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Terahertz laser spectroscopy of the water dimer intermolecular vibrations.
l. (D,0),
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Terahertz laser VRT spectra of the water dimer consisting of 731 transitions measured with an
average precision of 2 MHz and involving fo(D,0), intermolecular vibrationgone previously
published have been measured between 65 and 104'cithe precisely determined energy level
patterns differ both qualitatively and quantitatively from the predictions of several dimer potentials
tested, and reveal an ordering of the intermolecular vibrations which differs dramatically from that
predicted by standard normal mode analysis. Strong coupling is indicated between the low barrier
tunneling motions and the intermolecular vibrations as well as among different vibrations.
Particularly, the 83 cm® (acceptor wagand 90 cm? (D,0), (acceptor twist vibrations interact
through a Coriolis perturbation. These spectra provide the basis for our recent determination of the
water pair potential. The corresponding data se{fO), is presented in an accompanying paper.

© 2000 American Institute of Physids$0021-960680)00721-3

I. INTRODUCTION ing paper, we present the results from our measurement and
analysis of extensive terahertz VRT spectra(D$0), and
Recent work has shown that it is possible, in principle, to(H,0), that provided the basis for our recent determination
guantitatively determine the force field for liquid water and of the 1PS®
ice through the detailed study of small water clusers.
Analysis of the interaction energies of these clusters indi
cates that the major component is the pair potential, accoun
ing for perhaps 70% of the binding enefyyioreover, the It is apparent from microwave and infrared studies that
principal constituent of the three-body, as well as the muchhe water dimer is a highly nonrigid, near prolate top mol-
smaller four- and higher-body terms is inducti@guolariza-  ecule(Fig. 1) that undergoes several simultaneous tunneling
tion), which is already contained in the pair potential if the motions within the molecular framewoPk’ These motions
low-order multipole moments and polarizability are properlylead to a complicated VRT spectrum. This is now a familiar
included. The pair potential thus accounts for mes90%  behavior of weakly bound systems, as observed in a number
of the cohesive energy of liquid and solid water, with theof hydrogen bonded dimers includingiCl), (Ref. 7 and
remainder due mostly to the three-body exchange forces. It ifNH,),.1! In order to describe the VRT spectra, of such mol-
therefore necessary to begin with a rigorously accurate paicules, it is first essential to identify the permutation—
potential in order to properly describe liquid water and ice.inversion (Pl) group and to classify the molecular energy
Despite great effort, this crucial step eluded previous retevels. Dyke used th& 4 group for the water dimer to suc-
searchers. cessfully interpret his microwave spectra in a 1977 paper.

The water pair potential can be accessed experimentallyhe following description is derived from the cumulative
through indirect inversion of the infrared and terahertz VRTyork of Dyke®*? Hougen'® Coudert and Hougelf, and
spectra of the water dimer, as has been accomplished fq"uglianoet al15:16

- 5 6 7 . .
S|mpler8cases.such as Arz8,> Ar—NHs,” and(HCl),, " and There are 16 equivalent structures of the water dimer
(NH3),.” The intermolecular vibrations of such complexesthat can be generated without breaking chemical bonds. Per-
sensitivily sample both the repulsive wall and the attractivemytation of identical nuclei gives rise to eight equivalent
well of an intermolecular potential surfadéPs), and the  gyrctures. Inversion of these structures through the center of
associated hydrogen bond rearrangement tunneling splittinggass generates eight more configurations. The dimer tunnels
rigorously constrain the detailed topology. While the COMPU-3iong low-energy barrier pathways on the six-dimensional
tational effort required to extract the detailed IPS for a siX-jntarmolecular potential energy surfad®S) to access the
dimensional system like the rvno\;ater dimer is formidable, thisgjtrerent structures. If the equilibrium structure contains a
has recently been accomplistiebh this and the accompany-  ,ahe of symmetry, as the available evidence strongly sup-
ports, then there are only eight unique minima on the six
dDepartment of Chemistry, Harvard University, Cambridge, Massachusettsdlimensional(6D) IPS.

YDepartment of Chemistry, University of Southern California, Los Angeles, The corresponding Pl symmetry grouB ), is used to
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atormia explain the resulting splittings in the revibrational energy
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A. Hydrogen bond rearrangement tunneling in the
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FIG. 1. The vibrationally averaged water dimer structiRg.o=2.94 A, -B -
N\ B
0,=41°, p4=58°, $p,=90°, ¢p4=0°, and xy=180°. Structure calculated ] 2
using DQMC on VRTASP-W) (Ref. 1). B; /—B' E;
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is consistent with the observed VRT dynamics. The water
dimer samples the eight distinct minima on the 6D IPS by
tunneling via three low energy barrier pathways® In the
correlation diagram in Fig. 2, energy levels fé=0, K,

=0 andJ=1, K,=0 of the semirigid framework are labeled
by vibrational symmetryA’ and A", respectively, corre-
sponding to theCg subgroup.

i
1. Acceptor switching (AS) LﬁT Ay
The acceptor switchingAS) rearrangement pathway

(Flg'l 9 has the lowest energy barrier, eStlmat(E(lj to be 139—'IG. 2. Correlation diagram for the VRT levels of the water dimeGig.
cm ' on the IPS of Coker and Watfsand 157 cmi* on the  The bold print represents the three tunneling splittings or shift. The letters

VRT(ASP-W) potential of Fellerset al2 This motion allows  which are not in boldface are symmetry levels labeled using@hemo-
exchanges of the protons in the water molecule acting as th@ecular symmetry group.

H-bond acceptor. The tunneling pathway beings with a flip

of the acceptor monomer followed by a rotation of the donor

monomer about its O—H bond. A 180° rotation of the com-\,:t, o rotation of the acceptor monomer about@s sym-
plex about the O-O bond completes the pathway and returng ey axis and a rotation of the donor in thgangle to form
the dimer to a permutationally distinct equivalent version.i,qyans transition state structure shown in Fig. 3. The path-
While the actual pathway includes three separate rotatior\ﬁlay continues with rotation of thé, so that now the accep-
within the dimer, the net effect is@, rotation of the accep- tor is the donor and a rotation of the donor aboudtsaxis
tor about its symmetry axis. Each rovibrational energy Ieveguch that it becomes the acceptor. The pathway is completed
of the semirigid water dimer is split into two by this tunnel- |, .o the complex undergoes 180° end-over-end rotation.
ing motion. When this motion is included, the symmetry Recent calculations on the VRASP-W) potential energy
group become€,,(M), and the resulting energy levels are g tace show that this pathway has a barrier of 207 'tm
labeledA, /B, andA;/B; as shown in Fig. 2. (Ref. 3 compared to the calculations by Coudert and
Hougert* on the potential of Coker and Watts which esti-

2. Interchange (1) mates this barrier to be 800 ¢rh

The next most feasible tunneling motion is labeled as  Coudert and Hougé later identified the antigeared in-
interchange(l), in which the roles of the individual donor terchange[l(ag)] pathway as contributing significantly in
and acceptor water molecules are exchanged. The effect is their fit of the availablé€H,0), data at the time to their local
split each of theC,,(M) energy levels into three but by a internal axis methodlAM) model. In this model, the effect
much smaller degree than for acceptor switching tunnelingof this tunneling manifests itself as a difference in the Inter-
The VRT states are now labeled in tliad D4(M)] mo-  change splitting of thé\; /B, states and thé, /B, states. In
lecular symmetry group a&, /E;/B; andA,/E, /B, for  the ground stateK.=0 energy levels, the total of the
J=0 K,=0. TheE(*) states are doubly degenerate. TheseA, /B, states is
two tunneling motions resolve all possible degeneracies in
the water dimer eigenstates. I=1(g)+1(ag)=22.6 GHz,

There are two possible pathways which produce this nef 4 in theA, /B, states, it is
effect, with the lowest barrier associated with the geared in-
terchangé1(g)] motion shown in Fig. 3. This motion begins I=1(g)—1(ag)=19.5GHz,

AS
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FIG. 3. The three tunneling pathways. These pathw&ef. 18 have the

"
Out-of-plane A" S . @O@
bend
lowest barriers. The interchange pathway includes the geared and antigeared

versions of the tunneling motion with the geared motion having the lowerFIG. 4. The six normal mode intermolecular vibrations of the water dimer.
barrier. Reported barrier heights are for VIRBP-W) (Ref. 1). These were determined and labeled in Ref. 19.

In their analysis, Coudert and Hougan determined thgy  cases of both even and odd permutations of nuclei. The wave
is 21 GHz and (ag) is 1.6 GHz such that(ag) makes up functions transform liked; or A; in G,¢. The nuclear spin
<5% of the total interchange splitting in the ground state. Noweights areA; /A; (Ref. 23, B;/B; (Ref. 15, Aj /A,
antigeared pathway was found on VRBP-W). However, (Ref. 3, BQ/BZ_ (Ref. 6, ET/E~ (Ref. 18.
three slightly differentis-transition states were identified on There are no missing transitions in tki2,0), spectra.
VRT(ASP-W) also having geared pathways. These barrierThe intensity of a transition will follow the nuclear spin
heights in the range of 400-500 ch slightly higher than  weights if the linewidth is greater than the hyperfine split-
that of thetranstransition staté. tings. This is the case for infrared and far infrared spec-
troscopies, but microwave spectroscopy has the capacity to

3. Bifurcation (B) resolve the hyperfine splittings.

The final rearrangement identified is Bifurcation tunnel-
ing (B) wherein the H-bond donor permutes its protdRig.
3). The barrier to this motion is estimated to be about 1000 A normal mode analysis was performed by Reimer and

m ' in Ref. 14 and 394 cm by VRT(ASP-W).2 The result ~ Watts® on their RWKZ° IPS. There are 12 normal modes

is a small shift of the rovibrational energy levels, but nofor the water dimer; six correspond to intramolecular vibra-
further splitting occurs since all degeneracies are already raions and six correspond to intermolecular vibrations. These
solved by the acceptor switching and interchange. The don@ix intermolecular modes are shown and labeled in Fig. 4
monomer moves into a “bifurcated” hydrogen bond transi- according to the Reimer and Watts scheme. The Reimer and
tion state wherein each of its protons shares one half of thgvatts harmonic vibrational frequencies fi¢t,0), are given
hydrogen bond® The net effect is &, rotation of the donor in Table | along with the anharmonic intermolecular vibra-
about its symmetry axis. tional frequencies determined from VRISP-W)! for both

The projection of the molecular electric dipole moment(H,0), and (D,0),.2 It is well known that the actual inter-
along an axis fixed in space is invariant to permutation ofmolecular vibrations in very floppy hydrogen bonded clus-
identical nuclei changes sign under. Therefore, this op- ters often occur at frequencies as low as half of the calcu-
erator transforms like\; in Gy4. This leads to the overall lated harmonic values, and that the atomic motions are not as
selection  rules A —A[, Bi«—B;, A,<A,, simple as those shown. They are more likely to be linear
B, «<B,, ET—E™ (Ref. 10. combinations of the normal modes. However, when discuss-

The fully deuterated dimer has 81 spin functions. Theing these vibrations, these normal vibration labels will be
total wave function must be symmetric for bosons in theused and connections to them made whenever possible.

