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We report the measurement of two new,(; bands by terahertz laser vibration—rotation—
tunneling (VRT) spectroscopy. Both bands have been assigned to torsigredudorotational’)
transitions and are highly perturbed by Coriolis interactions. The 429 band corresponds to the
k=+2«*1 transition while the 65.6 cnt band corresponds to the=+=20 transition. A

model Hamiltonian is derived which allowed a global fit of 361 VRT transitions of these two new
bands and the previously reported torsional band at 87.t.cBach of the bifurcation tunneling
components is accurately described. This global fit represents a complete description of the VRT
transitions of (HO); up to 150cm?, and complements our similar treatment of the,Qp;
torsional dynamics. ©1999 American Institute of Physids$0021-960809)00341-4

I. INTRODUCTION (“free” ) hydrogens are on the same side of the oxygen

plane, sterically interacting. Experimentally it has been dem-

Since the experimental characterization of the water tripnstrated that this nonplanar asymmetric structure vibra-

mer in 1992 with terahertz VRT spectroscopg,great deal tionally averages to a planar symmetric top via the torsional
of experimental and theoretical results have been realized fq¥jipping) motion®? illustrated in Fig. 1. This large ampli-

this complex. Four additional torsional bands of (s tyde hydrogen torsional motion creates a very low barrier
have been added to the first observafichwhich, along
with the development of a detailed model Hamiltonian, have,igm predicted as early as 1975 by Owicki, Shipman, and
allowed a complete fitof t_hﬁf torsional manifold of (B0)s  gcheraga The torsional quantum levels of the water trimer
up to energies near 100 ¢ Many calculations have been .. peen considered at various levels of theory. The first,
performed on the (BD)3, (H,0)3, and mixed isotope forms simplest, was a one-dimensional treatment by &chu
of the water trimer in order to theoretically describe thiset al, who used an adjustable cosine wave as the
. -18 . . o
manifold of stateS™ A direct comparison between the potential*”*8 Their calculation obtained the correct ordering

theory and experiment has been possible fo;q)3 due to of the energy levels but gave poor quantitative results. A

the large number of precisely measured torsional VibrationSHiJckel treatment of the water trimer by Walegave an

The same has not been true for,(3 where, prior to the . o
. : Lo improved description of the energy level structure but re-
present study, only a single torsional vibration had been

observed. It is important to achieve a quantitative descrip- quired fitting a tunneling parameteg{) to the experimental

tion of these torsional states for both /B); and (D,O)s data. A pair of model torsional potential energy surfaces fit

because such results will facilitate a determination of theto ab initio calculated points were created by i Graf,

iy 10
complex three-body contributions to the water force field, mLeL.J.tnyelré and P;Iopp_géthe E’GLK po_t.entlae)Jr,a T]nd by van
conjunction with our efforts toward a spectroscopically ac-CUiineveldt-van de Rijdt and van Duijnevetdithe DD po-
curate description of the water pair potenﬁ%l. tentia). Several more advanced dynamics calculations have
The minimum energy structure of the water trimer, theP®€n perfozrmed on these potentials including two-
asymmetric homodromicQ,) ring, see Fig. 1, has been es- dimensionaf? and three-dimensional calculations excluding
tablished by manyab initio calculation€®-2*1t is a classic rotationt® and, most recently, three-dimensional calculations
o ; 6,7 ; :
example of a frustrated equilibrium. Two nonbondedPY van der Avoirdet al.”" that couple the torsional motion to
the overall rotation of the trimer complex.
ap add Devartment of Chemistry. University of O The second type of internal large amplitude motion in
resent address: bepartment 0 emistry, university o regon. . . . . . .
YPresent address: Department of Animal Science, University of California,the water trimer Is blfurc_atl_on tunne“r@or which qne h_as
Davis, CA 95616. also used the less descriptive term “donor tunnelingrhis
9Present address: Department of Chemistry, University of Washington. is a rearrangement process wherein a single water monomer
9Present address: Department of Molecular and Cellular Biology, Harvarqa(cham‘:]eS its hydrogen bonded and free hydrogen atoms by
University, Cambridge, MA 02138. . . . .
9 Author toywhom all Eonespondence should be addressed. tunneling through a bifurcated transition state, as shown in

