
Vibrational and KA dependencies of the multidimensional tunneling 
dynamics in the 62.6 cm-’ intermolecular vibration of the water dimer-d4 

N. Pugliano,a) J. D. Cruzan, J. G. Loeser, and R. J. Saykally 
Department of Chemistg University of California, Berkeley, Berkeley, California 94720 

(Received 2 October 1992; accepted 13 January 1993) 

Using tunable far infrared laser absorption spectroscopy, 12 vibration-rotation-tunneling 
(VRT) subbands, consisting of approximately 230 transitions have been measured and 
analyzed for an 82.6 cm- ’ intermolecular vibration of the water dimer-d4 Each of the VRT 
subbands originate from Kg = 0 and terminate in either Ki = 0 or 1. These data provide a 
complete characterization of the tunneling dynamics in the vibrationally excited state as well 
as definitive symmetry labels for all VRT energy levels. Furthermore, an accurate value for 
the A’ rotational constant of 122.9 GHz is found to agree well with its corresponding ground 
state value. All other excited state rotational constants are fitted, and discussed in terms of 
the corresponding ground state constants. In this vibration, the quantum tunneling motions 
are determined. to exhibit large dependencies with both the KL quantum number and the vi- 
brational coordinate, as is evidenced by the measured tunneling splittings. The generalized 
internal-axis-method (IAM) treatment, which has been developed to model the ground state 
tunneling dynamics, is considered for the qualitative description of each tunneling pathway, 
however, the variation of tunneling splittings with vibrational excitation indicate that the 
high barrier approximation does not appear to be applicable in the excited state. The data are 
consistent with a motion possessing a’ symmetry, and the vibration is assigned as the vs ac- 
ceptor bending coordinate. This assignment is in agreement with the vibrational symmetry 
determined from the data, the results of high level ab initio calculations, and preliminary 
data assigned to the analogous vibration in D,G-DOH. 

I. INTRODUCTION 

The facile quantum tunneling dynamics of hydrogen 
atoms in the water dimer have been examined with high 
resolution spectroscopic techniques for nearly two de- 
cades,’ following the pioneering study of Dyke, Mack, and 
Muenter. The vibration-rotation-tunneling (VRT) en- 
ergy levels are currently understood in terms of 
permutation-inversion (PI) group theory,3 and by consid- 
ering each of the tunneling coordinates as an isolated, adi- 
abatic motion via the generalized internal-axis-method 
(IAM) developed by Coudert and Hougen.475 As a result, 
this cluster has become an important prototype in the 
treatment of multidimensional tunneling dynamics in clus- 
ters. In the current VRT models, the barriers on the mul- 
tidimensional intermolecular potential energy surface 
(IPS) through which the tunneling occurs are assumed to 
be much larger than the VRT splittings induced by the 
motions. Measurement of the intermolecular vibrations 
would provide a critical test of the applicability of this 
approximation because these motions sample regions of the 
IPS that are approximately isoenergetic with the tunneling 
barrier maxima. Until recently, however, such measure- 
ments have not been technologically accessible. 

Throughout the past several years, the ground vibra- 
tional states for all possible water dimer isotopomers have 
been examined in some detail with high resolution micro- 
wave and far infrared (FIR) spectroscopic probes.‘,“* In 
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particular, the ri = 0, 1, and 2 manifolds of the normal 
and fully deuterated species have been extensively studied, 
and these data have provided a relatively complete char- 
acterization of the ground state VRT energy levels of these 
clusters in terms of Hougen’s generalized IAM model.’ 
Recently, the first high resolution spectrum of an excited 
intermolecular vibration” has been located near 82.6 cm-’ 
and the five VRT subbands observed were rationalized in 
terms of ab initio predictions, the measured a- and c-type 
VRT spectra, and the fitted tunneling splittings. Since that 
work, seven additional VRT subbands of this vibration 
have been detected, allowing for the complete character- 
ization of the excited state Ku=0 and 1 manifolds. The 
resulting excited state energy level diagram verifies that all 
of the tunneling motions possess extremely different char- 
acteristics from those in the ground state, as evidenced by 
the measured VRT splittings. The high barrier approxima- 
tion assumed for the treatment of the ground state of the 
water dimer defines the barrier through which a tunneling 
motion passes to be much larger than the associated split- 
ting, and this is the basis for treating each tunneling mo- 
tion as an independent coordinate. The data presented in 
this work lead us to question the validity of this approxi- 
mation for describing the intermolecular vibrational de- 
grees of freedom. Measurements of the intermolecular vi- 
brations are also a necessary step for the ultimate 
determination of an accurate intermolecular pair potential 
describing the water-water interaction, and FIR-VRT la- 
ser absorption spectroscopy has evolved as a highly sensi- 
tive probe of these motions.” 
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The data and subsequent discussions within this manu- 
script are organized in the following way. In Sec. II, a brief 
description of the operation of the FIR laser system is 
presented, including experimental improvements which 
have made the current high level of sensitivity available. In 
Sec. III, details regarding the group theoretical treatment 
of the water dimer are discussed, as are the assignment of 
the six K,=O+O and six K,=O-t 1 subbands. Section IV 
contains an examination of the strongly coupled excited 
state tunneling motions which are compared to the current 
understanding of quantum tunneling in the vibrational 
ground state. The KA dependencies are particularly inter- 
esting, and relevant examples of related phenomena occur- 
ring in other molecular systems are described for compar- 
ative purposes. In the concluding discussion of Sec. V, the 
intermolecular vibrational coordinate is considered within 
the present excited state tunneling picture. 

II. EXPERIMENT 

Only a brief description of the Berkeley tunable FIR 
laser absorption spectrometer will be presented below, for 
it has recently been thoroughly reviewed elsewhere.12 Spe- 
cifically, we describe the implementation of several im- 
provements for the operation of the laser system above 2.4 
THz. A continuous wave (cw) 150 W, line tunable CO2 
laser is used to longitudinally pump a fixed frequency FIR 
gas laser. A 6 mm diameter FIR output coupler is used to 
minimize cavity losses, thus allowing weak lasers to more 
easily surpass the gain threshold. This cavity configuration 
has increased the power output of several lasers which 
were previously used in this spectral region, and has per- 
mitted the use of many others. The frequencies of the FIR 
lasersI used to conduct this study are 2 447 968.5 MHz 
(CH,F,); 2 522 781.5 MHz (CH,OH); 2 546 494.0 MHz 
(CH,F,); 2 588 361.8 MHz (13CH30H>; 2 633 899.1 
MHz ( 13CH30H) (Ref. 14); 2664058.3 MHz 
(CH,DOH); and 2 714 715.1 MHz ( 13CH30H>. The fixed 
frequency FIR laser radiation is focused onto an antenna 
and mixed with continuously tunable microwave radiation 
(2-65 GHz) in a GaAs Schottky barrier diode to produce 
tunable sum and difference frequencies (vsidebands= vlaser 
* vn&rowavs ). These tunable sidebands are then separated 
from the stronger carrier with a Martin-Puplett diplexer. 
Further separation is usually accomplished with two 750 
line/in. nickel meshes operating as a tunable Fabry-Perot 
Ctalon. As the tunable FIR laser is scanned, the Btalon is 
adjusted to the transmission maximum for both the upper 
and lower sidebands, completely rejecting the FIR carrier 
from the detector field of view. The tunable sidebands are 
then collimated and multipassed 8-16 times in front of a 
cw supersonic slit expansion, from which the molecular 
beam of (D,O) 2 is formed and cooled to a rotational tem- 
perature of 4.7 K. Finally, the sideband radiation is de- 
tected with a liquid He cooled mechanically stressed 
Ge:Ga photoconductori5 as it exits the vacuum chamber, 
and the molecular absorptions are detected as a decrease in 
sideband power. By frequency modulating the microwaves 

at 50 kHz and demodulating the detected signal at 2f with 
a lock-in amplifier, a sensitivity of 1 ppm can routinely be 
achieved. 

More efficient sideband generation has been obtained 
in the spectral region above 2.4 THz by installing a new 
model of GaAs Schottky barrier diode (#lT12 University 
of Virginia). The response of the lT12 diode ( -30 V/W 
video response, measured as FIR laser rectification), is 
nominally a factor of 5 greater than the 117 diode which 
was previously in use.t6 The lT12 diode is mounted in a 
corner cube reflector which couples the radiation onto an 
antenna. By applying the formulas for optimal mixing ef- 
ficiency as a function of whisker length derived by 
Zmuidzinas et al.,l’ the design performance of the Martin- 
Puplett diplexer has been realized in the 2.5-3.0 THz spec- 
tral regime. These relationships are 

emax=COS-‘[ l-0.371 OlA/L], 

s=O.97A/2 sin f3,,, , (1) 

for which 0 is the angle between the antenna (whisker) 
and the incident laser radiation, L is the whisker length, /z 
is the wavelength of light, and s is equal to the distance 
between the whisker and the corner cube reflector. By fix- 
ing s and &,,, at the values calculated from Eq. ( 1 ), for a 
given L and 1, the optimum performance of the diplexer 
was consistently maintained. In doing so, the optimal an- 
tenna mode of the whisker is coupled out of the corner 
cube mixer and this results in highly collimated double 
sideband radiation (full angle divergence of 50 mrad at 
2550 GHz) over the full length of the beam path. The 
added collimation helps in aligning the multipass cell so 
that the probe laser samples the cluster beam more effec- 
tively. 

Finally, previous measurements of these particular 
VRT bands were conducted with a 2 in., supersonic expan- 
sion slit source. However, it has been shown in this labo- 
ratory that a 4 in. long nozzle provides adequate cooling 
with a minimal amount of doppler broadening. This source 
has become the standard cluster source for the Berkeley 
FIR-VRT spectrometers because of the advantage of path 
length gain relative to the 2 in. nozzle. The molecular beam 
of the water dimer-d4 is formed in this nozzle by flowing 
argon (99.99% purity) through a D20 (99.9% purity) 
sample. The flow rate of the mixture was adjusted to pro- 
duce a backing pressure of -700 Torr while a chamber 
pressure of 200 mTorr is maintained by a 2800 cfm Roots 
blower vacuum system. 

Ill. RESULTS AND ANALYSIS 

A. Group theoretical considerations 

In order to describe the 82.6 cm-’ VRT band system 
and its dynamical implications, a review of the relevant 
group theory is essential. In general, tunneling splittings in 
the rovibrational energy levels of the water dimer arise 
because equivalent nuclei in an initial framework may be 
permuted along tunneling pathways through low energy 
barriers, to 16 symmetrically equivalent frameworks lo- 
cated in adjacent minima on the multidimensional IPS of 
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the cluster.** The feasibility of each tunneling motion is 
related to the shape of these barriers and how they impede 
the conversion from the initial framework to any of the 
remaining 15 symmetrically equivalent frameworks on the 
water diier IPS. Thus, the motion passing through the 
smallest barrier is the most feasible tunneling coordinate 
and this is responsible for the largest VRT splitting in a 
spectral band. 

If it is assumed that all permutations of equivalent 
particles are feasible, the number of symmetrically equiv- 
alent frameworks is defined by the direct product group 
&] X [s,l=48. The subgroup, [s;l corresponds to the per- 
mutation group for the two equivalent oxygen atoms, 
whereas [s,l allows for all possible permutations of the 
four equivalent hydrogen atoms. By including the opera- 
tion which inverts all particles through the center of mass 
of the cluster (fl), this number is doubled to 96, which 
would be the order of the complete nuclear permutation 
inversion group (CNPI), Gg6. However, within the scope 
of this analysis, it is assumed that the breaking of a chem- 
ical bond is not a feasible permutation, thus, the exchange 
of identical particles through the scrambling of hydrogen 
atoms between the two water monomers is not considered. 
In this limit the full molecular symmetry group reduces to 
an order which is calculated by the direct product 
[s;l x [,S’-J2~Ecic = 16, and is therefore labeled G1* This 
molecular symmetry group is isomorphic with the Dhh(M) 
point group, and is consistent with the VRT dynamical 
manifestations in the water dimer. Before describing each 
of the tunneling coordinates, a qualitative correlation dia- 
gram which elucidates the result of each motion on the 
v=O, J=O, K,=O rovibrational energy level of the near- 
prolate asymmetric rotor is shown in the lower portion of 
Fig. 1. The diagram in Fig. 1 assumes that the rigid non- 
tunneling water dimer has a plane of symmetry, and may 
be described by the C,(M) point group. As the different 
tunneling motions are considered, the splitting of the 
C,(M) energy levels occurs until eventually the full corre- 
lation diagram in the G16 limit is generated. 