B. The intermolecular vibrations
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TABLE |. Predictions for the six intermolecular vibrational frequencies TABLE Il. Terahertz laser list.
(cm™Y).
Freq./GHz Freq./cmt Gas
Harmonic
approx®  VRT(ASP-WII®  VRT(ASP-W)II® 1626.6026 54.2576 Cif,
Vibration (H,0), (H,0), (D,0), 1838.8393 61.3371 CjoH
1891.2743 63.0861 CH,
H-bond torsion 141 90 69 1987.7989 66.3058 CBOH
Acceptor twist 147 119 78 2058.1418 68.6522 Ci@D
Acceptor wag 155 105 80 2216.2634 73.9266 CHH,
O-0 stretch 185 150 135 2252.0541 75.1204 CHOH
In-plane bend 342 142 115 2409.2932 80.3654 CiH,
Out-of-plane bend 632 na na 2447.9685 81.6554 CoH
2522.7815 84.1509 CioH
®Harmonic approximation using RWK@®Ref. 19. 2546.495 84.9419 CiF,
PResults from the VRIASP-W)II (Ref. 3. 2633.8991 87.8574 13CH3OH
2714.7151 90.5531 13CH,0H
2742.946 91.4948 CH,
. . 2907.0889 96.97 CiOD
The Ipwest energy normal mode is the donor t.ors.|on 3105.9368 1036029 GloH
(VlZ)- This mode involves onIy the donor molecule with its 3239.4614 108.0568 GOH
free hydrogen rotating about the donor O—H bdid the 3356.8304 111.9718 GaD
donor monomer symmetry axighy). It is labeled withA” 3494.4413 116.562 CH;OH
3690.7231 123.1093 LDy

symmetry, because the motion is out of the plane of symme-
try, as opposed té\' vibrations for which the motion is in
the plane of symmetry.

The next two lowest vibrations are close in energy: the
acceptor twist £1,) and the acceptor wag/§). The acceptor

The Berkeley terahertz spectrometers have been de-
twist (A”) allows the acceptor monomer to rotate about Scribed in detail elsewhef® 2 and are similar to the instru-
P ment originally built in 1985 but with several modifications

C, axis by ¢,. The acceptor wagX’) involves rotation of . . :
the acceptor monomer in the, coordinate. In other words introduced in r_ecent years to increase the spectral range and
: ' the concentration of large>3) water clusteré®—3! The wa-

the motion is through the angle that is created between the = " . . "
. . ter dimer is easily observed under these new conditions.
acceptorC, axis and the molecular center-of-mass coordi-

nate or the hvdroaen bond What follows is a brief overview of the spectrometer and
The A’ m}’plange donor Bend»(ﬁ) involves motion of the pulsed slit jet source with specifics on the far infrared laser

donor monomet, axis with respect to the hydrogen bond gases(Table 1)) used to obtain the water dimer data dis-
or 64. Itis similar to the acceptor wag except that it directly cussed here,

¢ L . The output from a line tunable GQOaser (operating
strains the hydrogen bond, thus making it higher in energy. . S .
The out-of-plane donor bend/{y) is anA” vibration which power of 70-150 Wis used to longitudinally pump a line

is characterized by a rotation about the dihedral argle tunable far infraredFIR) laser. The fixed frequency far in-

that is measured between tBg axes of the monomers. This

motion also strains the hydrogen bond and is similarly ex- .

pected to occur at relatively high frequency. Bjenv" Band: ncceptir Wag
The A’ O-O stretch ¢;), or hydrogen bond stretch, is f
the last of the intermolecular vibrations described here. As ew """"
the name suggests it is the vibration along the center-of-mass
coordinate or hydrogen bond. It is expected to have a weak Pty Behitl B
Al/E1/B1 band origin band origin

spectrum due to the small change in the dipole moment.
Analysis of the ground state centrifugal distortion constants
predicts this vibration to occur near 150 chi?*

A2/E2/B2 A1/E1/B1 A2/E2/B2

Il. EXPERIMENT

Terahertz laser spectroscopy is a direct absorption tech- r
nique characterized by high sensitivitga. 1xX 10 8 mini-
mum detectable fractional absorptjoand high resolution ‘
(ca. 1X10 ¢ or 1 MHz) and currently operates in the fre- 800 810 820 830 840 850 860 870 880
quency range 1-4.5 THB0-150 cm?). This technique is
used to directly probe and characterize the weak bonds of

van der Waals and hydrogen-bonded clusters and has been

. . _ FIG. 5. 83 cm? (D,0), stick spectrum, acceptor wagd). Three hundred
used in studies of water clusters as large as the hex&ntér. cixty-threses andoype wANSHions WItK.= 0.0, 0_s 1. 140, and Lo1

The first study of the water dimer with this approach wasgpserved. Maximum signal-to-noise fartype ~50:1 and for c-type
reported by Busarowet al. in 19892° ~100:1, linewidth~2 MHz.

Intensity (arbitrary units)

Frequency (cm'l)
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TABLE Ill. 83 cm™! (D,0), band, acceptor wagyg) transition frequencieMHz). Residualgobserved—calculatedre in italics.

Transition A BT Obs—Calc ET.E” Obs—Calc By A{ Obs—Calc
K,=0—0 a-type transitions
80— 909 E- 2377482.7 -1.8
707—80s E* 2388845.2 -29 B 2386 140.1 -1.0
Bos— 707 E- 2400163.8 -0.7 Ay 2397 484.1 -0.3
55— 60g Al 2413992.7 0.2 E* 2411430.4 2.9 B, 2408772.0 0.6
404—505 B; 2425178.7 -05 E- 2422632.1 -0.2 Al 2419997.1 -0.4
303—404 E* 2433776.6 22 B, 2431158.9 15
205—303 E- 2444 850.3 -0.2 Al 24422454 -21
Lor—20p Af 2458372.1 0.7 E* 2455859.9 2.0 By 2453263.2 -1.3
Ooo—101 E- 2 466 794.7 0.2 AL 2464203.9 -2.0
Lo10go A 2490 963.6 -2.0 E* 2488 450.9 0.4 B 2485863.8 7.8
200—1o1 B 2501 652.4 0.3 E- 2499 167.7 -1.1 A7 2496 564.9 1.2
303—202 Af 2512350.3 1.0 E* 2509814.7 0.7 B, 2507 194.0 0.0
404303 By 2522941.4 3.4 E- 2520381.1 -6.1 A; 2517 748.7 0.4
505—404 Af 2533456.3 -3.1 E* 2530892.3 25 By 2528230.3 1.4
606505 B, 2543915.3 0.0 E™ 2541327.1 3.2 AT 2538641.2 2.7
707606 Af 2554 306.4 -1.6 E* 2552 693.8 1.4 By 2548979.7 -0.9
8os— 707 B, 2564 641.6 1.2 E™ 2561999.5 0.5 Ay 2559 258.3 —0.8
909808 Af 2574916.0 0.1 E* 2572 250.5 2.3 Bl+ 2569479.7 1.4
10y10— 909 E™ 2582 444.6 -1.0 Al 25796423 -0.4
Transition AS B, Obs—Calc ETE” Obs—Calc B, A, Obs—Calc
99— 10010 B 2364 286.6 -2.0 E- 2366 644.0 -7.6
85— 909 AS 2375573.0 -1.3 E* 2377935.1 -1.8
707—808 7 2386 814.9 -1.1 E- 2389174.8 -4.9
Bo5— 707 3 2398012.9 -0.3 B, 2402 467.3 0.5
505606 B, 2409166.3 1.2 E™ 2411533.2 15 A, 2413615.7 0.7
404—50s A; 2420271.2 -0.1 E* 2422638.4 -0.1 B 2424710.1 -5.3
303404 B, 2431329.6 -0.1 E™ 2433 696.6 -15 A, 2435765.0 —-3.7
207—303 A; 2442338.6 -2.3 E* 2444710.9 0.2
Lor—202 B, 2453305.7 1.7 E- 2455673.1 -2.0 A, 2457735.4 0.5
Ooo—101 E* 2466 590.3 0.3 B, 2468 646.8 -0.7
Loz 0go B, 2485897.2 1.2 E- 2488 267.3 -0.5 Ay 2490329.5 0.7
200—101 A 2 496 658.2 0.2 E* 2499 030.1 1.1 By 2501097.1 1.6
303202 B, 2507 368.4 0.7 E™ 2509738.4 0.7 A, 2511812.7 1.6
404—303 A; 2518022.9 -15 E* 2520390.6 -2.8 B 2522475.6 1.7
505404 B, 2528 628.4 1.2 E™ 2530996.8 0.9 A, 2533081.3 —0.6
606505 A2+ 2539173.3 1.6 E* 2541542.0 4.1 B, 2543636.2 1.3
707606 B, 2549 663.1 1.4 E™ 2552 025.9 1.1 A, 2554135.1 0.5
8os— 707 A2+ 2560094.0 -0.3 E* 2562 456.9 3.3 B;’ 2564573.7 —4.6
909808 B, 25704675 -11 E™ 2572826.9 3.6 A 2574962.9 2.1
10y10— 909 A2+ 2580785.9 2.3 E* 2583135.7 2.3 B; 2585 296.4 2.8
Transition A By Obs—Calc EfE” Obs—Calc B AL Obs—Calc
K,=1—1 a-type transitions
4,35, B, 2356 464.8 0.8 E- 2349 744.1 0.2
310413 Al 2367399.4 0.9 E* 2360644.3 2.0 By 2354 484.6 0.1
21131 By 2378321.8 0.4 E™ 2371539.1 2.1 Ay 2 365352.3 1.1
1211 Al 2389226.1 -5.6 EY 2382429.7 0.2
lig—11 Al 2411026.6 -2.3 B, 2398 020.5 -2.9
2114215 By 2411 066.4 1.6 Ay 2398 094.0 -0.3
31— 313 A; 2411120.6 1.9 By 2398202.6 1.7
4i3—4, By 2411193.6 29 Ay 2398 345.7 2.6
211110 B, 2432731.2 1.4 E- 24259441 -0.4 AL 2419758.8 0.6
31521, A 2443565.2 0.7 E* 2436810.3 35 By 2430649.2 41
4,53, B 2454383.8 1.9 E- 2447663.8 4.7 A7 2441536.1 3.8
514—413 AS 2465184.1 2.8 E* 2 458502.0 2.6 = 2452419.7 0.3
615—514 B 2475956.8 -5.1 E- 2469328.6 34
716—615 E* 2480132.1 -1.8
313414 B, 23673925 -3.1 E™ 2360644.3 3.2 23544529 —4.0
21— 313 A/ 2378350.6 2.4 2365368.9 -3.8
11721, E- 2382471.7 -0.2 2376 262.7 -4.3
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TABLE Ill. (Continued)

Braly et al.

