1 , andE1 . The
fact that they give frequencies differing by a few 100 kH
shows evidence for smaller perturbations not conside
here. Independent fitting of the transitions fromA1 state
leads to an rms deviation of about 456 kHz for Ar– (H2O)2

but only 3 kHz for Ar– (D2O)2 . Clearly, the perturbation is
more important for the fully protonated trimer and its effe
is negligible for the deuterated species. Having stated t
we examine the ordering of the three states for some of
lower rotational levels. Only the interconversion splitting
considered and the much larger splitting due to the 1
rotation of the acceptor unit is neglected. Our experime
cannot determine this splitting.

Figure 2 shows the energy level diagrams for 000 to 211
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. A.
states of the trimer. The ordering of theA1 , E1 , and B1

levels should be the same for levels connected by ‘‘a’’ dip
allowed transitions which showed a rigid rotor type spec
for all three states. It should be reversed for the ‘‘b’’ dipo
allowed transitions. OnlyKp50 and 1 levels are shown an
they are stacked separately to identify the ‘‘a’’ dipole a
‘‘b’’ dipole transitions. The ‘‘a’’ dipole transitions occur
within the sameKp manifold and the ‘‘b’’ dipole transitions
occur across the two manifolds. From the diagram, it is
mediately obvious that for the ‘‘b’’ dipole transitions wit
Kp9 even, the transition frequencies increase in the or
A1.E1.B1 . For the ‘‘b’’ dipole transitions withKp9 odd
this order is reversed withA1,E1,B1 .

The above analysis clearly points out the following: F
Ar– (D2O)2 , the ‘‘b’’ dipole transitions that were observed
lower and higher frequencies compared to the transiti
from the E1 state, should have contributions from bothA1

and B1 states. TheKp9 for the transition determines wher
theA1 andB1 transitions are with respect toE1 transition. In
our spectral fitting discussed in the previous section
Ar– (D2O)2 , this situation was not obvious. The lower tra
sitions and upper transitions were fit independently as tho
they arise from the same states~Table II!. This observation
reinforces the point noted in the above-mentioned. For
fully deuterated trimer, the perturbation~s! from other tunnel-
ing motions not considered here are negligible.

C. Barrier to interchange tunneling

For the (H2O)2 and (D2O)2 , Karyakin et al. modeled
the interchange tunneling as resulting from a geared inte
rotation of the two water units about theirC2 axis.26 They
used the following Hamiltonian to calculate the energy le
els:

H5Fp21V4/2~12cos 4a!. ~5!

They usedF as b0/2 whereb0 is the zero-point rotationa
constant of H2O/D2O about its ‘‘b’’ axis. The Hamiltonian
matrix was set up in the free rotor basisum&5eima/(2p)1/2

and diagonalized to obtain eigenvalues. The tunneling s
tings observed for the (H2O)2 and (D2O)2 were 22 554.37
and 1172.11 MHz and from theseV4 was calculated as 43
and 402 cm21 for the two dimers, respectively.21,26

If one assumes that the interchange tunneling in the
mer does not involve motion of Ar, similar analysis can
done to estimate the barrier for this motion. Such an anal
for Ar– (D2O)2 with the tunneling splitting of 106.3 MHz
gives V45642 cm21. It suggests that the barrier to dono
acceptor interchange tunneling in (D2O)2 increases from 402
to 642 cm21 due to the formation of the trimer. If the barrie
for Ar– (H2O)2 is increased by comparison, it shows that t
splitting in the trimer could be of the order of 4–5 GHz. Th
A1 transition is expected either at a higher or lower f
quency than theE1 transition, depending onKp9. Hence,
finding the ‘‘b’’ dipole rotational tunneling spectra from th
A1 state for Ar– (H2O)2 appears to be a difficult task wit
our spectrometer.
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V. CONCLUSIONS

Rotational-tunneling spectra have been obser
for Ar– (H2O)2 , Ar– (D2O)2 , Ar– (H2

18O)2 ,
Ar– (H2

16O– H2
18O) and Ar– (H2

18O– H2
16O) trimers us-

ing a Balle–Flygare FTMW spectrometer. The observed t
neling levels could be correlated to the tunneling levels
the free water dimer. From theE1 state rotational constant
of the parent and H2

18O containing isotopomers, RO– O dis-
tance has been estimated as 2.945 Å. This is 0.035 Å sho
than RO– O in the water dimer. The trimer is T-shaped and t
rotational constants for the H2O and H2

18O containing iso-
topomers were used to infer that the Ar atom approac
through the ‘‘b’’ axis of the water dimer, rather than the ‘‘c
axis. An approximate analysis gives Ar-c.m.(H2O) distance
to be 3.637 Å, which is almost identical to that of Ar– H2O
dimer.

The ‘‘a’’ dipole transitions fromA1 and E1 states of
Ar– (H2O)2 trimer were observed while the ‘‘b’’ dipole tran
sitions were observed only for theE1 state. Spin statistica
weight for theB1 state of (H2O)2 is 0, and hence, could no
be observed. For Ar– (D2O)2 , both ‘‘a’’ and ‘‘b’’ dipole tran-
sitions from all the three states could be observed. The
dipole transitions are split due to the donor–acceptor in
change tunneling. The tunneling splitting is determined to
106.3 MHz for Ar– (D2O)2 compared to 1172 MHz for the
(D2O)2 . Assuming that the interchange tunneling does
involve motion of Ar, the barrier for this motion is estimate
to be 642 cm21. As expected, the Ar– (H2

16O– H2
18O) tri-

mer did not show any doubling of the ‘‘a’’ dipole transition
due to the donor–acceptor interchange tunneling, si
it leads to a different trimer. However, th
Ar– (H2

18O– H2
16O) trimer showed some doubling inboth

‘‘a’’ and ‘‘b’’ dipole transitions due to some perturbation tha
has not been addressed.
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