Fitted Vibrational 
Energy (v,) for the Two 

Interchange Triplets 

IJ=O.K=O> + Acceptor 3 Donor 3 Donor 
Tunneling Acceptor 

Tunneling 
Tunneling 

‘304 WW GM 

Previous studies of the water dimer have established a 
ground state equilibrium structure in which one water 
monomer acts as an hydrogen bond (H-bond) donor and 
the other an H-bond acceptor.” The permutation of the 
two acceptor deuterium atoms, identified hereafter as ac- 
ceptor tunneling, is the most feasible tunneling coordinate 
because it induces the largest splitting in the rovibrational 
energy levels. This tunneling coordinate has been proposed 
to be similar to a concerted internal rotation of the donor 
with an inversion of the acceptor, which is analogous to the 
inversion-internal rotation tunneling coordinate of methyl- 
amine, 2o although the possibility of a simple rotation about 
the C, axis of the acceptor subunit cannot be conclusively 
ruled out.5 Regardless of the actual tunneling pathway, the 
overall effect is equivalent to the rotation of the acceptor 
subunit about its C2 axis. The tunneling barrier for this 
motion in the normal isotope of the dimer along the pro- 
posed methylamine-like pathway has been estimated5 to be 
130 cm-’ by examining the intermolecular PES of Coker 
and Watts.21 However, the transition state along the 

FIG. 1. The correlation diagram for the J=O, K,=O rovibrational state 
of the water diier is drawn to illustrate the effect of each tunneling 
motion on the rovibrational energy levels. The largest tunneling splitting 
is due to the acceptor tunneling motion, whereas the two sets of triplets 
arise from donor-acceptor interchange tunneling. The donor tunneling 
motion cannot further split the energy levels, and only modifies the triplet 
structure as shown. The symmetries alternate with Jaccorclmg to Eq. (2), 
and this is used to determine the ground and excited state symmetries 
relating to each water dimer-d4 transition. In the upper portion of the 
figure, an energy level diagram is shown which represents the VRT levels 
of an excited vibrational state for which an arbitrary symmetry oidering 
is adopted to define the notation used throughout the text. The energy 
differences of the center of the ground and excited state interchange trip- 
lets are defined as the fitted band origins. The upper, E, and lower tran- 
sitions correspond to the highest, center, and lowest frequency bands, 
whereas the ( + ) and ( - ) describe the highest and lowest energy com- 
ponents of each interchange triplet. The (+)/( -) notation is applied 
regardless of the symmetry labels assigned to the VRT levels in the clus- 
ter. The notation regarding the symmetry species of the interchange trip- 
lets have been condensed so that A,I/E’/Bf = 1 and AP/E*/BF =2, as 
is indicated at the right-hand side of the diagram. 

methylamine-like acceptor tunneling pathway is found to 
have a somewhat higher barrier of 206 cm-’ when calcu- 
lated at the MP2/6-31 +G(d,p) level of theory by Smith 
et al.22 The effect of acceptor tunneling through this low 
IPS barrier splits each rovibrational energy level of the 
nontunneling water dimer into two discrete VRT states, 
and the appropriate symmetry group for the cluster is 
C,,(M) in this limit. Thus, rovibrational states of A’ and 
A” symmetry in the C,(M) point group correlate with 
VRT states having Al/B1 and A,/& symmetries, respec- 
tively, in C,,(M). This correlation is shown in Fig. 1. 

The next most feasible tunneling coordinate corre- 
sponds to donor-acceptor interchange, for which many 
pathways could conceivably exist, although a geared inter- 
conversion, similar to that occurring in the HF dime?3 is 

E Transition 
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possibly the most feasible. An estimate of -800 cm-l for 
this barrier has been reported in Ref. 5 for the normal 
isotopomer of the water dimer, however, the ab initio cal- 
culations of Smith et aL22 calculate a cyclic transition 
structure of Ci symmetry, at an energy of 304 cm-’ for this 
pathway. Regardless of the disagreement between the two 
predicted barriers, this tunneling motion should produce a 
splitting of each rovibrational energy level that is smaller 
than that for acceptor tunneling, for these donor-acceptor 
interchange barriers are at least a factor of 3 higher. The 
presence of donor-acceptor interchange tunneling further 
splits the VRT levels from the C,,(M) limit-in which 
only the acceptor tunneling motion is feasible-and the 
manifestation of this motion on the splitting pattern is 
most clearly understood by examining the correlation dia- 
gram in Fig. 1. In particular, the A,, B1, A,, and B2 sym- 
metry species in C,,(M) split into VRT states having sym- 
metries of At/E’/B;‘, AT/E-/B,-, AC/E-/Bi, and 
A$/E+/B$, respectively. The direct product of the PI 
operations which describe this motion with those for ac- 
ceptor tunneling, permit an initial framework of the dimer 
to access all of the 16 nonsuperimposable, symmetrically 
equivalent frameworks corresponding to the IPS minima of 
the water dimer. These two tunneling motions fully resolve 
all possible degeneracies for each rovibrational energy level 
and define the appropriate molecular symmetry group of 
the cluster to be G16[=D4h(M)]. The correlation from 
C,(M) to G16 is 

+B,-(2), 

r/p =Br(5)+E-(3)+A,(7)+B,+(2)+E+(3) 

+&(lL (2) 

in which the numbers in parentheses correspond to the 
relative nuclear spin statistical weights for each symmetry 
species of the perdeuterated water dimer. The vertical or- 
dering in Eq. (2) indicates how the symmetries of the VRT 
energy levels alternate with J. For example, in K,=O, even 
J correlate to the I’,, symmetries and odd J correlate with 
r,,t, and a particular component of the VRT splitting pat- 
tern alternates between symmetry species within the verti- 
cal columns of Eq. (2). Applying the electric dipole selec- 
tion rule of I?ctI’-, the splitting pattern diagramed in 
Fig. 1 predicts six possible VRT subbands for the condi- 
tions in which AK,=0 or A 1. These six VRT transitions 
are qualitatively shown in Fig. 1 for an hypothetical AK, 
=0, a-type band. The excitation of the vibrational coordi- 
nate at 82.6 cm-’ provides a precise measure of the change 
in each of the tunneling splittings from the ground to the 
excited state, and the detailed knowledge of the tunneling 
splittings in v=O can be utilized in characterizing the ex- 
cited state dynamics. 

In their IAM fit of (H20)2, Coudert and Hougen’ 
have actually proposed two types of interconversion path- 
ways to account for the observed interconversion splittings 
in the ground state. These two pathways resemble geared 
and antigeared concerted internal rotations of the two wa- 

ter subunits. In this model, the splitting between the A’/ 
B* VRT levels for the interchange triplet labeled with 
AF/E*/BF symmetries is determined to be the sum of the 
two tunneling matrix elements for the geared and an- 
tigeared interchange motions, whereas the analogous split- 
ting for the interchange triplet represented by the A%/E*t/ 
Bg symmetry labels is characterized by the difference of 
these matrix elements. This interpretation has been used to 
fit the interchange tunneling splitting so that the larger of 
the two is labeled with AP/E’/Bf. However, in the 82.6 
cm-’ the IAM description of the ground state cannot be 
extended, because the larger interchange splitting is as- 
signed with A2f/E*/B: symmetry labels and the smaller 
splitting corresponds to states of Alf/E*/Bf symmetry. 
Thus, for the purpose of this study the interchange coor- 
dinate is simply fit as a single tunneling parameter which 
describes the splitting between each of the A/B VRT 
states, and the matrix element notation of the IAM 
model4*5*9 (such as h, and h, corresponding to geared and 
antigeared motions, respectively) is avoided. 

Finally, the permutation of the equivalent nuclei on 
the donor monomer (donor tunneling) further modifies the 
energy level diagram but introduces no additional tunnel- 
ing splittings, and is fit to a tunneling parameter which 
effectively shifts the middle VRT state of E symmetry away 
from the center of each donor-acceptor interchange triplet. 
Barrier heights for this motion in (H,O), are found to be 
- 1000 cm-’ from the estimate of Coudert and Hougen,5 
and 658 cm-’ in the ab initio calculations of Smith et al.22 
These reflect a pathway which requires the breaking of the 
5 kcal H-bond, resulting in the relatively small spectral 
shift qualitatively shown in Fig. 1. 

6. Spectroscopic implications and notation 
definitions 

The electric dipole selection rule I’+-I?- forbids 
transitions across the acceptor and donor tunneling split- 
tings, and only the effect of relative changes in these tun- 
neling coordinates can be extracted from the data. This 
selection rule governs the symmetry of the VRT state in 
the vibration to which each transition terminates; thus 
when possible, the relative nuclear spin statistical weights 
listed in Eq. (2) are used to determine the symmetry as- 
signment of a particular excited state VRT symmetry spe- 
cies. Formally, transitions between states of E symmetry 
are allowed between the two AT/F/B? and AF/E*/B,f 
interchange triplets as long as the parity selection rule 
( +t+- ) is obeyed, however, no transitions of this type 
have been detected to date in the water dimer. 

The entire spectral range from 2408 to 2758 GHz has 
been continuously scanned and -230 transitions have 
been assigned to 12 VRT bands, all of which originate from 
the Ki = 0 manifold and terminate in either Ki = 0 or 1. All 
of the transitions assigned to these VRT bands are reported 
in Table I. The K,” = 0 -, 0 parallel transitions from the 
microwave data of Suenram et aL24 are also listed and are 
weighted in the fit according to the precision of these data 
(4 and 100 kHz for transitions observed with the FTMW 
and EROS instruments, respectively), whereas each FIR 
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TABLE I. All transitions involved in the present analysis are listed (in 
MHz). The microwave v=O, &,=0-O transitions from Ref. 24 are re- 
ported in the uppermost portion of the table. The excited vibrational state 
data are reported separately for the I&=0+0 and K,,=O- 1 VRT sub- 
bands. The method of fitting the bands is described in Sec. III of this 
work. 