Transition Al By Obs—Calc E*,E” Obs—Calc By Al Obs—Calc
2,521, At 2410795.4 3.4
3,535, B, 2410584.0 -2.8
Aygdos Af 2410301.5 2.8
2,51y, A 2432594.2 -1.9 E* 2425808.1 -33 2419610.4 23
31321 2443 326.2 -4.0 E™ 2436 568.1 —5.6 2430384.0 -3.1
4,313 AT 2454021.7 —2.8 E* 2447295.4 —8.3 2441134.3 -1.0
5,54y 2451 856.0 -0.4
616—515 Al 2475290.5 0.0
717616 E* 2479278.6 0.9 2473215.3 0.3
Transition A; By Obs—Calc E*.E” Obs—Calc By A, Obs—Calc
54615 E, 2475047.6 -5.0 A5 2477 963.4 47
41y 5, B, 24839385 3.4 ES 2486 767.3 -0.7 B; 2489 739.0 1.0
3y d1s Al 2495 447.0 0.5 E, 2498314.5 -1.0 A5 2501 336.2 0.8
2,31, B, 2506 804.9 41 E, 2509 696.0 -13 B; 2512 759.0 5.0
121, E, 2520909.4 5.5
1141 B, 2539842.8 1.0 E; 2542757.1 2.2 B, 2545 836.7 -0.9
2,021, AS 2539647.1 -0.1 E, 2542548.6 4.2 A, 2545 603.3 -1.4
310315 B, 2539 356.9 0.1 B 2542227.1 0.6 B; 2545 250.5 —2.4
by by, E, 2541798.6 -0.1
211149 E, 2564 149.5 3.4 B, 2567 201.4 —4.3
3124, B, 2571664.8 2.3 E, 2574540.0 3.3 A5 2577557.1 -4.8
4yze3, Al 2581 925.6 2.8 ES 2584 757.1 1.8
54443 E, 2594 799.0 1.8 A, 2597 713.9 -1.4
615—514 AS 2601927.0 -0.1
716615 B, 2611 660.6 -358
5,5 646 E; 2475285.6 -39
4y 5y A} 2483 958.0 1.4 ES 2486 959.0 11
31344 B, 2495 493.2 -0.4 E, 2498474.6 -3.5 B, 2501553.2 —-2.0
2,5—313 A 2506 874.5 0.1 E, 2509 831.5 -2.1
1y,e-215 E, 2521022.2 3.2 BS 2524 106.7 2.3
1y3e140 AS 2539 683.6 0.6 E} 2542 621.6 1.2 A5 2545711.2 1.6
2,21 B, 2539184.3 -0.4 E, 2542144.3 0.4
313312 AS 2538451.4 0.5 E, 2541433.6 -1.1 Ay 25445115 1.9
byt B, 2537500.2 2.3 E; 2540500.0 0.4
5,554 E; 2539 348.4 1.1
2,01y A} 2561 025.4 1.3 ES 2563 985.1 1.2 A; 2567 065.9 -1.6
315215 B, 2571294.9 2.3 E, 2574283.4 1.6 B; 2577 361.6 1.2
4y4—31, Al 2581 406.7 -15 E} 25844153 438
515414 E, 2594 378.7 0.7
Transition A BT Obs—Calc E*.E” Obs—Calc By AL Obs—Calc

K,=0—1 c-type transitions

615— 797 By 2490379.4 —6.8 E™ 2483685.3 3.0
5,4 60g A} 2501 218.0 2.5 E* 2494 466.8 2.1 B; 2488 366.0 -2.8
413505 By 2512057.6 3.8 E™ 2505 263.4 3.0 A 2499119.6 2.2
315 Af 2522 905.3 5.6 E* 2516 074.0 4.1 B, 2509 895.1 3.8
211303 B, 2533753.0 1.0 E- 2526 896.4 3.1 A, 2520 693.5 4.2
11020 A} 2544 608.3 -1.2 E* 2537733.7 3.0 B, 2531509.6 -8.0
110 By 2566 280.9 —2.2 E™ 2559 405.6 2.2 Ar 2553175.9 2.3
21720 Af 2566 178.0 1.3 E* 2559316.7 -0.5 B, 2553 097.9 -138
315303 B, 2566 018.0 0.6 E- 2559 183.1 -3.8 A, 2552 980.9 -1.2
A, A} 2565 806.1 0.7 E* 2559 005.4 6.3 B, 25528254 -0.3
515505 By 2565542.1 1.0 E™ 2558783.3 -7.0 A 2552630.8 0.1
6,6 6og A; 2565 226.6 1.6 E* 2558517.4 -39 B, 25523975 -0.1
Tir—To7 B, 2564 859.2 1.7 E- 2558212.0 8.9 A 2552123.5 -3.3
815 808 A; 2564 442.2 2.8 E* 2557 837.0 2.9 B, 2551825.3 6.4
9,690 B, 2563 970.3 -1.0 AL 25514735 ~1.1

10436 10010 A; 2563 449.9 -4.1

113 1101, B, 2562 891.6 3.0
110000 AT 2577205.1 1.4 E* 2570321.3 2.1 By 2564102.2 0.4
211 1g; By 2588074.6 2.0 E™ 2581209.1 —-2.5 A 2575010.1 4.6
31020 A 2598 946.6 4.2 E* 2592107.4 2.1 B, 2585934.7 6.8
4330 B, 2609817.5 5.0 E- 2603 013.2 22 Ay 2596 873.3 5.0
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TABLE Ill. (Continued)

Transition Al B Obs—Calc ETE” Obs-—Calc B ,A; Obs—Calc

514404 Af 2620686.3 3.9 E* 2613928.2 13 By 2607 826.7 0.6

615 505 B, 26315459 -5.8 E- 2624 842.2 0.5 Ay 2618 790.1 -10.8

716 60g EY 2635 755.6 -17

817707 E- 2646 663.8 —6.9

Transition A B, Obs—Calc ETE” Obs—Calc B, A, Obs—Calc

716—808 A, 2538563.5 0.3

615 7g7 Al 2544 848.1 -0.1 E* 2547 591.8 -0.9 B; 2550508.3 11

5,4 605 B, 2556 500.9 0.8 E- 2559 299.8 -1.4 A, 2562 288.8 -1.8

4,355 A 2568 014.4 —-0.4 E* 2570859.4 -3.7 B, 2573907.7 —4.3

31040 B, 2579392.7 -3.2 E- 2582278.1 -36 A5 2585 379.3 1.6

2,303 E* 2593 555.2 -4.6 BS 2596 690.5 -0.5

1li0—202 B, 2601766.1 —0.7 E™ 2604 697.8 -1.6 A, 2607 822.2 2.5

101 AS E* 2626352.5 -0.2 B; 2629516.8 1.7

21520 B, 2622 950.4 -1.2 E™ 2625927.7 -0.7 A, 2629 086.2 2.4

315303 AS 26222955 -05 E* 2625297.0 -0.3 B; 2628447.3 0.7

by, B, 2621448.2 0.9 E- 2624 466.3 0.5

5,5 505 A; 2620426.6 -0.9 E* 2622238.0 0.1

616—606 E™ 2620865.5 0.1

1,0— 000 E- 2637292.5 0.4

2111g; E* 2647878.9 0.8 B, 2651013.0 18

3120 B, 2655434.3 0.4 E- 2658322.5 1.1 A, 26614215 1.5

Y AS 2665 771.6 3.7 E* 2668 620.8 2.9 B; 2671673.8 3.4

54404 B, 2675959.0 -16 E- 2678769.0 5.6 A, 2681 759.5 2.0

615505 A; 2686 003.0 -3.8 E* 2688753.4 11 B; 2691674.4 -1.0

716—606 B, 2695 903.6 3.2 E- 2698576.2 2.0 A, 2701417.2 0.1

8,7 707 A3 2705635.7 1.2 E* 2708235.1 0.9 B; 2710978.1 0.4

Transition Al ,BY Obs—Calc ET.E” Obs—Calc B JA{ Obs—Calc
K,=1—0 c-type transitions

Bos— 717 By 2246 929.2 2.2

5gs—616 A; 2258295.9 0.1

404—515 B, 2269 589.1 -0.3

303414 A; 2280805.4 0.1

202313 B, 2291941.9 1.0 AL 2286 909.7 -1.9

Lo1—212 B, 2297 979.2 -25

305215 A} 2356 969.5 -1.9 = 2354509.5 -18

4os—313 By 2367506.3 -1.0 E™ 2365029.8 -1.1 Al 23624111 -1.3

505414 Al 2377959.7 1.6 E* 23754614 -0.9 B, 2372819.6 —-2.5

Bos— 515 E- 2385 806.6 -0.8

To7—616 A} 2398 608.9 2.4 ES 2396 068.8 -0.3

Transition A; B, Obs-Calc E*,E” Obs-Calc B; A, Obs-Calc

207313 A} 2358 494.6 -1.2

Lor—21s B, 2369536.1 -1.0

200111 E* 2415297.9 1.2 B, 2417 288.6 -1.4

05— 215 B, 2423601.6 0.8 E- 24259556 2.4

. A; 2434181.2 2.0

Sos—414 B, 2444676.3 -1.5

frared radiation is emitted from the rotational levels of small1T13, 1T15, and 1T24purchased from Crowe’s laboratory
vibrationally excited molecular gases which are usually dif-at the University of Virginia. Sidebands are generated by
ferent isotopomers of methanol, GiH, and NH,. mixing the output from a Hewlett—Packard microwave gen-
The far infrared light is directed into a Martin—Puplett erator with the fixed frequency FIR in the diode. The micro-
polarizing diplexer consisting of two wire mesh polarizerswaves are tunable from 2 to 24 GHz and can be doubled and
and a Michelson interferometer. The diplexer used to fredripled to increase coverage to 60 GHz. This produces side-
space couple the fixed FIR light onto an antenna contacting bands that are equal to the FIR frequency plus and minus the
Ga:As Schottky barrier diode as well as to separate the reramicrowave frequency, giving a scanning window of 120
diated sidebands from the unmixed FIR carrier. Four differ-GHz with a 4 GHz gap around the fixed FIR frequency.
ent diodes were used in the collection of these dq&fiEdl 2, After exiting the diplexer, the tunable radiation is then
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TABLE IV. 83 cm ! (D,0), band, acceptor wag fitted constafiéHz), 1o uncertainties in italics.

Al /B E{/E; By /AL

Ka=0

(B+C)/2 5392.987 0.157 5395.775 0.070 5397.968 0.106
D; 0.0023 0.004 0.0113 0.0007 0.0142 0.001
Band origin 2477619.8 1.1
Interchange 3927.7 2.2
Bifurcation 39.1 1.7

A, /BJ E,/E; B, /A;
(B+C)/2 5406.826 0.236 5406.873 0.241 5407.800 0.235
D; 0.0362 0.002 0.0383 0.0022 0.0365 0.002
Band origin 2477 299.3 3.4
Interchange 3348.5 6.8
Bifurcation 155.1 6.3
Acceptor switch 53 GHz
I(g)® 3637 I(ag)? 291

Al /BT E;/E] B /A]

Ka=1

(B+C)/2 5427.278 0.079 5424.624 0.089 5419.785 0.05
D; 0.033 0.001 0.0494 0.0013 0.0326 F-04
(B—C)/(4+h) 14.872 0.029 13.854 0.019 13.896 0.022
d; —0.0002 FE-04 —0.0001 0.001 —0.001 0.002
Band origin 2565 200.5 0.6
Interchange 11939.141 1.4
Bifurcation —329.416 1.2

A, IB; E,/E; B,/A;
(B+C)/2 5343.400 0.780 5344.365 0.384 5340.337 1.573
D; —0.0603 0.024 0.0108 0.007 —0.0276 0.138
(B—C)/(4+h) 24.440 0.485 18.849 0.225 17.146 1.612
d; -0.1321 0.021 —0.0639 0.0053 —0.1039 0.136
Band origin 2632020.4 4.1
Interchange 5023.49 8.1
Bifurcation —109.97 5.7
Acceptor Switch 120 GHz
I(g)® 8481 I(ag)?® 3458
A rotational constaft 126.6 GHz
o (std. dev. of fif “1's” 1.06 rms error of resid. “1's” 2.95
Number of transitions “1's” 188
o (std. dev. of fif “2's” 2.76 rms error of resid. “2's” 2.08
Number of transitions “2's” 176