DElectronic mail: avda@theochem.kun.nl Fig. 2. It could be observed experimentdlgnd unambigu-
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degenerate rearrangement process, a rearrangement mecha-
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FIG. 1. The equilibrium structure of the water trimer is a near-oblate asym-

metric top. Torsion of the free hydrogens approximately about the hydrogeiFIG. 3. The lowest four torsional energy levels<0,+ 1,+ 2,3) along with
bonds is the dominant low-frequency motion of this trimer. This low barrier the allowed transitions and the observed frequencies. Symmetry restrictions
rearrangement process involves the motion of a free hydrogen from one sidglow only transitions withA(k—K)=3 (modulo § to be observed, as

of the O-O-O fane to the othet*flipping” ) and is predicted to have a  explained in the text. Between the higheist=3) level in this figure and the

90 cmi ! barrier (Ref. 20. As a result each free hydrogen spends an equalpext higher(alsok=3) level is a large energy gap. The next highke=@
amount of time above and below tige-O—Oplane, thus vibrationally av- .+ 1y transition is expected at 170 cnT?, presently out of the range of
eraging the asymmetricX;) equilibrium structure to that of an oblate sym- oyr spectrometer.

metric top in the ground state. The O—0O bond distance has been determined

as 2.84 A through a simple model calculation based on the spectroscopic

data(Ref. 36. Each of the VRT bands reported in this work arises from the

manifold of states created through this torsional vibration. erences. In light of the fact that this paper represents the first

experimental determination of the torsional energy level

manifold for (H,O); we review here the basic theory behind
ously identified, since it gives rise to a splitting of the tor- the torsional and bifurcation tunneling dynamics in the water
sional levels and transitions into quartets. The splitting betrimer.
tween the lines in these quartets, typically about 300 MHz  The equilibrium structure of the water trimer may inter-
for (H,0)3 and about 5 MHz for (BO)3, is much smaller convert between six of the 96 equivalent minima covering
than the energy gaps between the torsional levels. This ighe 12-dimensional intermolecular potential energy surface
because the corresponding barrier height, calculated bypPS) through a simple, low barrier, flip of a hydrogen from
Fowler and Schaefétas 525 cm* (corrected for zero point  one side of the oxygen framework to the other. The pathway
effects, is substantially higher than the torsional barrier.  for this process is shown in Fig. 1. Extending this pathway

The collection and analysis of experimental data for theone ultimately visits six equivalent minima through a cyclic

torsional level manifold of (BO)3, including the rotational  process. All theoretical calculations performed thug®ft
structure and bifurcation splittings of these levels, has laggefhdicate that this rearrangement process is a very facile one.
far behind that accumulated for ¢D);. The parallel band at  Such low barrier rearrangement mechanisms naturally give
87.1cmi! is the only measurement that has been reporteise to large “tunneling” splittings, and in fact the first treat-
previously? Here we report the observation of two new tor- ments of torsion in the water trimer consider the motion as
sional bands of (KD); as well as the derivation of a model fast tunneling among the six equivalent minima on a one-
Hamiltonian used in a globall fit of all three bands, thus comdimensional potential energy surfae® In light of the un-
pletely characterizing the torsional manifold of {B); upto  derstanding gained from the study of {I); and mixed iso-

energies of 150 ci. tope water trimers>?®?’it is perhaps more appropriate to
consider such low barrier rearrangements as giving rise to a
Il. THEORY torsional (also termed ‘“pseudorotational”vibrational en-

ergy level manifold resulting from the coupling of three de-

generate torsional vibrations rather than as a genuine tunnel-
The construction of the torsional manifold for the water ing splitting. Experiments and theory on mixed isotope water

trimer, including a group theoretical treatment, has been detrimers>®2¢2’where the symmetry of the system is broken,

tailed in several previous paper/162°Also the bifurcation  confirm this analysis.