Ground state K=O microwave transitions 
s P Frequency O-C 

A: 1 
Ai 2 
-4: 3 
Ai 4 
Ai 6 
E" 1 
ET 2 
Ei 3 
ET 4 
ET 6 
E* 7 
ET 10 
B: 1 
Bi 2 
Bf 3 
Bi 4 
Bi 6 
B: 7 
Ai 1 
-4: 2 
Ai 3 
A: 4 
Bi 1 
B2+ 2 
Bi 3 
B,+ 4 

K,=O-+O lower bands 

B: 5 
Ai 4 
B: 3 
Ai 2 
B: 1 
4 0 
B: 1 
Ai 2 
B: 3 
Ai 4 
B: 5 
Ai 6 
B: 7 
Ai 8 
B: 9 
Ai 10 
;i 4 5 

2 

B> 

2 3 

1 
;; 2 1 

;; 4 3 

z 5 6 

;i 7 8 
9 

10 

0 12 036.274 0.036 
1 20 557.879 -0.006 
2 33 758.33 -0.020 
3 42 284.43 0.020 
5 64 000.45 0.020 
0 10 864.491 -0.024 
1 21728.171 -0.004 
2 32 590.14 0.020 
3 43 449.50 0.040 
5 65 156.54 -0.130 
6 76 002.73 0.080 
9 108 497.45 O.OCO 
0 9 692.870 -0.014 
1 22 898.617 0.000 
2 3 1422.00 -0.010 
3 44 614.57 -0.030 
5 66 313.13 0.020 
6 74 852.29 -0.030 
0 11947.563 0.006 
1 20 646.290 0.020 
2 33 670.81 -0.010 
3 42 371.73 0.020 
0 9 781.609 0.025 
1 22 810.364 0.021 
2 31 509.87 -0.05 
3 44 528.18 0.00 

6 2 408 772.2 -0.6 
5 2 419 997.1 -1.6 
4 2 431 159.0 0.5 
3 2 442 246.1 -1.9 
2 2 453 263.2 -1.4 
1 2 464 203.9 -1.8 
0 2 485 862.7 6.5 
1 2 496 564.9 0.5 
2 2 507 194.0 - 1.0 
3 2 5 17 748.7 -0.9 
4 2 528 230.3 0.1 
5 2 538 641.2 1.8 
6 2 548 979.7 -0.9 
7 2 559 258.3 0.0 
8 2 569 479.7 2.2 
9 2 579 642.3 -1.3 
6 2 409 166.3 1.1 
5 2 420 271.2 0.2 
4 2 431 329.6 -0.3 
3 2 442 338.6 -2.8 
2 2 453 305.7 1.0 
0 2 485 897.2 0.6 
1 2 496 658.2 -0.3 
2 2 507 368.4 0.3 
3 2 518 022.9 -1.3 
4 2 528 628.4 2.3 
5 2 539 173.3 0.7 
6 2 549 663.1 0.4 
7 2 560 094.0 -1.4 
8 2 570 467.5 -2.1 
9 2 580 785.9 1.5 

TABLE I. (Continued. ) 

J’ P Frequency O-C 

K,=O-+O E band 
E+ 5 
B 4 

;: 3 1 
E- 0 
E+ 1 
E- 2 
Ef 3 
E- 4 
E+ 5 
E- 6 
E' 7 
E- a 
E' 9 
E- 10 
E- 5 
Ef 4 
E- 3 
E+ 2 
E- 1 
E+ 0 
E- ~~~ 1 
E+ 2 
E- 3 
E+ 4 
E- 5 
E' 6 
E- 7 
E+ 8 
E- 9 
E+ 10 

K,,=O+O upper bands 

A: 
ii 
A) 
-J; 
5 
;; 
;; 
;; 
;; 
-$ 
B:; 
Ai 
Bz+ 
Ai 
Ai 
B2+ 
Ai 
@ 
4 
Bz+ 
Ai 
B2+ 
Ai 
Bz+ 
‘G 

5 
4 
3 
1 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
5 
4 
3 
1 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

6 2 411430.0 1.1 
5 2 422 633.5 0.1 
4 2 433 776.1 0.8 
2 2 455 860.0 1.4 
1 2 466 797.6 2.3 
0 2 488 450.9 -0.3 
1 2 499 167.7 -1.8 
2 2 509 814.7 -0.1 
3 2 520 381.1 -6.9 
4 2 530 892.3 1.5 
5 2 541327.1 2.0 
6 2 551693.8 0.0 
7 2 561999.5 -0.9 
8 2 572 250.5 1.2 
9 2 582 444.6 -0.7 
6 2 411 533.2 0.2 
5 2 422 638.4 -0.9 
4 2 433 696.6 -2.1 
3 2 444 710.9 0.3 
2 2 455 673.1 -0.9 
1 2 466 590.3 1.8 
0 2 488 267.3 0.5 
1 2 499 030.1 1.2 
2 2 509 738.4 0.0 
3 2 520 390.6 -3.4 
4 2 530 996.8 1.9 
5 2 541 542.0 2.3 
6 2 552 025.9 -1.3 
7 2 562 456.9 0.3 
a 2 572 826.9 0.4 
9 2 583 135.7 -0.4 

6 2 413 994.1 -0.9 
5 2 425 179.9 -0.9 
4 2 436 306.6 -0.4 
2 2 458 372.8 2.5 
1 2 469 307.6 4.5 
0 2 490 963.6 -0.7 
1 2 501692.4 0.7 
2 2 512 350.3 0.4 
3 2 522 941.4 1.8 
4 2 533 456.3 -5.6 
5 2 543 915.3 -3.0 
6 2 554 306.4 -4.5 
7 2 564 641.6 -0.4 
8 2 574 916.0 1.3 
9 2 585 134.5 2.3 

10 2 595 302.5 4.0 
11 2 605 419.2 1.1 
12 2 615 496.3 0.6 
13 2 625 533.7 -2.9 
6 2 413 615.7 3.1 
5 2424710.1 -2.4 
4 2 435 765.0 -2.0 
2 2 457 735.4 -1.1 
1 2 468 646.8 -3.1 
0 2 490 329.5 -0.8 
1 2 501097.1 1.5 
2 2 511 812.7 3.1 
3 2 522 475.6 4.0 
4 2 533 081.3 0.8 
5 2 543 636.2 0.9 
6 2 554 135.1 0.0 
7 2 564 573.7 -4.9 
8 2 574 962.9 -2.2 
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TABLE I. (Continued.) TABLE I. (Continued.) 

ri J’ J” Frequency o-c T‘i J’ 

J-C 10 

K=O- 1 lower bands 

B: 
Ai 
-W 
Ai 
B: 
Ai 
B: 
Ai 
B: 
Ai 
B: 
Ai 
B: 
Ai 
B: 
Ai 
B: 
Ai 
B: 
Ai 
A: 
Bi 
‘4: 
Bi 

i; 

;i 

;; 

;i 

A”i- 

5 
B: 
‘4: 

;i 

Bi 
A: 

5 6 2 488 366.0 -1.3 
4 5 2 499 120.9 3.8 
3 4 2 509 895.1 3.1 
2 3 2 520 693.5 2.7 
1 2 2 531 509.6 -2.7 
1 1 2 553 175.9 -4.4 
2 2 2 553 097.9 -3.7 
3 3 2 552 980.9 -2.8 
4 4 2 552 825.4 -1.5 
5 5 2 552 630.8 -0.7 
6 6 2 552 397.5 -0.5 
7 7 2 552 123.5 -3.5 
8 8 2 551 825.3 6.2 
9 9 2 551473.5 -1.2 
1 0 2 564 102.2 -1.6 
2 1 2 575 010.1 3.0 
3 2 2 585 934.7 6.1 
4 3 2 596 873.3 5.3 
5 4 2 607 826.7 2.0 
6 5 2 618 790.1 -8.0 
6 7 2 544 s4a.1= 0.8 
5 6 2 556 500.9= 0.8 
4 5 2 568 014.48 0.0 
3 4 2 579 392.7a -3.1 
1 2 2 601 766.1a 0.1 
1 1 2 623 165.5 1.2 
2 2 2 623 369.6 0.3 
3 3 2 623 674.1 -0.2 
4 4 2 624 079.6 -0.3 
5 5 2 624 584.7 0.8 
6 6 2 625 188.5 0.5 
7 7 2 625 892.1 1.0 
8 a 2 626 688.5 -0.8 
9 9 2 627 583.3 -1.2 

10 10 2 628 564.9 1.3 
11 11 2 629 642.3 0.7 
3 2 2 655 434.3’ 0.8 
4 3 2 665 771.6a 3.7 
5 4 2 675 959.0’ -1.2 
6 5 2 686 oo3.08 - 3.7 
7 6 2 695 903.6” 2.2 
8 7 2 705 635.7a -0.5 

Kc=04 1 E bands 

E- 6 
E+ 5 
E- 4 
E’ 3 
E- 2 
E+ 1 
E- 1 
E’ 2 
E- 3 
E+ 4 
E- 5 
E+ 6 
E- 7 

;: 
a 
1 

E- 2 
E+ 3 
E- 4 
E+ 5 
E- 6 

9 2 585 296.4 3.1 

7 2 483 685.8 4.3 
6 2 494 466.8 2.6 
5 2 505 263.4 3.4 
4 2 5 16 074.0 4.4 
3 2 526 896.4 3.3 
2 2 537 733.7 3.0 
1 2 559 405.6 2.1 
2 2 559 316.7 -0.4 
3 2 559 183.1 -3.8 
4 2 559 005.4 -6.4 
5 2 558 783.3 -7.3 
6 2 558 517.4 -4.5 
7 2 558 212.0 7.9 
8 2 557 837.0 1.8 
0 2 570 321.3 -2.0 
1 2 581209.1 - 2-.2- 
2 2 592 107.4 -1.7 
3 2 603 013.2 -1.5 
4 2 613 928.2 2.1 
5 2 624 842.2 1.3 

J” Frequency o-c 

E+ 7 
E- a 
E- 1 
E+ 2 
E- 3 
E+ 4 
E- 5 
E+ 6 
E+ 1 
E- 2 
E+ 3 
E- 4 
Ef 5 
E- 6 
E+ 7 
E- a 
Ef 9 
E- 10 
E- 1 
E+ 2 
E- 3 
E+ 4 
E- 5 
E+ 6 
E- 7 
E+ 8 

K,,=O-+ 1 upper bands 

‘4: 
;; 
;; 
5 
;i 
;; 
;; 
;; 
;; 
;; 
;; 
fi 
B:- 
Ai 
B2+ 
Ai 
B2+ 
Ai 
B: 
Ai 
@- 
Ai 
B: 
Ai 
B: 
B: 
‘G 
X 

7 
6 
5 
4 
3 
2 
1 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

1 
2 
3 
4 
5 
6 
1 
2 
3 
4 
5 
6 
7 
1 
2 
3 
4 
5 
2 
3 
4 

6 2 635 755.6 -0.6 
7 2 646 663.8 -5.8 
2 2 604 697.8’ - 17.9 
3 2 593 555.2a -46.4 
4 2 582 678.1a 34.2 
5 2 570 859.4= -67.0 
6 2 559 299.8’= -38.2 
7 2 547 591.Sa 9.2 
1 2 630 127.2 -0.4 
2 2 630 325.9 -1.0 
3 2 630 623.3 0.2 
4 2 631018.8 0.4 
5 2 631 511.5 0.0 
6 2 632 loo.6 1.1 
7 2 632 784.2 -0.6 
8 2 633 560.3 1.3 
9 2 634 429.7 -0.3 

10 2 635 387.7 -1.2 
0 2 637 292.5” -15.9 
1 2 647 878.ga -41.0 
2 2 658 322.5’= -61.0 
3 2 668 620.8’ -60.4 
4 2 678 769.0a -31.0 
5 2 688 753.48 11.5 
6 2 698 576.2’ 40.4 
7 2 708 235.1a - 16.6 

a 2 479 547.6 - 1.6 
7 2 490 381.7 0.7 
6 2 501218.0 5.2 
5 2 512 057.6 4.5 
4 2 522 905.3 4.7 
3 2 533 753.0 -1.0 
2 2 544 608.3 -4.1 
1 2 566 280.9 -5.4 
2 2 566 178.0 -1.8 
3 2 566 018.0 -2.3 
4 2 565 806.1 - 1.9 
5 2 565 542.1 - 1.3 
6 2 565 226.6 -0.3 
7 2 564 859.2 0.1 
8 2 564 442.2 1.8 
9 2 563 970.9 -0.8 