&Constants not fit.

passed through a wire mesh Fabry—Perot etalon to filter thenstressed chip covers the frequency range 110—1506.cm
sidebands from the laser carrier radiation and directed into a The sensitivity of the experiment is typically 18 mini-
vacuum chamber pumped by an 1345 /s roots blower backeghum fractional absorption. The Doppler limited linewidth is
by two mechanical pumps. The sidebands enter the vacuugyoyt 2 MHz. The accuracy of the line measurement is about

chamber through a hole in one of two mirrors that form ag \iHz and is limited by both the laser drift and noise.
Herriot cell. The sidebands intersect the molecular beam at The clusters are produced by bubbling argon or helium

90° making 18-22 pass¢sa. 2 m path lenghand exiting with a backing pressure of 10—15 psi throughCHor D,O.

through the same hole. lustering i h db im 4 pulsed slit iet d
The transmitted light is then focused onto a detector, ané; ustering 1S enhanced Dy ugira 4 puised siit jet as de-

the signal is sent to a lock-in amplifier which demodulatesSc'iPed in Refs. 29 and 30, and are typically cooled to a
the FM signal using a 2 detection scheme. Two detectors fotational temperature o5 K. The background pressure in
were available for use in these experiments. Both use e chamber is 30—34 mTofAr) or 300 mTorr(He). Spec-
Ga:Ge photoconductor chip, one is mechanically stressedla of the four intermolecular vibrations studied here are
and covers the frequency range 50—110 &nwhereas the shown in Figs. 3, 5, 7, and 10.
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IIl. SPECTRAL ANALYSIS Egz ! so2snae
The spectra are fit to a prolate top Hamiltonian with =L asetb0 Grr

perturbations to account for the slight asymmetry. The en- = e o
ergy level expressidh is 'BI-

E(J,K)=vo+(B+C)/2[I(I+1)—KZ]

2 !
_Dj[J(J+1)_Ka]2+(_1)J+Ka+K° T o Yoz6 Mz
AS~ 53 GHZAZ*
Bl+]
E+ 3348 MHz

Qo ANV L

The band origin isvg(B+C)/2 is the averaged rotational
constant for the complex, ard; is a centrifugal distortion
constant. B— C)/4 accounts for the slight asymmetry of the
complex andd; is the asymmetry distortion constant. The
asymmetry perturbation breaks the parity degeneracy of the
prolate top energy level expression {&,|>0, shifting one
component up and one dowd.is a good quantum number
andK, is nearly a good quantum number in this expression,
with J being the total angular momentum quantum number
of the complexK, is the projection ofl onto the body-fixed
axis. The energy levels can be labeled using the near-prolate j -
scheme that correlatés, andK,, so forJ=1,|K,|=1 there % 1083 e
are two energy levels labeled;gland 1;; with the latter
being the lowest in energy.

The two components of the acceptor switching splitting
refer to the multiplets of three energy levels labeled either
A;/E/B; or A,/E/B, (Fig. 2. Energy levels labeled tFlG- f 83 QFtnglfDiO;ﬁd;i%e;pttgngzg ::)Weirtr;gfgyolz\;zlS?]iigvrr?m(l)
A, /E/B; are called the “1's” withE being labeledE; when ~ "anstions wiii= - '
it occurs in the multiplet withA; and B;. Energy levels
corresponding tA,/E/B, are called the “2's” withE la-

J=0
x{(B—C)/4[I(I+1)]—d[I(I+1)— K22}

AS~ 17 GHz

l - B2-,A2+
E-E+ 1992 MHz
A2-B2+

Ka=0 Ka=1

. . ) switching splitting inK2=0 was found to be 53 GHg+1
geledEEaZCk\iv Tjsr:gl?rfcursrﬁs p:‘r;?fi thf(?tmuIUprleI Vlv'tkb l":lhnd hGHz). For (D,0O), the acceptor switching splitting can be
2 . g component 1S Tt separately, athoudNyqq mined in the excited vibrational states using this ground
when possible the three components associated with a Pali te value.
The VRT spectra are fit using a Levenberg—Marquardt
nonlinear least squares fitting routiffeThe residuals for the
far-infrared transitions are less than 5 MHz, ca. the absolute

accuracy of the spectrometer. Microwave data for the ground

ticular multiplet of the “1's” or “2’'s” are fit together to
estimate the interchand® tunneling splitting and the bifur-
cation(B) shift in the following manner. Fai=0, K,=0 the
expressions used are

E(AJ/A;)=E(J=0K,=0)—1/2, (2) staté®>®® are included in the fit to constrain the rotational

L constants of the ground state. In most cases the residuals for
E(E{/E;)=E(J=0K,=0)+2B, (3 these transitions are 1 MHz or less.
E(B,/B,)=E(J=0K,=0)+1/2, (4)

whereE(J=0Ka=0) is from Eq.(1). IV. RESULTS AND DISCUSSION

Each triplet is fit to a band origin wherein the center of  All of the intermolecular vibrations discussed below
the ground stat&,=0 triplet is assumed equal to 0. There- were measured with the Berkeley terahertz spectrometers.
fore the difference of the observed band origins for the trip-Only the 83 cm?! (D,0), band has been previously
lets is thechangein the acceptor switching splitting between reported>® Additional data for the 83 cit band is pre-
the two states under investigation. In general transitions besented here as well as for three new vibrations at 65cm
tween multiplets of different labelings, 1 or 2, are forbidden,90 cm %, and 104 cm®. A re-examination of the “perturbed
and it is not possible to directly measure the acceptor switchstates” of the 83 cm' band shows that a misassignment was
ing splitting. However, the selection rules as they are defineehade in that analysis. Corrections were made to the 83'cm
do not forbid transitions between the differebtstates, but assignment and a new band centered at 90'cmas as-
these transitions have not3 get been observed and are expectsigned and fit.
to be very weak. Pawdt al.>® were able to simultaneously fit _ ) -
the acceptor switching splitting of the ground state and theA' The 83 cm ™ band: Acceptor wag  (vs) revisited
excited vibrational state acceptor antisymmetric stretch mea- Whereas Busarowet al?® reported a FIR rotation-
sured in IR cavity ringdown spectroscopy experiments intunneling spectrum of (D), in 1989, the first far infrared
(D,0),, to a cosine function. Using this model the acceptorvibration—rotation—tunneling spectra of an intermolecular vi-
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TABLE V. 65 cm™ (D,0), band: donor torsioni,) transition frequencieMHz). Residualgobserved—calculated valyes italics.
Transition Al BT Obs—Calc E"E” Obs—Calc By AL Obs—Calc
K,=0—1
818— 909 E™ 1938 016.7 -5.8 Al 1935516.6 -4.2
717808 E* 1950113.0 -15 B, 1947 601.2 -0.2
616 707 B, 1964 590.9 0.8 E- 1962061.2 0.5 Al 1959537.5 0.8
515606 A7 1976 398.3 11 E* 1973859.3 1.2 By 1971326.3 1.8
414505 By 1988051.1 -0.2
31340 A7 1999 550.2 -0.4 E* 1996 998.2 14 1994 448.3 -0.4
21303 B, 2010892.6 -0.6 E~ 2008 333.4 -0.9 AL 2005 781.6 0.2
111+2¢, A7 2022077.4 -0.5 E* 2019514.2 -1.0 By 2016 960.6 14
1010, B, 2043866.9 -0.7 E~ 2041303.1 -0.1 Al 2038745.2 -0.7
211202 A7 2043665.3 -11 E* 2041103.9 0.0 By 2038547.4 -0.9
312303 By 2043364.0 -1.2 E” 2040804.0 -14 Al 2038251.0 -14
™ Al 2042963.1 -14 E* 2040406.5 -15 B, 2037857.3 -15
514505 B, 2042 464.5 -0.5 E~ 2039911.7 -0.9 A 2037367.3 -1.2
615606 A7 2041866.9 -1.0 E* 2039319.2 -0.9 By 2036 781.4 -1.1
T16—To7 By 2041174.7 0.4 E” 2038631.8 0.0 Al 2036 101.8 -0.2
81780 AT 2040384.9 —-0.6 E* 2037 850.3 0.6 By 2035329.2 0.5
9,909 By 2039503.4 0.2 E™ 2036 977.3 1.2 Al 2034 464.4 0.1
10y9— 1010 Af 2038529.2 0.1 E* 2036 013.7 -0.4 By 2033511.5 0.9
1191011011 B, 2037 466.1 0.8
1,3+0¢ E* 2052107.7 -0.2 B 2049549.8 -0.9
210101 B, 2065215.1 1.3 2062 652.6 0.0 Al 2060 098.2 0.5
313202 A7 2075594.5 1.2 E* 2073038.1 1.6 By 2070487.5 2.2
414303 B, 2085812.0 1.9 E” 2083 260.5 14 Al 2080711.6 =17
515404 A7 2095 866.2 21 E* 2093321.8 14 By 2090784.2 2.4
616505 By 2105 756.6 1.0 E” 2103221.9 1.7 Al 2100693.1 2.3
717606 AT 2115484.6 -0.1 E* 2112960.2 1.3 B, 21104421 1.2
815 To7 B, 2125051.0 -0.9 E- 2131958.5 2.3
915 8g AT 2134 456.5 -1.6
Transition AZ B Obs—Calc ETE” Obs—Calc By ,A; Obs—Calc
2007 285.0 =17
616707 A 2013897.0 -0.7 E* 2018165.4 -3.9
51566 B 2024753.1 -2.4 E™ 2029 049.0 -2.0
444505 A 2035617.7 3.7 E* 2039930.5 -0.8 By 2044 301.8 -0.4
313404 B, 2046472.1 -1.6 E” 2050 808.6 -0.9 A, 2055199.5 0.4
21303 A 2057 334.0 -1.0 E* 2061 683.6 =17 By 2066 089.6 0.5
1,420, E™ 2072557.6 -0.3
1ig—1o1 By 2098 662.1 -0.2
21120 B, 2089811.3 0.7 E™ 2094161.0 -0.2 A 2098565.9 -0.1
310303 A 2089694.1 -0.7 E* 2094 029.8 -11 By 2098 420.7 -0.6
4i5—40s B, 2089537.6 -15 E” 2093856.0 -0.4 A 2098228.3 0.1
514505 A 2089341.6 -0.9 E* 2093636.7 -0.7 B, 2097 986.6 0.2
615+ 6¢ B, 2089105.0 14 E- 2093373.0 -0.5 A, 2097 695.8 0.1
Ti6—T7 E* 2093 064.0 -0.3 By 2097 355.5 -0.1
81780 E™ 2092 710.2 0.9
915909 E* 2092 309.1 0.6
10yg— 10919 E- 2091861.3 -0.4
117+ 0gg B, 2100790.3 0.7 E”- 2105151.1 0.5
21101 A 2111651.6 -0.5 E* 2116 003.2 -0.4
313202 E- 2126 852.3 3.2
Ayp—03 A 2133 369.6 25 E* 2137 690.7 4.6
616505 E* 2159334.0 5.1
717606 E™ 2170132.1 0.2
Transition Al BT Obs—Calc E"E” Obs—Calc By AL Obs—Calc
Ka=1-2
250211 Ay 2177017.3 -0.2 E* 21747422 0.3 By 2172425.0 0.1
351312 B, 2176 840.1 0.2 E” 2174569.3 0.8 A7 21722571 -0.1
4yp—4q5 A7 2176 602.5 —-0.6 E* 2174335.9 -1.6 By 2172330.4 -0.2
5,551 By 2176 306.6 -0.7 E~ 2174404.8 -0.7 Al 21717551 0.6
6,465 AT 2175951.9 -0.5 E* 2173703.4 -0.6
To5—T16 By 2175536.6 -2.1 Al 21710315 0.9
8,6—817 A7 2175064.7 -15
250111 A7 2198815.7 0.9 Al 2194 220.7 -0.1
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TABLE V. (Continued)