tunneling splitting of the levels was considered in these ref-  The permutation-inversiofPl) symmetry group associ-

ated with the torsional flipping between the six equivalent

minima on the potential surface is the cyclic gra@p, iso-

F morphic to the point grougC;,. The complex irreducible
representationgirreps of this group are conveniently la-
:'i beled by the quantum numbkr0,=1,+2,3 (modulo 6. A
- — _l diagram showing the six lowest energy torsional vibrational

levels of (HO);, along with the observed transitions, is
_ _ given in Fig. 3. The corresponding frequencies calculated by
FIG.‘2. A h|ghgr barrier rearrangement process observed for the water tr\-/an der Avoirdet al®” with the ab initio potentials of Refs.
mer is bifurcation tunneling, where the roles of the free and bound hydro- ) .
gens of a water in the cluster are switched. The pathway for this process $0 and 14 are listed in Ta_-_ble I. The symmetry of these levels
predicted to traverse a bifurcated transition state. This rearrangement givétas been compared to a ¢kel treatment of ther electron
rise to the quartet tunneling splitting observed for each torsional band Oéystem of benzene. The levels wkk0 andk=3 are non-

(H,0)5 an_d (D,O)5. Notice thgt an adjacent watgr moleculg flips as part of degenerate, as are tAeandB levels in benzene, while those
the tunneling pathway. A previous group theoretical anal{Refs. 6 and ¥

suggests that this pathway, rather than an independgnbtation of the with k=+1 andk=+2 are twofold Qegenerate, ?im"arly to
water monomer, is evidenced in our spectra. the benzeneE levels. The energy increases witk|, the

A. Torsion and bifurcation tunneling
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TABLE I|. Experimentally determined torsional energy levéls cm™2) for the (H,0); and (D,0); isotopic

forms of the water trimer, compared to the levels computed by fully coupled three-dimensional DVR calcula-
tions including the overall rotation of the triméRefs. 6 and Y. The computations were based on two torsional
potential energy surfaces, DD pdRef. 14 and BGLK pot.(Ref. 10.

(H;0)3 (D20)3

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

0 0 0 0 0 0 0
+1 22.69792) 19.93 13.97 8.538%) 7.68 5.15
+2 65.63001) 59.07 44.15 27.9922) 25.18 17.15

3 87.05271) 81.23 62.33 41.0992) 36.62 24.73

3 161.01 143.85 90.3808 96.15 88.93
+2 172.02 155.18 98.0991) 107.5 98.27

number of nodes in the real wave functions which for thecation tunneling in (HO);, namely a ratio of
degenerate levels are plus and minus combinations of thg,:T,:T,:A;4=11:9:3:1 forrovibrational states witl a
complex functions wittk=*=1 andk=*2. Transitions be- multiple of three and {A,, 1A3u}:Tg:Tu !{Azg 1A3g}
tween these energy levels follow the selection rule =8:9:3:00therwise. The effect of the missig, symmetry
(K"—K") —(k'—K")=3 (modulo 6. (1) components for states with# 3n appear distinctly in th€

. ~ branch depicted in Fig. 4.
For thek=0,+1,+2 and 3 torsional levels observed in this The degenerate torsional levels witk=*1 and

work, this rule allows the permitted transitions to be easilyy= +2 are split(for J=0) by bifurcation tunneling into six
determined, as well as the band polarizatiparallel or per-  |evels, carrying the{Azig ,Aig} (degenerate T (twice), Té
pendiculay. The k=3«0 transition at 87.1cm', for ex- (twice), and{A;, A5} (degenerateirreps of the groufs 4.
ample, is only allowed foaK =0, and hence is observed as The splitting of these sextets is determined as follows. First,
a parallel band. The 65.6 cthvibrational band is made up the |evels split into the same type of equally spaégd T,,,

of two distinct perpendicular vibrational subbands, ast . A bifurcation tunneling quartets as the nondegenerate
k=+2<0 is only allowed whenAK=—1 while k==2 k=0 andk=3 levels. The symbola, andA, now represent
<0 is only allowed whenAK=+1. The third band, ob- he degenerate (complex conjugate {Azg,Asg}  and
served at 42.9 cit, arises from the two parallel subbands {A,, Az} states, respectively. In addition, there is a split-

k=+2——1 andk=—2+1. Coriolis effects perturb de- {jng between the twd, components and between the g

generate subbands severely, requiring us to treat each sulvels, because these states of the same symmetry interact

band separately. It is perhaps more reasonable to think of thgrough the bifurcation tunneling process and repel each