10 2 563 449.9 -3.9 
11 2 562 891.6 3.8 
0 2 577 205.1 -1.4 
1 2 588 074.6 0.0 
2 2 598 946.6 3.3 
3 2 609 817.5 5.7 
4 2 620 686.3 6.6 
5 2 631 545.9 -0.5 
2 2 607 822.2a -22.1 
3 2 596 690.5a 6.8 
4 2 585 379.38 6.4 
5 2 573 907.7a -2.8 
6 2 562 288.8* -2.8 
7 2 550 508.3a -2.3 
8 2 538 563.5’ 0.2 
1 2 637 192.9 0.2 
2 2 637 386.2 0.4 
3 2 637 675.8 0.2 
4 2 638 060.8 -0.3 
5 2 638 538.8 -0.1 
1 2 651 013.0a 9.5 
2 2 661 421.5a 5.8 
3 2 67 1 673.8’ 4.3 
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TABLE I. (Continued. ) 

ri P a Frequency o-c 

Ai 5 4 2 681759.9= 0.3 
Bzf 6 5 2 691 674.4” -4.3 
Ai 7 6 2 701417.2= -2.8 
B2+ 8 7 2 710 978.1a 3.7 

‘The P and R branch lines for the three K,=O+ 1 subbands labeled by 2 
were not included in the fit of the rest of the data. The residuals for these 
transitions are representative of fitting only the P and R branches of each 
subband separately, as is described in Sec. III. 

transition is assigned a precision of 3.0 MHz. As the tun- 
neling parameters and notational considerations are dis- 
cussed below, attention should be directed to the remaining 
features of Fig. 1 to clarify the meaning of a particular 
definition. In fitting each VRT subband, the vibrational 
and end-over-end rotational motions are described by the 
expression 

+(--1) J+K=+KC{[(B-c)/4][J(J+1)]}. (3) 

The vibrational energy (ore), in Eq. (3) is defined as the 
average energy of the A/B VRT levels such that the two 
separate interchange triplets (which transform as the sym- 
metry species AP/E*/BF and Ag/E’/BF) of the ground 
vibrational state are both assigned a value of v. =0, and the 
two excited state interchange triplets for each value of KA 
are fit to unique band origins. The definition of this energy 
contribution is pictorially shown in Fig. 1. This is done for 
convenience so that the description of the 82.6 cm-’ VRT 
subbands is more concise, and can be discussed as a set of 
transitions corresponding to a particular donor-acceptor 
interchange triplet. The difference of the two fitted band 
origins for either the AK,=0 or 1 transitions corresponds 
to the change in the acceptor tunneling motion relative to 
its value in KI = 0. A notational simplification is now in- 
troduced in which the Alf/E*/Bf symmetry labels corre- 
sponding to the associated interchange triplet will be des- 
ignated with a 1, and the triplet defined by the A,f/E*/BF 
species will be referred to with the label 2. Hence, the 
energy difference between VRT components labeled 1 and 
2 is the acceptor tunneling splitting. This is done so that 
the complicated notation of the symmetry labels can be 

TABLE II. Fitted rotational constants for the ground and excited vibrational states (in MHz). All of the 
rotational constants for the ground state are fixed at the reported values of Ref. 24 and the excited state data 
were fit as is described in Sec. III. Parameters not included in the table have been fixed to a value of zero. 

Ground state K,=O 
1 E 2 

B lower 5432.5724(29) BE 5432.3290( 12) B lower 5432.5128(62) 
B upper 5432.1342(28) DE 0.035 58(24) B UPP= 5432.1961(62) 
D lower/upper 0.036 429(44) HE -MOO 011 3o( 13) Rw,er/upper 0.034 74(24) 

K,=O-0 bands 
1 2 

VO 2 477 298.9( 10) VO 2 477 618.98(90) 
B lower 54Q6.851(62) B lower 5393.127(80) 
BE 5406.974(80) BE 5395.783(82) 
B upper 5407.811(61) B uPPer 

5398.187(38) 
DE 0.038 91(77) D lower 0.006 05(77) 
D IOWedUppeI 0.036 O4(56) DE 0.011 35(78) 

D upper 0.016 53(20) 

Value for A’ rotational constant - 122.9 GHza 
K,,=O+ 1 bands 

1 2b.c 

VO 2 559 779.71(89) 
B lower 5427.248 (92) 
BE 5424.70( 10) 
B uPPer 

5419.732(57) 
( B-C) ,ower 59.33( 13) 
(B-0, 55.344(75) 
( B-C) upper 55.242(86) 
D lower 0.0328( 12) 
DE 0.0491(14) 
D UPPer 0.032 64(53) 

Standard deviation of fit=2.62 MHz 

VO 

B lower 
BE 
B WP= 

4,W 
DE 
D upper 

2 630 079.7(20) 
5483.172(79) 
5482.13( 10) 
5481.02(55) 

0.043 37( 60) 
0.046 54(90) 
0.048( 16) 

“A’ is not a fitted parameter. 
bThis fit includes only the three Q branches located near 2630 GHz. 
“The rotational constants representing the results of three separate fits for the P and R branch transitions 
only for each of the three subbands of 2 symmetry are B,,,,,=5367.72( 16), Di0,.,er=0.0711(21), BE 
=5372.30(33), D,=O.4635( ll), H,=O.O03 30( lo), B,,,,,=5358.27( 14), and 0,,,,,=0.0832(20). 
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(a) 

I 

2450 
1 

2500 

(b 

2550 2600 

Frequency (GHz) 

2650 2700 

FTG. 2. The entire high resolution VRT spectrum of the intermolecular vibration of the water dimer d4 is presented. The arrows are included to 
emphasize specific features of the spectrum. The vertical arrows identify the four fitted band origins described in the text. Arrow (a) in the 2477 GHz 
spectral region signifies the two near resonant fitted band origins for the K,=O+O transitions, whereas the vertical arrows near 2560 (b) and 2630 (c) 
GHz correspond to the two K,,=O- 1 VRT bands represented by VRT states of 1 and 2 symmetries, respectively. The horizontal arrow (d) positioned 
in the P branch of the &=0-O bands near 2455 GHz represents the sum ( -4-5 GHz) of the ground and excited state donor-acceptor interchange 
tunneling splitting, and the horizontal arrows in the 2560 (e) and 2630 (f) GHz spectral regions identify the sum (-13-14 GHz) of the two 
donor-acceptor interchange splittings in Q branches of the K,=O+ 1 bands. The separation of 70 GHz between the two sets of tripled Q branches is the 
change in the acceptor tunneling splitting in KL = 1, relative to KI = 0. The relative nuclear spin weight for each ground state VRT level is used along 
with the appropriate Honl-London factors, and a fitted temperature of 4.7 K to calculate the intensities. 

avoided, and this labeling scheme for the observed VRT 
data will be used throughout. Also, the notation of upper, 
E, and lower is used to designate each VRT subband within 
a particular interchange triplet. It should be stressed that 
these labels refer only to the absorption frequencies of each 
transition between interchange triplets having acceptor 
tunneling labels corresponding to 1 or 2, for which upper 
and lower define the highest and lowest frequency VRT 
subband (relative to the fitted band origin, Q) and E rep- 
resents the center subband. This notation is necessary be- 
cause the A and B symmetry species alternate between the 
higher ( +) and lower ( -) energy components of the in- 
terchange triplet with alternating J. These definitions are 
also illustrated in Fig. 1. Interchange tunneling is fit by 
including an energy shift in the fitted band origins which 
reproduce the A/E/B splitting in each 1 v,J,K), as is qual- 
itatively shown in Fig. 1. This energy term takes the form 
vof (EDAIT)/2 for which v. is the fitted band origin as 
described above, and EDArT is the fitted energy of the 
donor-acceptor interchange tunneling (DAIT) splitting 

between the VRT components of A/B symmetry, in which 
the sum in this expression corresponds to the ( + ) energy 
component and the difference represents the ( - > energy 
component. A similar energy expression of the form v. 
+ EDT is used to fit the effect of donor tunneling (DT), for 
which EDT is the energy deviation which shifts the E band 
away from the fitted band origin. Finally, a plot of all 12 
VRT bands is shown in Fig. 2 and this spectrum will be 
referenced throughout this manuscript when discussing a 
particular aspect of this problem. In this figure the inten- 
sities are calculated by assuming a fitted 4.7 K rotational 
temperature for all the data, using the appropriate Honl- 
London factors for hJ=O, f 1, U=O, + 1 transitions 
(where AJ#O for AK= 0)) and employing the nuclear spin 
weights corresponding to the assigned symmetry species 
for each observed VRT transition. 

C. K,=O+O VRT subbands 

Only two of the possible six K,=O-+O VRT subbands 
were previously observed in Ref. 10, and because of this, it 
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TABLE III. The fitted tunneling splitings for the ground and vibration- 
ally excited states (in MHz). The ground state values were fixed at the 
values reported in Refs. 7 and 24. 

Ground state tunneling splittings, 

Donor-acceptor interchange 
Donor-acceptor interchange 
Donor-acceptor interchange 
Donor-acceptor interchange 
Change in donor tunneling 

between K“ = 0 and 1 
Change in d&or tunneling I 

between K” = 0 and 1 

1 K”=O 1172.115 
2 K’=O 1083.303 
1 KL1 1076.616 
2 B f& 1 992.368 
1 14.0 

2 13.4 

I I 1 I 1 
2507.20 2507,25 2507.30 2507.35 

FrrqucncY GW 

Donor-acceitor interchange 1 K,“=2 808.72 
Change in donor tunneling 1 12.840 

between K” = 1 and 2 n 

Excited vibrational state tunneling splittings 
FIG. 3. This 200 MHz scan illustrates the intensity ratio of the R(2) 
transitions for each of the lower K,=O+O VRT bands at 2 507 194 and 
2 507 368 MHz. The ground state ordering of the symmetry species is 
known, and this allows for the intensity ratio to be used in determining 
the ordering of the symmetry species in the excited vibrational state. Since 
both transitions belong to the lower bands, and their intensity ratio is best 
described by ground state VRT symmetries of B1 and B2, they must both 
originate from the ( f ) side of the ground state donor-acceptor inter- 
change triplet. This assignment verifles that transitions between the inter- 
change triplets are made from ( + ) -t ( - ) and ( - ) + ( + ) . It also indi- 
cates that the acceptor tunneling splitting in KA = 0 is nearly identical to 
that of Kz = 0, as described in the text. 

Change in acceptor tunneling splitting for KA = 0’ 320.08(95) 
Donor-acceptor interchange 1 K;=O 3348.6( 16) 
Change in donor tunnelingb 1 K;=O 154.0( 17) 
Donor-acceptor interchange 2 K;=O 3926.1(18) 
Change in donor tunnelingb 2 K;=O 40.8( 17) 
Change in acceptor tunneling splitting for KA = la 70 300.0( 15) 
Donor-acceptor interchange 1 K;=l 11947.7(18) 
Change in donor tunnelingb 1 K;=l -333.3(16) 
Donor-acceptor interchange 2 K;=l 12 948.9(39) 
Change in donor tunnelingb 2 K;=l -52.4 (28) 

aRelative to K” = 0. 
bRelative to & = 0 for the particular interchange triplet. 

was assumed that the acceptor tunneling splitting was large 
in the excited vibrational state. With the added sensitivity 
recently obtained in this spectral region, all six K,=O-+O 
VRT subbands have now been observed and are reported 
in Table I. The fitted rotational constants for each band are 
reported in Table II, such that the rotational constants 
with the labels upper, E, and lower refer to the constants of 
the upper, E, and lower subbands. The six tunneling K, 
=O+O subbands are arranged into two groups of three 
according to the similarity of the excited state rotational 
constants. The average values for the two sets of excited 
state rotational constants are 5395.699 and 5407.212 MHz, 
as can be verified from Table II. This grouping separates 
the VRT transitions between the two distinct interchange 
triplets possessing symmetries of 1 and 2 for these a-type 
subbands. The two fitted band origins of 2 477 298.9( 10) 
and 2 477 618.98(90) MHz are used to distinguish be- 
tween the 1 and 2 triplets. The band origins are recognized 
as the gap in the 2477 GHz spectral region of Fig. 2, and 
are designated with the marker (a). Upon close inspection 
of these subbands, two sets of evenly spaced triplets are 
noticed for each P and R branch transition. The spacing of 
these triplets correspond to the change in the donor- 
acceptor interchange tunneling splitting relative to the 
ground state value, for the acceptor tunneling levels 1 and 
2. The marker labeled (d) in Fig. 2, indicates that the 
spacing of each set of triplets is nearly the same, verifying 
that the two observed excited state interchange splittings 
are similar. The similarity of the band origins is also veri- 
fied since the centers of the two sets of P and R branch 
triplets occur at approximately the same frequency. Since 
the band origins are nearly identical, the VRT levels of 1 

symmetry must reside on the same side of the acceptor 
tunneling splitting with respect to the ground state. If they 
were on different sides, it would not be possible for the two 
band origins to have such similar values. These results con- 
clusively show that when comparing the K,=O manifolds, 
the acceptor tunneling splitting does not appreciably 
change relative to its value in the ground state, contrary to 
the assumption made in the Ref. 10. 