Transition A7 BT Obs—Calc E*,E” Obs—Calc By AL Obs—Calc
351215 E* 2207310.1 -15 By 2204997.8 -0.5
541y By 2231033.7 -0.4 E* 2228775.9 0.9
64515 A7 2241716.3 15 E- 2239464.4 -0.3 AT 2237176.3 0.1
7 5—616 By 2252368.2 3.4 E* 2250128.2 2.6
86— 717 E- 2260 756.1 -1.2
251215 By 2177116.3 0.0 E” 21748418 0.9 Ar 21725227 -0.8
3,313 A/ 2177035.6 -0.4 E* 2174 765.4 0.5 B, 2172 452.6 -0.3
Ays—4q, By 2176925.8 -1.2 E” 2174663.1 1.3 Ar 2172357.2 0.4
5,4—515 A/ 2176 787.1 -0.2 E* 2174530.8 1.1 B, 2172233.4 -0.3
65— 616 By 2176613.3 -1.6 E- 2174 365.0 -16 Ar 2172 080.6 -0.7
Tos—T17 A/ 2176 406.5 -0.5 E* 2174168.7 -1.4 BY 2171895.8 ~1.4
8,7— 815 AL 2171678.7 0.3
251119 B, 2198782.0 0.8 A 2194187.3 0.0
300211 A7 2209481.9 0.1 E* 2207 208.3 -15 By 2204898.4 1.4
S5o4—413 Al 2230687.0 —0.4 E* 22284285 1.3 By 22261321 —0.9
625—514 By 22411882 15 E- 2238933.1 -1.6 Ar 2236 648.4 0.1
76—615 Al 22516145 1.8 E" 2249372.3 2.0 By 2247098.1 0.2
87715 E- 2259730.5 0.2 Al 2257 473.4 -0.5
Transition Al B Obs—Calc E*,E” Obs—Calc B Al Obs—Calc

Ka=1—0

Bos— 717 Al 20354333 2.6 By 20247885 -1.3
55— 615 B, 2045923.3 -0.5

404515 AL 2056 473.4 -1.3 E* 2051 059.8 -0.5 By 2045690.9 —-0.7
3o3—414 B 2067 083.5 -1.0 E- 2061641.8 -2.0 AL 2056 247.6 -1.8
200313 A/ 20777529 -1.1 E* 2072293.0 -0.8 B 2066 878.4 -1.3
L1215 By 2088483.4 -0.3 E- 2083009.8 -0.7 A; 2077582.3 -0.7
Ogo—111 A/ 2099 273.4 0.0 E* 20937925 -1.2

Lor—149 By 2110148.2 -0.5 E- 21046755 0.6 AL 2099 246.6 -0.2
200211 Af 2110198.7 -1.2 E" 2104738.3 -0.3 By 2099 324.0 0.2
305315 B, 2110273.9 -1.7 E- 2104 833.7 0.4 Al 2099 437.5 -0.6
4og—413 A7 21103738 -1.0 E* 2104 959.0 1.2 By 2099 587.2 -1.4
55— 514 B, 2110494.4 -1.3 E- 2105111.8 0.9 Al 2099 772.7 -0.8
66— 615 A7 2110636.2 -0.1 E* 2105291.0 0.3 By 2099 990.0 -0.7
Tor—T1s E- 2105495.1 0.0 AL 2100238.3 0.7
80— 817 E* 21057214 -0.4 B/ 2100513.2 1.9
99— 915 E- 2105 966.8 -1.0

10p;0— 1059 E* 2106 231.0 1.0
20— 111 A/ 2132002.0 4.9
305210 E- 2137579.8 35 AL 2132184.8 5.6
4os—313 A7 2154 098.9 3.9
505414 Ar 2154 500.0 4.3
66— 515 A7 2176397.9 -0.9 E* 2171050.3 -11
797616 By 2187619.9 —0.5 E” 2182320.8 2.1 Ar 2177053.7 —2.2
8og— 717 E* 2193632.6 -2.6 By 2188417.7 -0.9
99— 815 E- 2204997.8 0.5
Transition A; ,BS Obs—Calc E,.E; Obs—Calc B, A Obs—Calc
Bos— 717 A, 1569 793.9 2.1 E, 1573 266.5 -0.5
505—616 B 1580762.7 -4.0 EJ 1584 254.1 —-6.5
3o3—414 B, 1602 645.2 -4.0 E, 1606 166.9 —6.8 Ay 1609 692.7 1.7
200313 A, 1613558.6 3.1 E, 1617 096.4 5.6 B, 1620618.8 —-0.2
I Ej 1627 980.5 0.2 AL 1631515.4 -0.2
Ogo—111 A 1635293.0 -1.2 E, 1638840.1 -0.8 B, 1642380.4 0.5
L1419 B, 1646 037.2 -1.6 E, 1649578.5 -3.1 A 1653115.4 -21
200—211 A, 1645 864.9 -15 E, 1649399.1 -1.8 B, 1652928.1 -2.2
303312 BS 1645609.3 1.8 Es 1649130.3 0.2 A 1652647.3 -2.0
Aos—41s A, 1645 265.2 2.9 E, 1648771.1 1.9 B, 1652273.1 -1.3
55— 514 B, 1644 827.5 -2.9 EJ 1648321.5 3.0 Al 1651804.7 -0.7
60— 615 A, 16443125 0.8 E, 1647780.4 2.2 B, 16512423 0.3
Tor—T16 By 1643704.8 -1.6 Ef 1647148.3 -0.2 AS 1650584.3 0.5
8og—817 A, 1643014.8 1.9 B, 1649830.3 —-0.2
909— 918 BS 1642231.8 -0.5
200— 111 E, 1671243.1 2.0 B, 1674775.3 42
305— 212 B 1678 458.0 4.8 EJ 1681982.2 4.7 AL 1685499.7 1.8
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bration for (D,O), were reported by Puglianet all® in 65 cm™ Band: Donor Torsion
1992. Additional data on that band were published in 1%93.
Three hundred sixty-three paralleltype and perpendicular .. @ _____ .:C)’f)
c-type transitions originating from the ground std€=0
levels and terminating in thi€ ;=0 and 1 levels of an inter- Kas0>1  Ka=0->1
molecular vibration were observed and analyzed. This vibra- AI/E”"”—MI'E”BZ
tion was determined to be éf' symmetry and was assigned
to the acceptor wagig). A K, dependence in the acceptor
switching splitting and the donor—acceptor interchange tun-
neling splitting were observed and tierotational constant
for the state was found to be 122.9 GHz very similar to that
of the ground staté125.5 GH2.%® Finally, it was proposed
that theK,=1 levels associated with the “2’s” were per-
turbed by theK =0 levels of an unidentified vibration. Re-
examination of this region and a revised analysis have re-
vealed a different explanation. Below is a review of the
findings from the previous work, additional data correspond-
ing to transitions folK,;=1—K/=0 and 1 and an explana- 60 60 @0 60 00 70 720 70
tion of the misassignment made regarding the perturbed Frequency (em")
states. All of the observed VRT spectra for this vibration are
shown in Fig. 5, the measured frequencies are listed in Table/G. 7. 65 cm* (D;0), stick spectrum, donor torsiorv(,). Two hundred
IIl. The fitted constants are given in Table IV and the result-° P-ype transitions only witfK,=0-1, K;=1-0, Ky=1-2. Maxi-
. . ) mum signal-to-noise-100:1, linewidth~2 MHz.
ant energy level diagram that is the final product of the ex-

periment and analysis is shown in Fig. 6.

Ka=1->0 ,’W
A1/E1/B1

Intensity (arbitrary units)

1. K, dependence of tunneling splittings =1. This would explain the observed energy level ordering.
In either case, the high barrier approximation that underlies

Only a small(ca. 320 MH2z increase in the acceptor .
y ( 2 PIOT the local IAM417 treatment of the water dimer does not

switching splitting is observed fdt,=0 energy levels rela-

tive to the ground state, but there is an increase of about GBOId' . . . . -~
GHz for this spliting in theK.=1 states relative to the Significant changes in the interchange tunneling splitting
a

ground stat&” =0 and is~103 GHz larger than the ground were also observed to occur upon excitation of the acceptor

stateK =1 splitting. Recalling the IR cavity ringdown spec- \év:r?ét;—r?tec;\?;?riﬁgg]g?/zaslﬂg?n:nlin Sth;r?:;lrmdlait;t: \I/\?l tLalgy
troscopy results of Pat al3 which provide the first deter- a y y

o - L value of ca. 1 GHz. In the excited state #ié=0 values are
mination of the ground state acceptor switching splitting of o
g o .. 3.3 and 3.9 GHz for the lower and upper acceptor switching
53 GHz forK} =0, we see that the acceptor switching split- splitting components, respectively. For th&=1 state the
ting for this vibration inK,=1 has more than doubled. It piting P , 1esP y.

was also observed that th€ =0 states had the same order- fi,“st,t,lr;%dlsss(’)'genﬂgigtrh,:hglgr;sie\?\/'h:felfhells'gmgrzs fr(]);\/tehe
ing as the ground state, but th€ =1 did not. ForK,=1, ) ' pIting

the “1's” are lower than the “2's.” i.e., there is an inversion significantly increased, the relative ordering remains intact

oo . L . ithin each fork. The result for the “2's” is different here
about the acceptor switching splitting. This is the opposite O{rvwan what was previously report&iThe explanation for this
what is found in the ground stat€}=1.

This large change in the acceptor switching splitting ofis given below.
K.=1 is attributed to the coupling of the acceptor “wag- The geared interchange pathway alone does not explain

ging” vibrational motion to the acceptor switching path- the differences in the interchange splittings between the

wav® Examination of the proposed tunneling pathwa “1's” and “2's.” If it were sulfficient, the interchange split-
Y- i prop . g pa ytings in each multiplet would be the same. Coudert and Hou-
shows a flip of the acceptor monomer. This motion is very

L . ) . . : en identified the importance of the antigeared interchange
similar to the acceptor wag vibrational coordinate mvolvmgg P g g

o . L o pathway in their fit of the dimer data available in 1990 using
0, . Although it is unlikely that the vibrational motion is so the local IAM model”” They found that the antigeared path-

\S/:ggﬁ’ogessi?:i?;rdtg%;gSngfrgflmrggge’ rabcobrrponenlt of éh_efivay added to the interchange splitting of the “1’'s” and sub-
N probably cOupies di-y act from the splitting of the “2's,” i.e.,

rectly to the acceptor switching pathway.

It has also been proposed that the acceptor switching for “1's”:  I(g)+I(ag)=I
pathway is altered in the excited stateNote that the end
result of acceptor switching is the same as if the acceptor
monomer is allowed to rotate 180° about its symmetry axis. In K.=0, I(g) is 3637 MHz andl(ag) is 291 MHz
In this scenario it is not necessary to rotate the overall comleading to the observed overall interchange splittings. For
plex to return to a symmetrically equivalent structure and thek =1, 1(g) is found to be 8481 MHz antiag) contribu-
K, dependence on the ordering is thus removed, viz. théion is 3458 MHz. In the excited state€, =1 described here,
ordering of the levels would be retained frdfj=0 to K,  the local IAM model reveals that the antigeared motion is

and for “2's”:  I(g)—I(ag)=1I.
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TABLE VI. 65 cm™ (D,0), band: donor torsioni,) fitted constantgin MHz). 1o uncertainties in italics.
Af/BT E;/E] By/A]
K.=0
(B+C)/2 5460.37 0.12 5457.300 0.070 5454.24 0.151
D; 0.0533 0.0016 0.0509 0.0007 0.051 0.00029
Band origin 2259943.0 1.1
Interchange 9838.3 2.2
Bifurcation -50.9 1.7
A, IB; E,/E; B,/AS
(B+C)/2 5402.105 0.099 5400.128 0.167 5398.756 0.138
D; 0.0374 0.0011 0.0365 0.0031 0.0375 0.002
Band origin 1733402.0 1.1
Interchange 6093.3 2.1
Bifurcation —24.0 1.9
Acceptor switch 474 GHz
Interchange(g)® 7966 Interchangéag)? 1872
Ki=1
(B+C)/2 5367.765 0.0678 5367.434 0.066 5367.022 0.057
D; 0.0274 0.0007 0.0291 0.0007 0.0282 0.0005
(B—-C)/4 14.831 0.17 14.960 0.014 15.14 0.014
d; 0 0 0
Band origin 2046 774.0 0.8
Interchange 3950.5 1.7
Bifurcation -3.6 1.4
A, /B, E,/E; B,/A;
(B+C)/2 5422.497 0.613 5420.102 0.179 5417.918 0.529
D; 0.0465 0.014 0.0407 0.002 0.0379 0.0098
(B—-C)/4 9.483 0.091 9.507 0.052 9.535 0.193
d; —0.0054 0.0004 0.0013 0.0005 —0.0015 0.0003
Band origin 2099 738.2 3.7
Interchange 7696.9 7.5
Bifurcation —26.7 4.9
Acceptor switch 106 GHz
Interchange(g)® 5823 Interchangéag)? 1873
A rotational const. 82 GHz
o (std. dev. of fif “1's” 0.99 rms error of resid. “1's” 1.15
o (std. dev. of fif “2's” 1.8 rms error of resid. “2's” 1.9
Number of trans. “1's” 240 number of trans. “2's” 99
Af/B] E;/E] Bi/A]
Ki=2
(B+C)/2 5412.665 0.11 5411.984 0.114 5411.38 0.113
D; 0.0433 0.0017 0.0437 0.002 0.043 0.0018
(B—-C)/4 0.0095 0.0003 0.0099 0.0003 0.009 0.0003
Band origin 2351820.3 1.0
Interchange 3520.7 2.0
Bifurcation -7.0 1.9

aThese constants were not fit.

more than 40% of the total interchange splitting comparedelong to this state did not fit well with the obsenfdand
with the ground state where it made up less than 5% for botiR-branches, therefore it was hypothesized that KH{e=0
(H50), and (D,O), in the IAM description. The bifurcation levels of another vibration were perturbing the levels in
shift changes by+39 MHz and +157 for the “1's” and  which theP- andR-branch transitions terminated. These lev-
“2's,” respectively in K,=0, and changes by-329 MHz  els correspond to the upper half of the asymmetry splitting.
and—111 MHz inK/=1 for the “1's” and “2’s.” Re-examination of these subbands in light of extensive new
Puglianoet al'® postulated that half of th,=1 “2's”  data and a better understanding of dimer VRT dynamics re-
states were perturbe®-branches which were believed to veals an entirely different explanation. A search for Kig
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=1+KJ=1 transitions was performed, and the correspond-
ing transitions were found for those terminating in the upper

L, Bz2-A2+
y4orees E-E+

o A2- B2+

half of the asymmetry splittingthose previously believed to 65 cm’! Band: Donor Torsion

be perturbe However, no transitions were found to termi- B 0 GHe
nate in the lower asymmetry component using the rotational oA Art.Br-
constants determined by Pugliasbal® New estimates of -6 B [9333 Mz

theK,=1—1 transitions to the lower asymmetry states were
made based on the upper state components. Transitions t._, [xs. 474 ou
these new lower states were then identified. Next, new pre-
dictions for theQ branches of th&/=1—K}=0 band were
made from this fit. Subsequently the corr€cbranches were
identified. The two halves of the asymmetry components can
now be fit together. The previously misidentifi@dbranches
actually belong to a separate VRT band centered at 90cm
and coincidentally occurred near the transitions of this vibra-
tion in the spectrum. The 90 cthband is identified with the
acceptor twist vibration and is discussed below.

A2+,B2-
E+E- | 3951 MHz
B2+,A2-

AS~106 GHz ” /
E-E+/ 10744 MHz
B1-,Ay

-——————— Al —_—— e ———

Béf,j%f’t 1077 MHz

AS-17GHz %"
B2-, A2+
E-E+ 992 MHz
A2-B2+
Jr=1

2. K, dependence of fitted constants

The energy level expressions used in this fit are not cor-
rected for tunneling contributions to the fitted constants. Ity
can be seen that the fitted constants actually change not only -
with K,, but with tunneling component. There is a signifi- E;IIWMHZ
cant change in theB+ C)/2 rotational constant between Ka=0 Ka=1 Ka=2
each of the' fc')rks'of the accep.tor. switching sphttln,g, and &6 8. 65 et (D,0),, donor torsion ¢.;) energy level diagrami—0
smaller variation in B+C)/2 within each fork. InK;=0,  _1 « —01,3=1-1,K,=1-0, andJ=1—2, K,=1—2 transitions
(B+C)/2 of the “1's” has decreased by an average of 37are shown.
MHz (—0.68% and varies by+3 MHz within the fork. The

(B+C)/2 of the “2's” decrease by a smaller amou(®5

MHz, —0.46% and vary by +1.5 MHz. In K;=1, (B among tunneling components. For the “2’s” it has increased
+C)/2 of the “1's” decreases by only-8 MHz (—0.16%, by 4 MHz (27%) from ca. 14.9 MHz in the ground state
but varies by+5 MHz. The “2's” decrease by 91 MHz K”=1 put varies by+5 MHz among tunneling components.

(1.68% and varies by+3 MHz. It has been suggested that  Finally, a newA rotation constant was determined for
(B+C)/2 is affected by acceptor switching when the highpe vg excited state using the relationship

barrier model breaks dowH. g g

The centrifugal distortion constant®() have changed (v " kar=0tv  kar=0)/2+A-B
little from the ground state values for the “1's.” However, — (1 “Qr

e 2. ) (v 7 kar=1TV “ kar=1)/2, (5)
the “2's” exhibit very different values from the ground ) )
state. Two tunneling statéa; /B3 andB;/A}) have nega- Wr_le_reB is average rotational constant ants are the band
tive D;’s while theE, /E; states have a positive, but smaller ©11gins for the “1's™ or “2's” for each K, . The value ofA
value than the ground state. This suggests that these levél@s determined to be 122 GHz, ca. 3.5 GHz2.8%) de-
are perturbed. In fact, thé/, =0 “2’s” states of the new 90 ~ Crease below the ground state value of 125.5 éﬁ-ﬂzh}s is
cm* vibration are believed to be the explicit perturbers. The'®@sonable as we do not expektto change much in the
K.=1 levels of the acceptor wag are shifted down while the2CC€PtOr wag vibration.
K;=0 levels of the acceptor twist are shifted up. This will be
discussed and described in more detail below.

The asymmetry constantsB{ C)/4, were observed to
have greatly varying values among the tunneling components Two hundred forty perpendiculah-type transitions
in the ground state and are strongly influenced byfrom K7=0 and 1 of the ground state t,=0, 1, and 2 of
tunneling® In order to use these for structural information, it the excited state have been observed near 65 cithe 240
is necessary to remove the effects of tunneling. It is easy tmneasured transitions for 15 subbands were fit té\&rsym-
rationalize the tunneling influence sincB+{ C)/4 is deter- metry vibration and assigned to the donor torsieg,). The
mined by the position of the light, out-of-plane deuteriumdata are listed in Table V and the stick spectrum is shown in
atoms. The vibrationally averaged ground state structure coiFig. 7. Combination differences for the ground state were
responds to an acceptéy angle of~58°; (B—C)/4 goesto  used to assign th, K., andK; values of the spectra, as
zero and then switches sigimdicating a change inthBand  well as to determine the overall symmetry of the vibration.
C axes as 6, goes to 48°. FoiK;=1 of the “1's” (B  The nuclear spin statistics, which govern relative intensities,
—C)/4 has increased on average 6 MH8%) from ca 8.2  allowed the tunneling labels for each subband to be identi-
MHz in the ground stat&=1 with only a 1 MHz variation fied.

B. The 65 cm ~* band: Donor torsion  (#;,)
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TABLE VII. 90 cm ™! (D,0), band: acceptor twist transition frequenci®Hz). Residualgobserved—calculated valyes italics.

Transition A B Obs—Calc E*,E” Obs—Calc By Al Obs—Calc
K,=1—0
7o7—818 E- 2546 989.0 -21
Bo5— 717 Af 2549987.5 -0.6 E* 2556 902.1 1.8
5gs—616 B, 2560 016.4 -0.7 E- 2566 944.1 0.5 AL 2573965.1 -2.5
Aos—51s A 2570179.7 -33 E* 25771218 05 B; 2584 161.6 0.5
303414 By 2580491.0 5.0 AL 2594 483.9 -0.9
202313 E* 2597 882.6 1.6 B 2604 937.0 2.6
Loy 245 By 2601504.6 1.8 E- 2608 460.2 2.5 A; 2615526.1 0.0
Ogo—111 E* 2619177.0 -15
Lor—110 B 2623165.5 -11 E- 2630127.2 0.0 A; 26371929 1.9
200211 Af 2623369.6 -0.4 E* 2630325.9 0.1 B 2637 386.2 0.7
35— 312 By 2623674.1 -0.6 E- 26306233 0.0 AL 26376758 -0.2
Aoy—dys A 2624079.6 -0.4 E* 2631018.8 0.0 B 2638060.8 -0.4
g5t 514 B, 26245847 0.4 E- 26315115 -0.1 A; 2638538.8 -0.6
Bo5— 615 Af 26251885 -05 E* 2632100.6 0.1
Tor—T16 By 2625892.1 1.5 E- 2632784.2 0.1
80g—817 A 2626 688.5 0.1 E* 2633560.3 -0.7
99— 915 B, 2627583.3 2.4 E- 2634429.7 0.3
1035~ 1019 A 2628564.9 -1.4 E* 2635.387.7 0.5
1151711110 By 2629642.3 -0.3

20— 111 E* 2652124.1 1.2 B} 2659181.4 -13
305215 By 2656 415.9 0.1 AL 2670421.4 2.0
Aos—313 E* 2674739.8 1.4 B} 2681782.2 0.7
Sgs—414 Bl 2679 305.4 -1.9 AL 2693 269.0 2.7
65— 515 Ay 2690 944.6 -0.7 E* 2697861.1 -0.1
7or—616 By 2702710.0 1.2 E- 2709 606.7 -1.0