From the small variation of the acceptor tunneling 
splitting, it is deduced that the VRT levels characterized by 
the 1 symmetry labels reside on the bottom half of the 
acceptor tunneling splitting in the excited state, as is the 
case for v=O. Yet the ordering of the symmetry species 
within each excited state interchange triplet cannot be de- 
termined by simply fitting these band origins. Several con- 
figurations could exist when considering that the upper or 
lower band could originate from either the ( +) or (-) 
side of each ground state interchange triplet. Each possi- 
bility would result in a very different value of EDArT in the 
excited state and it is therefore important to assign unam- 
biguous symmetry labels to each VRT state in the vibra- 
tional manifold. Unfortunately, combination differences 
are not useful in assigning ground state symmetries species 
for each transition, because the rotational constants from 
the microwave data24 are identical to within the precision 
of the FIR spectrometer. Therefore, to obtain this infor- 
mation, it is necessary to consider the unique relative nu- 
clear spin weights for each symmetry species. Transitions 
within the upper and lower bands of each interchange split- 
ting will give rise to intensity alternations with J [as is 
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indicated in Eq. (2) and the discussion which follows] and 
these alternations may be examined to confirm a symmetry 
assignment for a particular VRT transition. 

In Fig. 3 the R (2) transitions of each lower band as- 
sociated with the two distinct interchange triplets are 
shown. These two transitions, at frequencies of 2 507 194.0 
and 2 507 368.4 MHz occur so close together that similar 
spectrometer conditions are found to exist across this scan. 
When scaling for the slight variation in laser power at the 
two discrete transition frequencies, the relative intensity 
ratio is determined to be -2.8. This indicates that these 
transitions should be assigned as originating from VRT 
states having B, and Bz symmetries, respectively, since 
inspection of Eq. (2) provides an actual ratio of 2.5 for 
these symmetry species. Since the two R(2) transitions 
belong to the lower bands, and since the ordering of the 
ground state VRT symmetries is known, these transitions 
must originate from the (+) component and terminate at 
the ( - ) component of their respective ground and excited 
state interchange triplets. Therefore, the donor-acceptor 
interchange tunneling parameters have been fit so that the 
transitions connect d&-rent sides of the interchange trip- 
lets, i.e., ( -I-) -t ( - ) and ( - ) ---) ( + >. From this result, 
the three bands yielding B’ values of -5407 MHz were 
grouped together as transitions between states of 1 symme- 
try, while the three bands with B’ values of -5395 MHz 
are assigned with the 2 symmetry labels. Finally, the 
change in donor tunneling is represented for these VRT 
subbands as the deviation of the middle E band from the 
fitted vibrational band origins (ye). The values of all tun- 
neling parameters for K,=O in both the ground and vibra- 
tionally excited state are included in Table III and will be 
discussed in Sec. IV. 

With the symmetry assignments reasonably well estab- 
lished, the rotational constants for the six VRT subbands 
may be examined. In doing so, it should be noted that the 
deuterium atoms provide a minor contribution to B, be- 
cause this rotational constant is essentially invariant 
throughout a particular VRT motion due to the two heavy 
oxygen atoms. It is found that within the above two sets of 
bands, the B’ values vary on average by only -0.7% and 
-0.5% relative to the Ki = 0 constants. Surely these small 
changes reflect inertial stability, yet the negative deviation 
is consistent with the 3-4-fold increase in the tunneling 
splittings found to exist in the interchange coordinate of 
the excited state motion because this tunneling motion pro- 
duces a vibrationally averaged structure in which the 
H-bonded deuterium atom is displaced away from the 
0-D. * *O A’ inertial axis. Also, the distortion constants for 
the three VRT subbands of the interchange triplet associ- 
ated with the 2 symmetry label are nearly a factor of 3 
smaller than for the subbands of 1 symmetry, in which the 
D’ values are very similar to those of u=O, K,” = 0. The 
similarity of these constants within a given set of VRT 
subbands further supports the above method of separating 
the K,=O+O transitions. 
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FIG. 4. Each of the cases labeled (A)-(D) illustrate a possible configu- 
ration for the transitions of the 2560 GHz VRT bands. The inserts in each 
diagram show the ( + ) and ( - ) energy levels about the donor acceptor 
interchange splitting for both the ground and vibrational states. The ar- 
rows represent transitions between these energy levels, and the proper 
configuration depends on the ordering of the vibrational state symmetries. 
The 1 and 2 indicate that the transitions take place between the Af/E&/ 
BP and Ag/E”/Bz symmetry species, respectively. For each possibility, 
a different alternation of intensities within the upper and lower band Q 
branches results. Each of these possibilities are simulated at 4.7 K. The 
bottom spectrum is the result of the fractional absorption measurements 
carried out on the 2560 GHz upper and lower Q branches. The intensity 
alternation is represented best by the simulation in (B), thus these states 
were fit with the 1 ground state VRT symmetries, and the excited state 
symmetries were ordered so that the ( + ) -+ ( - ) and ( - ) -+ ( +) con- 
figuration resulted as was found for the K,=O-0 bands. 

D. K,=O+l VRT subbands 

In the preliminary work of Ref. 10, only half of the 
K,=O+ 1 VRT bands were observed. From the data of 
Zwart et al7 a ground state structural A: rotational con- 
stant can be determined to be 125.7 GHz. With the present 
knowledge of the six K, = 0 --) 0 VRT subbands, a frequency 
estimate for the remaining three K,=Od 1 subbands can be 
calculated as 

A;+B+ [1r~(*;~,,~)+~~~~;~I=0)1/2=2597.7 G-3 (4) 

2(2597.7 GHz) -yo(10KI;K,=,)=2635.7 GHz, (5) 

in which Eq. (4) assumes the structural (nontunneling) 
value for Aj leading to a K,=O-r 1 rovibrational subband 
occurring at -2597.7 GHz. Equation (5) uses this result 
from which the large acceptor tunneling splitting is taken 
into account to predict the frequency of the three previ- 
ously unidentified K,=O+l VRT bands at 2635.7 GHz. 
These three VRT bands have now been located in this 
spectral region and the transitions are listed in Table I. 
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The three VRT bands previously measured near 2560 
GHz have been assigned as originating from the states hav- 
ing 1 symmetry. Furthermore, the three bands were fit so 
that the transitions occurred as ( +) -+ ( +) and 
( -) + (-) between the ground and excited state inter- 
change triplets. To confirm this assignment, the calibration 
of P and R branch lines to a precision of 400 kHz was 
conducted for the lower and upper subbands centered 
about the 2 559 779.71 (88) MHz fitted band origin. 
Ground state combination differences were fit, and this 
established that the transitions actually should have been 
fitas (+)-(-) and (-)+(+),aswasfoundtobethe 
case in the K,=O+O subbands. 

Unfortunately, the precision with which the calibrated 
transitions were measured could not distinguish between 
the rotational constants of states having 1 or 2 symmetries. 
To con&m this aspect of the assignment, relative intensi- 
ties of the individual Q branch transitions were relied 
upon, as in the earlier work.” However, instead of simply 
measuring peak heights, the enhanced sensitivity allowed 
for actual fractional absorption measurements to be carried 
out on the upper and lower Q branches located near 2560 
GHz. In these experiments, the Fabry-Perot &talon was 
used to isolate only the lower sideband (vlaser-v . mtcrowave > 
when scanning the 2 588 361.8 MHz (13CH30H) laser 
line, from which both Q branches could be detected. Each 
AJ=O absorption was measured with the lock-in amplifier 
and the signal was scaled to the amount of AM single 
sideband power focused onto the detector at the exact ( =t 1 
MHz) frequency of the absorption. With this approach, 
laser power fluctuations over the 100 MHz scan were ir- 
relevant and the alternation in intensity of the transitions 
with J was determined to accurately reflect the ordering of 
the excited state symmetries. The data were then fit to a 
rotational temperature of 4.7 K ( *0.2), and simulations 
of the Q branches at this temperature for all possible con- 
figurations of transitions between the ( +) and ( -) com- 
ponents of the interchange triplets were compared to the 
observed spectral intensities. Figure 4 shows the upper and 
lower Q branches of the 2560 GHz VRT bands for each of 
the four possible excited state interchange tunneling con- 
figurations labeled as (A), (B), (C), and (D), along with 
the absolute measured intensities (in % transmittance) of 
the Q branches. The inserts within each of the calculated 
spectra indicate the type of transition between the ( + ) 
and ( - ) components for each possible case. Clearly case 
(B) is reproduced most accurately by the experimental 
data, whereas the bands had been previously fit by applying 
the case (A) assignment. This result establishes that the 
transitions do originate from the VRT states of 1 symme- 
try, and cross the interchange triplet, as was determined 
with the calibrated combination difference data. It was 
then deduced that the bands located near 2630 GHz were 
of 2 symmetry, and these interchange splittings were also 
fit as transitions originating from the ( + > and terminating 
at the (-) components. Absolute intensities were not 
measured for the Q branches in these bands because a num- 
ber of strong atmospheric water transitions ( 533 c 524 at 
2 630 961.2 MHz and 414~ 3,, at 2 640 473.4 MHz) made 
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FIG. 5. This energy level diagram shows how a K,=O manifold would 
perturb the K,= 1 VRT species having the 2 symmetry labels. The only 
other possible perturbing states would be associated with K, > 0 mani- 
folds, however, such a situation would push both of the K,= 1 asymmetry 
components to lower energy. Since only the lower asymmetry components 
of the observed K,= 1 VRT states are being shifted, assuming that the 
band is of c-type, the perturbation must result from the Kc=0 manifold 
associated with the next intermolecular vibration at higher frequency. The 
K,=O states of 2 symmetry are depicted in an arbitrary order. 

scanning in this spectral region extremely difficult. Only 
under optimal purging conditions of the entire laser beam 
path with a steady flow of dry N2 could the transitions be 
observed at all. Finally, as in the case of the K,=O+O 
bands, the effect of donor tunneling is fit as the deviation of 
the E band from the fitted band origin. All KL = 1 tunneling 
parameters are reported in Table III for the vibrationally 
excited state. 

Since the symmetry assignment has been established 
for each of the six K,=O+ 1 VRT bands, the fitted rota- 
tional constants for these bands can be obtained, and are 
reported in Table II. For the three bands near 2560 GHz, 
the constants vary slightly from those reported previ- 
0us1y’~ and they reflect the larger data set. The three bands 
were fit as c-type rovibrational bands. The B’ rotational 
constants are only slightly smaller than those of the K,” 
= 0 and K,” = 1 values, however the asymmetry parameters 
have increased by nearly a factor of 2 in the excited vibra- 
tional state. A simultaneous fit of all six K,=O-tO bands 
and the three K,=O+ 1 bands at 2 559 779.71 (88) MHz 
results in a standard deviation of 2.8 MHz, which is within 
the FIR-VRT spectrometer frequency uncertainty in this 
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spectral region, and the residuals for these bands indicate 
that the fit is of high quality. The inclusion of the three Q 
branches of the bands located near 2630 GHz into the 
VRT fit yielded a standard deviation of 2.6 MHz, and the 
residuals for these transitions relate only to this fit. These 
three Q branches permit the determination of all tunneling 
parameters which are reported in Table III, a vibrational 
band origin of 2 630 079.7(20) for the remaining three K, 
=O+ 1 subbands, and an average rotational constant of 
5482.11(24) MHz. This B’ value may not fully represent 
the rotational constants for these three subbands, because 
the P and R branch transitions have not been included in 
this fit. Fitting the data in this way illustrates that the 
interchange splitting associated with these bands is nearly 
the same as that measured for the 2560 GHz VRT bands. 
All of the P and R branch transitions within the subbands 
of 2 symmetry are unambiguously assigned as water dimer 
transitions by confirming ground state combination 
differences, however, the residuals obtained (see Table I) 
for these transitions when fitting the bands individually 
are very large and indicate that a set of perturbing 
VRT states is close in energy. A Coriolis-type of perturba- 
tion is proposed as the cause of the large residuals. The 
selection rules for this type of perturbation allow for the 
interaction of VRT states between KL manifolds which 
are off-diagonal by f 1, diagonal in the J quantum 
number, and possess the same symmetry label 
( (rkllJj,,Ki,, 1 Hcoeolis 1 rklJj’Ki,)~k,=kN) 6j’,j”, Si~=~~~*~ >. 
Thus, the perturbation most probably arises from the Ki 
= 0 manifold of another intermolecular vibration at higher 
energy, because only one of the asymmetry components 
(related to the P and R branch transitions) for the set of 
2630 GHz K,=O--+ 1 VRT bands shift to lower energy. 
This situation is illustrated in Fig. 5 by assuming a Coriolis 
perturbation. At present no other evidence for the next 
vibration has been observed. When fitting the P and R 
branches together with the entire data set, unrealistic val- 
ues for B and ( B-C) are obtained and the residuals of the 
fit were extremely large; thus, the results of this combined 
fit are not included here. 

Finally, a value of the A’ rotational constant can be 
calculated by 

A’= [~010(1;~‘=1)+~0~0(2;~‘=1)1/2- ~o(I;P=o) 

+vovo(z;K~=o)]/2+ B’= 122.9 GHz, (6) 

in which an approximate value of B’ =5.4 GHz is used. 
Equation (6) simply takes the difference of the averaged 
K,=O+l band origins and the averaged K,=O-+O band 
origins and appropriately accounts for the B’ rotational 
contribution in the KL = 1 manifold to arrive at the value 
for A’. The previous work made the assumption that very 
little KL dependence of the acceptor tunneling existed and 
this resulted in a value of A’=85 GHz from the spectral 
evidence measured at that time. This assumption clearly 
led to an inaccurate value of this rotational constant, for it 
is readily apparent in the present work that acceptor tun- 
neling is in fact largely influenced by Ki. It is useful to 
compare A’ with the corresponding ground state value, 

because the deuterium atom tunneling motions should be 
reflected in the A’ rotational constant. The value of A” has 
been reported from the K,= l--+2, u=O microwave study 
of Zwart et aL7 to be 120.3 GHz, however this work seems 
to have neglected to account for the contribution of the B” 
rotational constant, and when doing so it is noticed that its 
value is actually A”= 125.7 GHz. This corrected value 
agrees well with the most recent v=O determination of 
A” = 124.9 GHz determined from the K,=O- 1 micro- 
wave experiments of Karyakin et al.’ The 2% reduction in 
A’ relative to A” is indicative of the cluster accessing a 
vibrationally averaged structure for which the deuterium 
atoms spend more time away from the top axis, which is 
consistent with the larger tunneling splittings exhibited in 
the excited vibrational manifold. 

IV. THE TUNNELING SPLITTINGS 

A. An IAM overview 

This discussion begins with a brief review of the gen- 
eralized IAM model used to analyze the ground vibra- 
tional state tunneling dynamics. Before the work of Coud- 
ert and Hougen,415*g no treatment for the concerted 
quantum tunneling motions existed for the water dimer, 
and although our present results show significant discrep- 
ancies with this model, the generalized IAM treatment is 
recognized as a valuable step toward obtaining a quantita- 
tive understanding of complicated tunneling problems. 
Briefly, the generalized IAM treatment expresses the VRT 
energy levels of the water dimer with a phenomenological 
Hamiltonian of the form 

EC GX) = EVIB + J&O-E + EAT + EGDAIT +EDT 

+EAGDAIT 9 (7) 

for which EVrB is the vibrational contribution, EEMOmE ac- 
counts for the end-over-end rotational motion of the dimer 
frame, and the remaining terms describe the tunneling mo- 
tions within the high barrier approximation such that EAT 
is the contribution from acceptor tunneling, EGDAIT and 
EAGDalT correspond to geared and antigeared donor- 
acceptor interchange tunneling, respectively, and EDT rep- 
resents the contribution from donor tunneling. The corre- 
sponding energy contributions from each tunneling motion 
are determined by matrix element expressions which de- 
pend on J, K,, and the specific tunneling pathway. These 
expressions define B and higher order distortion constants 
for each tunneling sublevel as the sum of a structural B 
with a contribution from each of the isolated tunneling 
motions. No coupling between inequivalent types of tun- 
neling motions is considered in the high barrier limit, 
which restricts each coordinate to couple only to its nearest 
neighbor framework on the IPS, resulting in a set of sep- 
arable tunneling motions. This treatment provided a 
unique set of tunneling parameters for each of the four 
tunneling coordinates of the water dimer when the IAM 
global fit9 of the ground state data were conducted, and 
this method has been used to describe the tunneling dy- 
namics in v=O of (H20)2. Similar methods have been uti- 
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FIG. 6. The complete energy level diagram for both the ground and 
vibrationally excited states is shown. The K, manifolds are vertically 
aligned and each J quantum number is labeled. The arrows represent the 
R( 1) transitions for each of the 12 VRT subbands observed, originating 
from Ki = 0 and terminating in the excited vibrational state KL = 0 and 1 
manifolds. The actual VRT symmetry for each energy level is labeled 
from the experimental evidence discussed in the text. For K,, > 0 the sym- 
metry species of the asymmetry doublets are labeled such that the lower 
component is on the left and the upper on the right. For example, in 
Ki = 1 the l,, rovibrational state correlates to the A:, E+, Bf, A,, 6, 
and BF symmetries and the l,, correlates to the B,, E-, Al, B$, E+, 
and A: symmetry species. These asymmetry doublets are omitted from 
the diagram because they are associated with a relatively small splitting. 
Most of the determinable tunneling splittings for v=O, K,=O, 1, and 2 
and for the K,=O and 1 manifolds of the 82.6 cm-’ vibration are shown. 
The acceptor tunneling splittings are not drawn to scale and the value of 
0 as defmed in the text is 36 GHz. The donor-acceptor interchange 
splittings are shown and represent the energy separation between the ( + ) 
and ( - ) VRT states for each of the interchange triplets. Donor tunneling 
shifts are excluded from the figure, due to their small size. 

lized in parametrizing tunneling splittings of chemically 
bound systems such as hydrazine and methylamine. Nota- 
tion originating from the IAM model has previously been 
used to define the matrix elements that contribute to each 
tunneling splitting, yet this notation is avoided within the 
present discussion because of discrepancies in the model 
within the context of the observed intermolecular vibra- 
tional motion. 

In Fig. 6 the VRT energy levels are summarized pic- 
torially to illustrate the tunneling splittings and symmetry 
assignments for K” = 0, 1, and 2 in u = 0 and for KL = 0 and 
1 in the 82.6 cm-’ vibrationally excited state. The J=O-+ 1 

transitions for each of the 12 bands are represented as 
arrows to help clarify the conclusions of the analysis sec- 
tion regarding the acceptor and donor-acceptor inter- 
change tunneling splittings. The most obvious difference 
between the ground and vibrational state rotational tunnel- 
ing manifolds is the large variation of all tunneling split- 
tings with respect to K, in the excited state, and this will be 
discussed below. 

6. Acceptor tunneling 

The acceptor tunneling splitting for u =0 is specified as 
p, for its actual value cannot be determined directly be- 
cause transitions between E states of different 1 and 2 trip- 
lets are unlikely, and have not yet been experimentally 
observed for the water dimer.3 A value of p= 36 GHz from 
the K,” = 0 + 1 microwave data of Karyakin et al.’ has 
been estimated for this splitting by averaging the contribu- 
tion of acceptor tunneling in both the K,” = 0 and 1 mani- 
folds. Also, a measure of the change in acceptor tunneling 
from the Kz = 1 ---t 2 data of Ref. 7 indicates that this 
splitting increases by 21 GHz in K,” = 2 relative to Kz 
= 1. Although the single value of fi is only valid if acceptor 
tunneling exhibits a small difference between the K,” = 0 
and 1 manifolds, it is incorporated along with the mea- 
sured change of the acceptor tunneling splittings in the 
excited state vibration. Acceptor tunneling parameters of 
36.3 and 106.3 GHz can then be defined for the two Ki 
manifolds, since the acceptor tunneling splitting changes 
by 0.320 08(95) and 70.300 O(15) GHz in Ki = 0 and 1, 
respectively, relative to K,” = 0. In Fig. 2 the two band 
origins for the K,=O-+O bands are located in the 2477 
GHz spectral region, as discussed earlier, whereas the two 
sets of triplets corresponding to the Q branches for the 
K,=O+ 1 bands are evident at frequencies of 2 559 779.71 
(89) and 2 630 079.7 (20) MHz, designated by the mark- 
ers (b) and (c), respectively. This spectrum verifies that 
there is a negligible change in acceptor tunneling for Ki 
= 0 with excitation of the intermolecular vibration, 
whereas a 70 GHz increase is present in Ki = 1 relative to 
K;=O. 

The ordering of the VRT symmetries about the accep- 
tor tunneling splitting presented in Fig. 6 for (D,O)z in 
v=O is identical to that reported for ( H,0)2, and it is 
interesting to compare this ordering with that in the ex- 
cited vibrational state. In K,” = 0 the symmetry species la- 
beled by 2 defines the upper half of the acceptor tunneling 
splitting, whereas in K,” = 1 these VRT symmetries char- 
acterize the lower half of the acceptor tunneling splitting. 
The K,” = 2 data are also shown in Fig. 6, and the ordering 
about the acceptor tunneling splitting for (DzO)z, which 
was originally proposed by Zwart et al.,’ has since been 
corroborated by the recent work of Karyakin et aL8 The 
methylamine-like tunneling coordinate is consistent with 
the ordering of the symmetry species 1 and 2 in K,” = 0 and 
1, for this tunneling motion generates a spatially oriented 
structure which requires a rotation about the A inertial axis 
to reach the symmetrically equivalent form of the dimer. 
An alternation of 1 and 2 with Ki would thus be expected 
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FIG. 7. (a) The two types of acceptor tunneling pathways considered 
along with their corresponding equivalent rotations. The methylamine- 
like pathway which most likely describes the ground state tunneling path 
would alternate the ordering of the 1 and 2 symmetry species about the 
acceptor tunneling splitting with K,, whereas the rotation about the C, 
axis of the acceptor subunit pathway is consistent with the coordinate for 
the vibrationally excited state. This is postulated because the ordering of 
the 1 and 2 symmetry species is K, independent. (b) The equivalent 
rotation for the donor tunneling pathway is shown. This pathway is con- 
sistent with the K, dependence of the donor tunneling shift in both the 
ground and excited vibrational states. The second pathway, which corre- 
sponds with the R,(Z) rotation, would not change the sign of the donor 
tunneling shit, and is less feasible because it would require the breaking 
of the H-bond. 

for this pathway. There is some confusion regarding the 
predictive capabilities of the IAM model for Kz = 2, yet 
experimental evidence indicates that the ordering of the 
energy levels are as shown in Fig. 6,‘,’ thus the equivalent 
rotation cannot be used to interpret this Kz manifold. The 
present data verify the ordering about the acceptor tunnel- 
ing splitting to be the same as for Ki = 0 for both the 
KL = 0 and 1 manifolds, and is in contrast to the K, depen- 
dence in u=O. If the tunneling pathway were to change in 
the excited vibrational state to a simple rotation of the 
acceptor subunit about its C, axis, no equivalent rotation of 
the dimer would be necessary to yield a symmetrically 
equivalent structure. For this situation the ordering of 1 
and 2 in the various K’i manifolds would be the same, i.e., 
Ki independent. The two different tunneling pathways, 
with the equivalent rotations are shown in Fig. 7 (a). It can 
thus be concluded that because the KA-type dependence is 
very different in the excited vibrational state, a significant 

change in the acceptor tunneling pathway upon vibrational 
excitation must be considered. If the C’-type acceptor ro- 
tation is responsible for the acceptor tunneling splitting in 
the excited vibrational state, the breakdown of the high 
barrier limit would most definitely be realized. 