Transition A; ,BJ Obs—Calc By ,A; Obs—Calc

7o7—81s B} 2496227.8

Bos— 717 A, 2506 037.6

5gs5— 616 B 2515988.0 AS 2504 059.8

444515 A, 2526 080.8 B, 2514 054.2

3os—414 B, A 2524199.5

202313 A, 2546 714.6 B, 2534512.7

Lor—21s B 2557252.7 A 2544 990.2

Ooo—111 B, 2555 634.8

Lor—110 By 25788459 AS 2566 585.0

200—211 A, 2579028.8 B, 2566 824.7

303312 B 2578283.7 AL 2567 156.0

Aoy—dps B, 25675955

5gs—514 B 2580.050.8 A 2568119.4

Bo5— 615 A, 2580558.3

Tor—T16 B 2581136.0

8og—817 Ay 2581788.1

20— 111 B, 2600 868.4

303212 AS 2600 008.3

Aos—313 A; 2623535.9 B, 2611507.3

Sos—414 B 2535084.0 A 2623155.0

1. K,=0—1 subbands in K,=1, a factor of 2 larger than the ground st&é&=0

Al six possible VRT subbands corresponding K, and more than five times larger than i{=1. An energy

=0—1 were observed for the 65 crhvibration. The pres- level diagram for this yibration is give_n _in F_ig. 8.

ence ofQ(1) and the absence d¥(1) verify this assign- The excited state mt_erchange splitting is 3950 MHz for
ment. The “1's” were fit to a band origin of 2046773.9 Ka=1 (more than three times the ground state valfesthe

MHz and the “2's” to 2099 738.3 MHz. Al fitted param- ~“1'S” and 7697 MHz for the “2's” (ca. seven times the
eters are in Table VI. The difference between the band origround state valugsThe interchange splittings can be dis-
gins gives the change in the acceptor switching splitting asected into the geared and antigeared components which are
approximately 53 GHz. Recall that the acceptor switchingfound to be 5824 MHz and-1874 MHz, respectively. The
splitting in the ground stat ,=0 was determined to be 53 antigeared motion is now about 32% of the total interchange
GHz, this gives an acceptor switching splitting of 106 GHzsplitting compared to 5% in the ground state. The bifurcation
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90 cm™ Band: Acceptor Twist

A2B2
AIEUBI
i
2
.
=
&
£
E
z
g
k!
Wi [ [
T I T T
84 8 8 87 8 8 90

Frequency (cm '1)

FIG. 9. 90 cm? (D,0), stick spectrum, acceptor twisv{;). Eighty-three
b-type transitions withK,=1—0 observed. Maximum signal-to-noise
~50:1, linewidth~2 MHz. One tunneling component of the “2’s” is miss-

ing.

shift is approximately-3 MHz for the “1's” and —27 MHz
for the “2’s” compared to~0 MHz for the ground state

K%=0 values.

The rotational constantsB(+ C)/2 for the “1's” have
decreased by 65 MHz—1.2% from the ground stat&

Braly et al.

asymmetry constants,B(-C)/4, are ~15 MHz, almost
double the ground stat€,=1 values, and vary with tunnel-
ing component by+0.3 MHz.

In comparison the rotational constan&+ C)/2 for the
“2's” have decreased by only-12 MHz (<1%), but show a
larger variation(up to 4.5 MH2 within the tunneling com-
ponents of the fork. The centrifugal distortion constarms)(
haveincreasedfor the “2's” by as much as 9 kHA25%).
The asymmetry constantsB{ C)/4, are~9.5 MHz. A de-
crease of~5.5 MHz (36%) from the “2's” of the ground
stateK,=1.

2. K;=1—0 subbands

Transitions corresponding to all six tunneling compo-
nents have been observed wik,=1—0. The observed
transitions were verified to b€,=1—0, by the presence of
J=1—0 transitions, the fact that th@-branches originated
from theJ, K,=1, K,=J—1 levels, and that there were no
transitions corresponding t@-branches originating from the
J, K;=1, K.=J levels. The band origin for the “1's” was
determined to be 2259943.0 GHz, more than 213 GHz
above theK/=1 levels of the same symmetry. The band
origin for the “2's” is 1 733402.0 MHz resulting in an ac-
ceptor switching splitting of 474 GHz, nine times the ground
stateK =0 value.

The interchange splitting for the “1's” was determined
to be 9838 MHz inK;=0, and for the “2’s,” it is 6093
MHz. The geared contribution is 7966 MH81%) and the
antigeared is 1872 MHZ9%) of the total interchange split-
ting. The bifurcation shift is ca-51 MHz for the “1’s,” and
the “2's” exhibit a bifurcation shift of—24 MHz compared

=0. The rotational constants within the multiplet do not varyto 0 MHz for K,=0 states.

by more than 0.7 MHz. The centrifugal distortion constants
(Dj) have decreased by as much as 10 ki28%). The

The rotational constantsB@C)/2, for the “1's” have
increased by an average of 25 MKx46%) from the ground

TABLE VIII. (D,0), 90 cm * band: acceptor twisti(;,) fitted constant§MHz). 1o uncertainties in italics.

A7 /BT E;/E] Bi/A]
(B+C)/2 5491.913 0.156 5491.006 0.163 5490.073 0.859
D; 0.0438 0.0012 0.0457 0.0016 0.0527 0.0250
Band origin 2785356.7 3.4
Interchange 12952.4 6.7
Bifurcation —79.8 3.5
number of transitions 55
o (standard deviation of fit 1.49 rms error of residuals 1.04
A,/Bj® E,/E; B, /A;"°
(B+C)/2 5488 5504
D; 0.058 0.165
Band origin 2656 351
Interchange 13286
Bifurcation -79
number off transitions 30
Acceptor switch 76 GHz

&This constant was not fit.

bThe constants for these states are assumed to be the correct symmetry. Until the third component is found this assignment is tentative.
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90 cm Band: Acceptor Twist Acceptor Twist
J=1, Ka=0
B1+Al-
B2-
E+E- | 12952 MHz
Al+,B1-
J'=1 E2.
AS~76 GH:
R A2-
S PN N NP Sy A2+
Bi+,A1-
E+,E- I 1077 MHz E2+ -
A1+,B1- E2.—
AS~17 GHz
-
Az-iB;[ 992 MHz . >
FIG. 10. 90 cm? (D,0), band, acceptor twisti(;;) energy level diagram. Acceptor Wag
J=1—1, K,=1—0 transitions are shown. J=1, Ka=1

FIG. 11. Perturbation dk;=1A,/E, /B, levels of the acceptor wag by the

. . K.=0 A,/E, /B, levels of the acceptor twist ifD,0)s.
state and varies by as much as 6 MHz between tunneling® > > 2 P 0

components within the fork. The centrifugal distortion con-

stant O;) has increased by-14 kHz (38%). among the tunneling components of this fork. The asymme-

For the “2’s” the rotational constants havkecreasedby try parameter, B— C)/4, is ~0.009 MHz compared to 0.002
an average of 32 MH#.59%). The variation among tunnel- MHz in the K" =2
=2,

ing components is less than 4 MHz. The distortion constants  tpare are three possibla” vibrations for the water

(Dj) are very close to the ground state values. The average fimer, the donor torsioni(,), the acceptor twisti;y), and

ca. 37 kHz co_mpared to 36 kHz féf,=0. , the out-of-plane bendyy). This A” vibration was assigned
An A rotational constant was calculated using B5). Ay, the gonor torsion i;,), because the out-of-plane bend
was determined to be 32 GHZ' 43 GHz34%) Ies_,s than the (vq19) is predicted to be the highest energy intermolecular
ground state valge using th.'s methF’d- Arrotgtlonal CoN- yibration and most likely out of the range of our spectrom-
stant of 82 GHz is very unI|keI.y.. It IS more I|kgly the €ase gior and the acceptor twist{;) vibrational motion has simi-
that the use of Eq5) for determiningA is not val!d here_, OF  |arities with the interchange tunneling coordinate, therefore,
that there is an as yet unobserved perturbation which hag interchange splitting is expected to be relatively large in

shifted the observed band origins. In either case, the 82 GHg.is \ibration in comparison to the ground state and the other
value for theA rotational constant should be regarded with excited states. The\” vibration at 90 cri® exhibits this

skepticism. property and was assigned accordingly. The donor torsion is
expected to have similarities with the acceptor switching and
the bifurcation tunneling pathways, and it is predicted to be
the lowest energy intermolecular vibration of the dimer. It
Transitions withK,=1—2 corresponding to the “1's” mainly involves they angle, which is the dihedral angle
were observed, but not for the “2's.” The absences ofbetween the molecular symmetry axes of the constituent
Q(1)'s and R(0)'s as well as the complete absence of monomers. It is not expected that this, or in fact, that any of
P-branch transitions led to thes¢, assignmentsP-branch  the intermolecular vibrations will be very harmonic. Most
transitions would requir. to change by 2. It was also likely there will be coupling of the large amplitude tunneling
noted that there are transitions originating from both of themotions to the intermolecular vibrations, particularly those
asymmetry components ¢f,=1. The interchange splitting involving the same molecular coordinates. The acceptor
was determined to be 3520 MHz and the bifurcation shift haswitching splitting has doubled iK =1 of this band from
decreased by 7 MHz. An energy level diagram for the exK,=0, andK,=0 is about nine times larger thag;=0.
cited vibrational state is shown in Fig. 8. The dashed energiyrhe interchange splittings have also increased, but it may be
levels represent the relative positions where the unobservadore useful to look at the geared and antigeared compo-
transitions are expected to terminate. nents. The geared component is more than five times larger
The rotational constant8B(+ C)/2 have decreased by an and the antigeared component is more than 30 times larger
average of 20 MHZ0.37% and vary only about 1.3 MHz than the ground state indicating that a significant amount of
between tunneling components within the fork. The distor-energy being put into these tunneling coordinates. The anti-
tion constants D;) have increased to 43 kHz from 34 kHz geared motion is relatively less hindered now, as shown by
(24%) in the ground stat&k;=2 and show little variation the large increase in its percentage of the total interchange

3. K;=1—2 subbands
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TABLE IX. 104 cm ! (D,0), band: in-plane bend transition frequencisHz). Residualsobserved—calculatedn italics.