C. Donor-acceptor interchange tunneling 

All determinable donor-acceptor interchange split- 
tings are indicated in Fig. 6 and the differences with respect 
to u and K can be easily recognized. In summary, the donor 
acceptor interchange splittings are nominally 1 GHz in 
v=O, and exhibit only a weak dependence with respect to 
Ki. Yet in the 82.6 cm-’ excited vibrational state, these 
splittings increase to 3348.6 ( 16) and 3926.1 ( 18) MHz in 
KA = 0 and 11947.7 (18) and 12 948.9 (39) MHz in Ki 
= 1 for the 1 and 2 interchange splittings, respectively. 
This strong variation with KL can be verified by the labels 
(d)-(f) in Fig. 2, which point to the observed spectral 
splittings. 

The generalized IAM treatment of the water dimer 
predicts that each of the separate interchange splittings for 
a given 1 u, K,) is a result of two proposed tunneling mo- 
tions, viz., geared and antigeared donor-acceptor inter- 
change pathways. The sum of the two matrix elements 
describing these motions corresponds to the larger splitting 
labeled with symmetries 1, whereas the difference is found 
to represent the 2 interchange splitting. These coordinates 
presumably pass through trans and cis transition struc- 
tures, respectively, and these pathways would indicate that 
the antigeared motion is far less feasible, so its contribution 
to the total interchange splitting should be much smaller 
than that of the geared pathway. Although the difference 
of the two sets of interchange splittings is in fact small for 
all Kz manifolds, it is easily measurable and the IAM 
model has adequately explained these results in terms of 
the two separable tunneling motions. However, it is found 
that the present vibrational motion reverses the effect that 
the two proposed interchange matrix elements have on the 
splittings relative to the u=O interpretation. Thus, the an- 
tigeared matrix element would necessarily have to change 
sign in the excited state. In other words the sum and dif- 
ference, corresponding to the 2 and 1 labels of the two 
interchange splittings, are associated with the opposite 
VRT symmetry species in both the Ki = 0 and 1 manifolds, 
relative to the ground state. 

D. Donor tunneling 

Characterizing a clear trend relating to the effects of 
donor tunneling on the observed spectra is difficult, but 
clearly the fitted tunneling parameters do vary consider- 
ably with respect to the ground state. These shifts are not 
shown in Fig. 6 because of the small magnitude associated 
with this slow quantum tunneling motion. In KA = 0 the 
value of EDT is fit as -I- 154 and +41 Mtiz for the 1 and 2 
interchange triplets, respectively, whereas for KL = 1 this 
shift corresponds to fitted values of - 333 and - 57 MHz. 
The magnitude for this parameter has consistently been 
found to be - 12-14 MHz across the three K, manifolds 
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sampled in the ground state. Although the absolute value 
of this shift is as much as an order of magnitude larger in 
the vibrationally excited state relative to the ground state, 
the direction of the shift does follow the predictions of the 
IAM treatment. More precisely, the IAM method predicts 
that even and odd values of K,, should yield positive and 
negative deviations, respectively, as is measured and this 
can be illustrated by considering the equivalent rotations 
which correspond to the tunneling path defined in Fig. 
7(b). Because this tunneling shift is associated with the 
largest tunneling barrier, and the qualitatively correct K, 
behavior is observed, this motion may still be considered in 
terms of a high barrier limit. The large increase in the 
tunneling shift is probably a result of the intermolecular 
vibration accessing an energetically higher region of the 
barrier, although the substantial difference in magnitude 
found between symmetry species 1 and 2 cannot be easily 
rationalized. With the extensive set of excited state data, it 
immediately becomes clear that the slowly varying tunnel- 
ing splittings of the ground state become almost chaotic in 
the intermolecular vibrational state at 82.6 cm-‘. 

fitting these parameters, the experimentally observed pe- 
riod of approximately 4.5 K, was reproduced. 

All of the tunneling dependencies in the 82.6 cm-i 
vibration could, in principle, be characterized with an anal- 
ogous phenomenological expression if a more complete 
sampling of the K, manifolds were available. In this low 
temperature molecular beam work, however, such an ex- 
tensive description of the K, dependence will not be possi- 
ble, so a fit of this kind is not likely to be useful. Also, the 
treatment of Ohashi et aZ.20*25 is made possible by utilizing 
the fact that the 265 cm-’ vibrational motion in methy- 
lamine directly correlates to the lowest fundamental of the 
methyl torsion tunneling coordinate. In other words, the 
vibration samples the torsional coordinate uniquely with- 
out the apparent involvement of the inversion tunneling 
motion. Since all of the water dimer tunneling splittings in 
the excited vibrational state change dramatically relative to 
those in u=O, such a treatment is not so clearly adaptable 
to the strongly coupled VRT states of this cluster. 

E. KB dependence of tunneling 

In the preceding discussion, the large KA variation of 
all tunneling splittings observed in the FIR-VRT spectra 
has been described. K, dependencies in VRT dynamics 
have been treated previously for systems exhibiting facile 
quantum tunneling, and two such examples are brieily de- 
scribed here. The first example examines the internal 
rotation-inversion of methylamine, which is analogous to 
the proposed pathway for acceptor tunneling in the water 
dimer. In their work, Ohashi et &20Y25 fit the observed FIR 
spectrum to a phenomenological Hamiltonian that in- 
cludes tunneling parameters which effectively couple the 
various equivalent frameworks that result from the methyl 
torsion/amine inversion tunneling motion. These parame- 
ters are related to matrix elements which depend on the J 
and K, quantum numbers. These are used to fit the tun- 
neling splittings over a large range of K, (up to K,=28), 
and this method of analysis is similar in principle to an 
IAM-like treatment. In methylamine, the methyl torsion 
tunneling splitting exhibits a 20-fold increase in the first 
excited vibrational state (at 265 cm-‘), whereas the amine 
inversion parameters change only slightly. This observa- 
tion is used to assign the vibration as a motion along the 
methyl torsion coordinate. To quantify the effect of the 
parametrized matrix elements with respect to the compli- 
cated K, dependence of the tunneling splittings, the struc- 
tural contributions to the energy were subtracted from the 
total energy of the VRT states by assuming that the tun- 
neling motions sample coordinates that are orthogonal rel- 
ative to the other degrees of freedom. The remaining en- 
ergy contributions amounted to the combined internal 
torsion-inversion energy splitting, which was found to fol- 
low a cosine dependence with respect to Kc The oscillation 
could be described by a cosine function in which the peri- 
odicity depends on a set of fitted tunneling parameters. By 

The geared interchange coordinate of the water dimer 
may be directly compared with the analogous type of mo- 
tion in the less complicated hydrogen halide dimers. A 
large body of theoretical work has been directed at describ- 
ing the HCl dimer and the HF dimer VRT energy levels. 
The extensive work of Bunker et aL26 and the review by 
Truhlar2’ represent only a small fraction of the literature 
relevant to these clusters, yet from this work an apprecia- 
tion for K,-type dependence of the interchange coordinate 
can be obtained for both dimers. The calculations of Bun- 
ker et a1.26 begin with the construction of an analytical ab 
initio IPS. A fit of each surface to a functional form pro- 
vides a potential upon which the VRT levels can be calcu- 
lated using the semirigid bender formalism.” In the HF 
dimer, large variations in the donor-acceptor interchange 
tunneling coordinate with K, are found, while for the HCl 
dimer the splitting is approximately constant. The IPS are 
very different for the two cases, and Bunker et al. discuss 
how this may result in the different K, dependencies in this 
coordinate. Briefly, in the HCl dimer the A rotational con- 
stant is essentially invariant along this tunneling coordi- 
nate, for the calculations show that the dimer never passes 
through a linear geometry along the minimum energy 
pathway of this motion. But in the HF dimer, the mini- 
mum pathway does pass through the linear configuration, 
hence the A rotational constant varies considerably and 
this greatly influences the tunneling splitting within the 
various K, manifolds. From this work it is clear that the 
angular degrees of freedom accessed by these large ampli- 
tude motions are very sensitive to the IPS on which the 
dynamics occur, and the data presented for the water 
dimer illustrate a more complicated example of this type of 
phenomenon. 

V. THE INTERMOLECULAR VIBRATIONAL 
COORDINATE 

A. The vibrational assignment 

Unlike the intermolecular vibrational motions that oc- 
cur in the hydrogen halide dimers and the methyl torsional 
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motion of methylamine, no particular tunneling splitting is 
uniquely intluenced by excitation of the intermolecular vi- 
bration observed here for (D,O),. In this case, the situa- 
tion is not consistent with a one-dimensional description, 
wherein the vibrational excitation might correlate directly 
with a rotation of the water monomers along a particular 
tunneling coordinate. A phenomenological approach, such 
as the method of Ohashi et al.2Qp25 for methylamine or the 
generalized IAM treatment,g could possibly parametrize 
the tunneling splittings by considering periodically varying 
K, dependencies for each tunneling motion, yet it is un- 
likely that such a treatment would provide much insight 
into the nature of the vibrational coordinate. Because of 
the inseparability of the multidimensional tunneling mo- 
tions from that of the intermolecular vibration, an unam- 
biguous characterization of the vibrational mode is not 
possible within the context of the present FIR-VRT anal- 
ysis. The symmetry of the 82.6 cm-’ vibration was previ- 
ously assigned as Bf from the spectral evidence available 
at that time.” This assignment is not supported by the 
additional observations reported here. The previous analy- 
sis indicated that the acceptor bend was an appropriate 
vibrational assignment, for this motion correlates to the 
Bt symmetry species in Gr& However, the present data 
show that an appreciable change in the acceptor tunneling 
splitting occurs only with the excitation of angular momen- 
tum about the A’ inertial axis. Therefore, it is possible that 
the pure vibrational motion does not correlate to the 
methylamine-like acceptor tunneling pathway. 

Figure 6 is an energy level diagram corresponding to 
an apparent vibrational symmetry belonging to the AT ir- 
reducible representation in Gr6. This is assigned as such 
because the ordering of the VRT symmetries in Ki = 0 is 
determined to be identical to those of Kz = 0. The funda- 
mental of a totally symmetric vibrational motion, such as 
the intermolecular stretch, would correlate to this symme- 
try species. However, a fairly reliable harmonic frequency 
estimate for this motion of 145 cm-’ has been determined 
from the analysis of ground state distortion constants,2 
hence it seems unlikely that this would be an appropriate 
assignment. Another assignment, also consistent with the 
lowest symmetry species of AT, might correspond to an 
overtone in one of the tunneling coordinates possessing an 
even number of vibrational quanta. However, any tunnel- 
ing motion would be a candidate for such an assignment, 
and again, no single motion can be uniquely related to this 
strongly coupled VRT band. 

For the purpose of this discussion, let it be assumed 
that the high barrier limit is appropriate, so that each tun- 
neling motion is in fact separable from all other coordi- 
nates for the excited vibrational state. In this limit the 
transition can be considered to correspond to an excitation 
of the vibrational mode which correlates to a particular 
tunneling coordinate. From this perspective, the observed 
vibration could be rationalized as a motion similar to 
donor-acceptor interchange, for its associated splitting ex- 
hibits a 3-4-fold increase in KL = 0 relative to that in the 
vibrational ground state, whereas the acceptor tunneling 
splitting indicates little variation (in Ki = 0) with respect 

TABLE IV. Microwave frequencies (in MHz) for deuterated water 
dimer species taken from Ref. 35. 

No. of 
frame 

Species works J-J” Frequencies 

H,O-DOH 2 1-O 12 239.001 12 312.521 
2-l 24 479.057 24 623.903 

D+DOH 2 l-o 11 345.252 11 349.749 
2-l 22 689.670 22 698.457 

H20-DOD 4 I-0, l-o 11 785.312,s.. 11 789.484, 
11789.501 

2-1, 2-1 23 569.655, 23 577.787, 
23 569.782 23 577.985 

HDO-DOD 4 1-o 11296.385 . . . 
2-1 22 591.793 . . . 

to vibrational excitation. Although such an assignment can 
be justified in this limit by the measured tunneling split- 
tings, the apparent vibrational symmetry of At [a’ in the 
C,(M) limit] is not appropriate for an out-of-plane motion 
(correlating to an a” mode), and the interchange pathway 
is predicted22 to take the dimer through a transition struc- 
ture of Ci symmetry via a tram-type bending coordinate. 

Without information pertaining to the larger values of 
K,, it seems unlikely that an IAM-like treatment would be 
useful in rationalizing the effects of the intermolecular vi- 
bration, for the data show that the associated splitting in 
K,= 1 is comparable to the A rotational constant. In par- 
ticular, the acceptor and the antigeared donor-acceptor 
interchange tunneling motions are most affected by this 
breakdown. It also seems possible that the acceptor tun- 
neling motion follows a different pathway in the excited 
vibrational state, which would further enhance the picture 
in which the cluster dynamics involve a high degree of 
angular coupling between an highly anharmonic ribration 
and potentially all of the tunneling coordinates. Under 
these circumstances, the high barrier limit is inapplicable, 
and the tunneling motions are not separable from the rovi- 
brational Hamiltonian, as is the case for van der Waals 
molecules which are best described in the free rotor limit 
such as Ar-H20,2g Ar-NH3,30 Ar-HC1,31 and Ar2-HC1.32 

Until now, matrix isolation experiments,33 guided by 
theoretically based predictions have been the only means 
for characterizing the intermolecular degrees of freedom. 
Many pair potentials exist for the water dimer,34 but it is 
difficult to determine which of these are appropriate for 
predicting band origins of the intermolecular vibrations. 
When examining the available ab initio surfaces as to their 
probable reliability in light of the present data, it is noted 
that the calculated frequencies vary from -80-160 cm-’ 
for the lowest two intermolecular vibrational modes, and it 
becomes clear that no particular IPS stands out as the most 
suitable surface. Although the vibrational frequencies vary 
substantially, the lowest modes are generally predicted to 
be either an acceptor bend (a’) or a donor torsion (a”). 
These predictions are consistent with the 82.6 cm- ’ vibra- 
tion characterized here and the probable existence of a 
vibration at slightly higher frequency, ( ,> 88 cm-‘) as is 

Pugliano et al.: Tunneling dynamics in the water dimer 6615 

J. Chem. Phys., Vol. 98, No. 9, 1 May 1993 Downloaded 13 Jun 2006 to 128.32.220.140. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



6616 Pugliano et a/.: Tunneling dynamics in the water dimer 

TABLE V. The two observed VRT bands for the D,O-DOH isotopomer 
of the water diier and the fitted rotational constants. All reported tran- 
sitions and constants are in MHz. 

s 

4 
3 
1 
1 
2 
3 
4 
5 
6 
7 
8 

K,=O+O band K,=O-+l band 

P Frequency O-C S J” Frequency O-C 

5 2 423 694.3 -1.3 5 6 2 605 842.6 -2.2 
4 2 435 231.0 -1.2 4 5 2 617 108.4 -0.1 
2 2 458 158.0 -1.0 3 4 2 628 391.8 0.2 
0 2 492 204.6 -1.1 1 1 2 673 641.2 -2.8 
1 2 503 461.9 1.5 2 2 2 673 539.8 -2.4 
2 2514664.8 1.7 3 3 2 673 387.7 -2.0 
3 2525 811.5 2.3 4 4 2 673 185.2 -1.4 
4 2 536 894.0 1.2 5 5 2 672 932.0 -1.1 
5 2 547 903.3 -3.3 6 6 2 672 628.7 -1.0 
6 2 558 843.5 1.2 7 7 2 672 276.2 -0.3 
7 2 569 690.3 0.1 8 8 2 671 874.8 0.7 

9 9 2 671 424.1 1.2 
1 0 2 685 058.8 0.7 
2 1 2 696 435.1 0.9 
3 2 2 707 825.7 3.2 
4 3 2 719 226.3 4.2 
5 4 2 730 637.2 5.0 
6 5 2 742 055.2 3.0 
7 6 2 753 475.3 -6.1 

evidenced by the Coriolis perturbed 2630 GHz, KA = 1 
states of 2 symmetry. As discussed in Sec. III, this pertur- 
bation would necessarily be from a K,=O manifold having 
the 2 symmetry labels, because of the selection rules gov- 
erning the Coriolis interaction outlined in Sec. III. If these 
states were associated with the lower half of the acceptor 
tunneling splitting of the perturbing vibration, then that 
motion would transform as an a” mode in C,(M), whereas 
the present vibration appears to be of a’ symmetry [AA,f 
transforms as a’ in C,(M)] and this would be consistent 
with assigning the vibration as the acceptor bend. 

B. Isotopically substituted VRT bands for the water 
dimer 

By observing spectra for different isotopomers of the 
water dimer a clear picture of the individual tunneling 
splittings may result, and with a characterization of the 
band origin for each, conclusions may be proposed for the 
vibrational coordinate. This section will illustrate the latter 
of these two points. When realizing that isotopic substitu- 

TABLE VI. The fitted rotational constants for the two observed VRT 
subbands of the D,O-DOH isotopomer. 

Fit of bands yields 
B”=5674.701 (20) 

D”=O.O410 (12) 
Ki = Ostate KL = 1 state 

~a=2 480 902.7 (19) v0=2 679 360.31 (98) 
B’=5674.701 (20) B'=5665.367 (65) 
0’=0.0928 (21) D'=O.O386 (14) 

(B-C)'=64.837 (77) 

Standard deviation of fit = 2.2 MHz 

tion may occur on either the donor or the acceptor mono- 
mers, it becomes clear that a great deal of information 
exists for each vibrational state when including an exami- 
nation of these species. The lowest frequency VRT transi- 
tions for v=O have been reported for all of the iso- 
topomers,35 and these data are reproduced in Table IV. 

There are two important reasons for examining isoto- 
pically substituted water dinner species. First of all, the 
tunneling splittings are different for each of the various 
isotopomers because the tunneling pathways presented in 
Sec. III do not exchange identical particles. For example, 
the geared donor-acceptor interconversion tunneling for 
the isotopomer D,O-DOH produces a structure of the 
form DHO-DOD which is clearly not identical to the orig- 
inal. The group theory for each of these clusters has been 
discussed in Ref. 35 and only the relevant symmetry con- 
siderations for a particular molecule will be considered be- 
low. Second, the frequency shift of the band origin for a 
particular vibration, due to the replacement of deuteriums 
with hydrogens will be indicative of the type of vibrational 
motion. 

In hopes of finding spectra for the isotopomers of the 
water dimer possessing a mixture of deuterium and hydro- 
gen atoms, a pipet full (5 ml) of H,O was occasionally 
added to the D20 sample. Unfortunately this mixture was 
not used consistently, and resulted in only partial VRT 
spectra for one of the isotopomers. Both a &=O-tO, and 
I&=0+ 1 band were observed and are reported in Table V 
along with the fitted rotational constants in Table VI. It is 
readily noticed that the ground state B rotational constant 
of 5674.7 most reasonably matches the data for the D,O- 
DOH complex shown in the right-hand column of Table 
IV. For this cluster, each rovibrational state splits into an 
A, and an A, state due to acceptor tunneling, and these 
symmetry species alternate from + to - and from - to 
+ for even and odd J, respectively. Finally, the nuclear 
spin weights for the symmetry species AT/AT are 2 and 1, 
respectively, and the selection rules are I’i+ttI’;. 

From the data presented in Table V, the actual sym- 
metry of the states cannot be rigorously determined, and 
since only half of the VRT data exist, no information re- 
garding the change in acceptor tunneling is currently avail- 
able. A calculated value for the D,O-DOH structural A 
rotational constant of 130 GHz indicates that a large 
change in the acceptor tunneling splitting with the Ki 
quantum number may be present, since the frequency sep- 
aration of the observed K,=O-+O and K,=O-t 1 VRT sub- 
bands is -200 GHz. However, this must be verified by 
identifying the other two subbands for the cluster. Al- 
though these data are incomplete, they further support the 
vibrational assignment corresponding to that of the accep- 
tor bend, because the fitted band origin for the K,=O+O 
band of 2 480 902.7 MHz is nearly identical to those re- 
ported for (D,O), indicating that isotopic substitution of 
the donor subunit does not substantially shift the vibra- 
tional band origin relative to the perdeuterated species. 
Thus, the mass of the donor does not strongly influence the 
vibrational coordinate. 

In summary, the tunneling splittings for the 82.6 cm-’ 
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vibrational motion in the d4 isotopomer of the water dimer 
have been characterized in detail, and are found to exhibit 
substantial variations relative to their analogs in u=O, pos- 
sibly evidencing large changes in the actual tunneling path- 
ways for the lowest barrier motions. Strong K,-type depen- 
dencies exist for all motions, as has been demonstrated for 
other similar highly anharmonic tunneling systems. How- 
ever, in the present case, the large amplitude tunneling 
motions cannot be easily separated from the vibrational 
motion, thus the relative contributions of the various terms 
in the water dimer VRT Hamiltonian are no longer clear 
and the dynamics must be treated in a more extensive man- 
ner. Evidence has been presented which indicate that the 
vibration is the lowest a’ intermolecular coordinate which 
has been predicted with the current levels of ab initio the- 
ory, however, it appears that characterizing the effects of 
highly anharmonic vibrations on the tunneling dynamics 
will require the development of new descriptive models 
which take the IPS of the cluster more thoroughly into 
consideration. The challenge of reproducing such widely 
varying tunneling effects is a formidable one and will cer- 
tainly require high accuracy in an IPS. Such high level ab 
initio treatments, coupled with a rigorous calculation of the 
VRT dynamics would elucidate the nature of the quantum 
tunneling in the intermolecular vibration of the water 
dimer, help to deduce the forces which are responsible for 
the large changes in tunneling pathways, and certainly aid 
in the assignment of the intermolecular vibrational modes 
accessible with the Berkeley FIR spectrometer. A six di- 
mensional calculation of this kind has been recently ac- 
complished by van Blade1 et a1.,36 producing qualitative 
agreement of the VRT states for the ground vibrational 
state of the well characterized ammonia dimer, which ex- 
hibits tunneling among 72 symmetrically equivalent min- 
ima. Although this calculation is currently limited by 
available computer technology, which prohibits the full 
convergence of the energy levels, such an approach could 
yield the qualitative information necessary to understand 
the complicated multidimensional tunneling dynamics in 
hydrogen bonded clusters and their coupling to intermo- 
lecular vibrational motions. 
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