Transition Al B Obs—Calc E; E] Obs—Calc BiA; Obs—Calc
K,=0—0

707808 E; 3039114.0 —0.88 B, 3050423.1 -1.83
Bos—To7 B; 3037585.2 ~4.52 E; 3049787.7 -2.83 AL 3061 254.5 1.30
55— 605 A 3048145.9 —2.89 3060496.2 1.25 B; 3072090.6 1.28
Bog—50s B, 3058 757.4 ~0.66 E; 3071229.6 2.18 Ay 3082930.4 -2.03
3oz—404 Af 3069 418.6 0.47 ES 3081986.8 —0.56 By 3093782.0 0.34
200303 B; 3080128.8 ~0.56 E, 30927728 ~1.49

Loz 20 A; 3090 890.2 ~1.68 B} 3115494.2 ~0.79
Ogo—101 By 3101705.6 0.14 E; 3114 426.0 —0.99 A; 3126 355.8 —1.55
o3 0op A; 3123483.6 0.24 3136 181.6 1.24 B, 3148088.5 ~0.61
200101 By 3134 447.2 1.60 E; 3147092.9 0.31 A; 3158 956.9 0.14
30520 A; 31454551 0.36 E; 3158027.2 0.17 B; 3169827.6 3.19
Bog— 30 B, 3156 509.3 0.36 E; 3168979.6 —2.77 Ay 3180 693.6 2.41
Sos— 404 AL 3167 609.2 3.12 3179 961.6 4.41

606505 =2 3178747.6 3.80 A 3202416.0 —2.63
07— 606 = 3201958.8 -0.51 B, 3213276.8 -0.71
80— 707 By 3201130.8 0.00 E; 32129835 —0.18 A; 3224133.2 1.19
905808 Af 32123752 0.40 E/ 32240225 0.68 B, 32349815 0.29
10h36- 900 B, 32236488 -0.18

splitting. The interchange pathways involdg, ¢,, 64, and increase in the interchange splitting to a value of 12952
¢q. A modified version of the vibrational motion can be MHz was determined. A smaller decrease-6f9 MHz for
envisioned in which the motion in thg angle is coupled the bifurcation shift was estimated.

with a slight twisting in the acceptab, angle and flip in the Using the knowledge that,=0 “2's” are expected to

fa angle to compensate for the increased repulsion as thge |ower in energy than thié,=0 “1's” for A’ vibrations,
free hydrogen on the donor is rotated. This motion begins t@ne “2's” were located near 2656 GHz. At this time only
look like the geared interchange tunneling and acceptog,q of the three tunneling components have been found and
switching pathways. fit. It is believed that the third component has transitions

. N NAENCY g in frequency gaps where the sensitivity of the spec-
on K, and tunneling component, indicating a contamlnatlony g q y gaps Wi vy _the spe

. . . trometer was too low, making a search for combination dif-
of these constants with tunneling effects which cannot b

removed with this fitting model. The high barrier model iS(?erences impossible. An initial attempt at fitting the observed

drastically less appropriate for these vibrationally excitedd@t@ lead to the assignment of the two observed tunneling

; — At -nt
states as the tops of the tunneling barriers are approachedCOmponents as belonging B,/A; and A,/B, states.
Without reliable intensity measurements it is difficult if not

impossible to distinguish between the three tunneling com-
Eighty-three perpendicularp-type transitions corre- ponents of the “2's” because the combination differences
sponding to ar\” vibration have been observed around 90are essentially the same with the accuracy of our measure-
cm ! with K,=0—1. TheQ branches of the upper half of ments. If the above assignment is used, a band origin of 2656
the acceptor switching splitting corresponding to the “1's” GHz is determined, just 24 GHz above the 83’&rK;=1
were previously identified as belonging to the 83 Crband  |evels of the “2's.” These tunneling labels were chosen be-

with K,=0—1 and tunneling labels of “2's.” They were cayse they give an estimated interchange splitting-a8
misidentified due to their coincidental location in the SPec-GHz. close to the value of the “1’s.” If one of these com-

trum. TheP andR branches for eacl) branch were identi-
fied using combination differences. The presenc®(f)’s
and the fact that th&-branches originate from thé K,
=1, Kc.=J—1 levels were used as verification of tlke,

assignments. The transitions are listed in Table VII and h . ts will in tentati til the third
stick spectrum is given in Fig. 9. The fitted constants are €s€ assighments will remain tentative Until the third com-

summarized in Table VIII, and the energy level diagram carPOnent is found and fit. Using E(R) the average band origin

be found in Fig. 10. for the “1's” and “2's” with K,=0—1 is predicted to be
K,=1— 0 subbandsThe band origin of the “1's” is at Nn€ar 2840 GHz.

2785356.7 MHZ(92.8 cm'Y). The fitted constants in Table It was mentioned previously that the 83 thK,=1

VII show an increase in theB+ C)/2 rotational constants “2's” appeared to be perturbed. It is now believed that the

for these subbands to an average of 5491 MHz with a variak,=0 “2's” of this 90 cm ™" band is the explicit perturber.

tion of £1 MHz within the fork. The distortion constants The fitted constants, particularly the distortion constants

(Dj) have increased slightly to 46.0 kH25%). A 12-fold  (D;) appear too large for these subbands. The perturbation is

C. The 90 cm ! band: Acceptor twist  (vy;)

ponents is chosen to belong B /E; states then the inter-
change splitting will be on the order of 25 GHz. Using 2656
GHz as the band origin of the “2’s,” an estimated acceptor
switching splitting for K;=0 of 76 GHz is determined.
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104 cm™! Band: In-Plane Bend 104 cm™! Band: In-Plane Bend
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FIG. 12. 104 cm?! (D,0), stick spectrum, in-plane bend{). Forty-five A+

a-type transitions withK,=0—0 observed. Maximum signal-to-noise Ka=0
~50:1, linewidth~2 MHz. a=

102

Frequency (cm '1)

FIG. 13. 104 cm! (D,0),, in-plane bend #g) energy level diagram)
=0—1, K,=0—0 a-type transitions are shown.

relatively small compared to a similar situation occurring in

the ground state of the (@), which has a Coriolis interac-

tion betweerK,=0 and 1 states of the “2's.” This is most state resemble those of the corresponding “1's” and a
likely due to the fact that the two vibrations are of different slightly better @ — C)/4 value for the 83 cm states result.
symmetry, but it is possible to get interactions between indi-This is only meant to be an estimate of the perturbation, as
vidual tunneling components of the same overall symmetrythe exact coupling mechanism is probably not the same as
sameJ, and withAK,==*1. In this interaction th&<,=0  the one in the ground state @f,0),. A rigorous treatment
states of this excited vibration interact with the lower asym-of the Coriolis coupling most likely requires the use of
metry component of th&/=1 acceptor wag states. The re- higher order terms.

sult is that theK,=0 levels are pushed up and thg¢ =1 This vibration has been assigned to tA&, acceptor
levels are pushed dowsee Fig. 1L Since all three compo- twist (v4) vibration, which is predicted to be close in energy
nents of the “2's” in the 90 cm? vibration have not been to the acceptor wag. The acceptor twist normal mode in-
identified it is not possible to fit a perturbation to these statesvolves a rotation of the acceptor monomer about its symme-
An attempt was made at incorporating a Coriolis couplingtry axis involving the acceptop, angle. Imagining this mo-
constant between two of the states. This resulted in an estiion, it can be seen that it has a component similar to both the
mate of a Coriolis constant of about 800—-1000 MHz. If ageared and antigeared donor—acceptor interchange tunneling
value of 1000 MHz is used, the distortion constants in eaclpathways previously described. It is also not difficult to

TABLE X. 104 cm ! (D,0), band: in-plane benduy) fitted constant$MHz). 1o uncertainties in italics.

Al/B] EJ/ET By /AT
K,=0

(B+C)/2 5456.993 0.218 5444517 0.130 5433.453 0.123
D; 0.0507 0.0054 0.0416 0.0015 0.0365 0.0014
Band origin 3124895.9 1.4

Interchange 23480.7 2.8

Bifurcation 3955 2.5

Number of transitions 45

o (standard deviation of fit 1.3 rms errors off residuals 1.01
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N bifurcation shift has increased by almost 400 MHz over the
ground stateK;=0 value of 0 MHz. If this vibration has a
component similar to the interchange tunneling motion this
would account for the large increase in the interchange split-
ting. The large variation inE+ C)/2 may suggest it is also
affected by the interchange motion, at least for this vibration.
0 Amm&“‘ ) Due to the fact that th&«,=0 “2's” .hav'e not 'b'een
2 observed, an estimate of the acceptor switching splitting can-
) C AW not be made nor can the interchange splitting be dissected
< ! into its geared and anti-geared components. They are ex-
80 —4— Acc?%t&l;)w ® DT pected to be at a higher frequency since this isharvibra-
! tion. Continuous scanning of O clusters has not been per-
1 , formed in the frequency range of 108—137 ¢mFuture
1 < or work in this frequency range should yield additioi@,L0),
Donor Torsion 1 data.
) There are three possible assignments foAawibration.
60 The acceptor wagi) can immediately be eliminated since
the 83 cm* band has been given that assignment. The O—O
stretch is expected to occur near 140 ¢niThe final possi-
— = = - - = ——— e - — - bility is the donor in-plane bend. While harmonic approxi-
(\/ mations predict that this vibration is much higher in energy
1 due to the fact that it strains the hydrogen bond, coupling to
) _ another vibrational mode by the IPS would make it possible
0 <, to observe this at a much lower frequency. The normal mode
picture of the donor in-plane bend shows a change in the
donor 64 angle. A compensating change in the acceptor
angle, which is similar to the acceptor wag vibration, would
not be implausible. This would lead to a coupling between
FIG. 14. Summary of observe,0), intermolecular vibrations. the two vibrations and lowering the energy of the donor in-
plane bend in a manner similar to that suggested by Lbeser
for (NHg),. The donor torsion and acceptor twist @fH5),
imagine that there would be a slight compensating bend ofre believed to be coupled. Coupling is also expected be-

the donor 6y angle which would draw the oxygen atoms tween the vibrational coordinate, the interchange coordinate
closer together. Both of these ideas would explain the inand the acceptor switching coordinate.

creases observed in the rotational constants and the inter- The final piece of evidence that Supports this vibrational

In-Plane Bend
1

Energy (cml)

Ka=0 Ka=1 Ka=2

Vibration

change splitting. assignment is the observation that tH&+C)/2 rotational
constants increase slightly from the ground state. Although
D. The 104 cm ! band: In-plane bend (vg) the rotational constants are observed to vary vidth and

tunneling component, it is expected that tiee{C)/2 values

of the O-0 stretch will decrease from those of the ground
state regardless &, and tunneling component. An increase
— 0 but not for the “2's.” The data are summarized in Table in the separation of the heavy oxygen atoms should result in
IX and the stick spectrum is presented in Fig. 12. An inter-& decrease inB+C)/2. If the picture of a compensating

change splitting of 23 GHz was determined as shown in thghangelz ir_1 the acceptai;g angle W_ith Lhe change is th? donor Id
energy level diagram of Fig. 13. 04 angle is correct, a decrease in the O—0 separation wou

K,=0—0. The band origih was determined to be be possible due to lessened steric hindrances. This would

3124.895.9 MHz. Th&, assignments were verified by com- "€Sult in a slightly increasedB(+ C)/2 value as observed.

bination differences and the absenceXiiranches. From the Until addlthnal tranS|t|onSJn.th|s band are opserve_d and the

fitted constants in Table X it is observed that ti+C)/2 data coIIectl|on near 137_ cmis cqmpleted, this assignment

rotational constants have increased for these subbands to Qﬂd analysis must remain tentative.

average of 5445 MHZ0.2%9, and vary by*=12 MHz with

tunneling component. Thig var.iation is muchllarger .thanv_ SUMMARY

those appearing in other vibrations. The centrifugal distor-

tion constantsIp ;) have also increased. Note, however, that  Extensive VRT spectra characterizing four different in-

the constants for th&, /A subband are very close to the termolecular vibrations ofD,0), have been measured and

values of the ground state. analyzed. Corrections to the previously published vibration
The interchange splitting is found to be 23480 Mida,  observed near 83 cml were given along with the assign-

20 times larger than the ground statey far the largest ment of the perturbing vibration centered at 90 ¢mAddi-

increase observed for aii,0), vibration (see Fig. 18 The tionally, data on the 65 cit vibration and the 104 cit

An A’ symmetry vibration was observed near 104 ¢m
Forty-five parallela-type transitions were measured for the
three tunneling components of the “1's” witk;=0—K
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