42.9, 65.6, and 87.1cni torsional bands as transitions other. This was group theoretically derived in Ref. 6, and all

among six, rather than four, torsional energy levels. the resulting bifurcation tunneling splittings of the levels
Next we consider the bifurcation tunneling procesSyere explicitly calculated in terms of two paramet@ssand

shown in Fig. 2. This rearrangement mechanism, along withg., - associated with two different possible bifurcaticao-

the “flipping” process discussed above, creates two distinChop) tunneling pathwaygsee Table Il of Ref. B For the

trimer potential energy surface and generates the molecular

symmetry group for the water trime®,5. The group theory (213)(—2B2—Ba3) for k=0

for these rearrangement processes has been examined exten- (213)(B>+ B3) for k=+1

sively in a number of papers:*®In order to understand the ) (2/3)(Bo—Ba) for k==*2 2
origins of the splittings in the newly observed bands, we (213)(— 285+ B3) for k=3.

must repeat some of the details here. The nondegenerate lev- ] )

els withk=0 andk=3 split into quartets with a constant and 1h€ interaction matrix element between th¢k| and + |k|

equal splitting(say 8) between the individual components, cOmponents of the samk, or T, symmetry is

which carry theAjy, T, Ty, andAyj, irreps of the group (203)(2B8,— Bs) for k==1

Gug. Including the overall rotation of the trimer, i.e., for = _ ©)
L : (213)(2B,+ B3) for k==*2.

nonzeroJ, the Gg symmetry of the rovibrational states is

determined byk— K. WhenK is not a multiple of 3 the5,3  For J=0 this interaction leads to a splitting oDetween

symmetries of the quartet components become more complihese components. FA>0 this additional splitting between

cated, but the bifurcation splitting of the levels into equallythe two components of , symmetry and between those of

spaced quartets remains basically intact. Because dbijge T, symmetry depends strongly d€, because the- |k| and

selection rules each rovibrational transition between these-|k| substates are split by a Coriolis coupling term

nondegenerate levels is also split into a quartet. An experi=2{CK, linear in K (as explained below For K=0 the

mental manifestation of such a splitting is shown, for ex-—|k| and +|k| sublevels are in resonance and one finds the

ample, in Fig. 4. The intensities of each quartet componentaximum splitting 2, just as forJ=0. ForK+#0 the —|K|

nicely follow the nuclear spin statistics predicted for bifur- sublevel is lowered by the linear Coriolis term, theKk|
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J=K=3
[ Av=289 MHz [ ‘ }
J=K=6

J=K=9

I ‘ J=K=12 ’ |

I T T T T
2609.8 2610.0 2610.2 2610.4 2610.6

Frequency (GHz)

FIG. 4. Q branch of the 87.1 citt torsional band. The quartet tunneling splitting is evident as @branches separated by a tunneling splitting of 289 MHz.
Notice that the fourth componef#, symmetry has a nonzero nuclear spin weight only wherns a multiple of three. The relative intensities of the four
components are not accurate due to long term drift in the laser power, as explained in the text.

sublevel is raised. Hence, the bifurcati@ff-diagona) cou-  with rotational constantsB®=B+2u% and c®W=C
pling term & becomes less effective, and the splitting be—+,u§'§) modified by the second-order Coriolis coupling pa-

tween the pairs of, and T, levels is strongly reduced. Es- rametersu(®_ =™, and ), explicitly defined in Ref. 2.

pecially for (H0);, where the Coriolis and bifurcation For the degenerate torsional levels wkk =1 andk
tunneling coupling matrix elements are of similar size, this=+2 the situation is more complex because of the appear-
leads to a complicated,K dependent splitting pattern. ance of off-diagonal second-order Coriolis coupling matrix

From here on we will globally indicate all the levels of elements involving the shift operatod, and J_. Partly
Gug symmetriesA;g,Azg,Azq,A14,A2, Az, @S A levels, these can be rewritten, with the use of the commutation re-
sometimes distinguished in#; andA,,, and those withT lation
and Ty symmetries aJ levels. Quantitative calculations of
the torsional levels in Refs. 6 and 7, fd+=0, 1, and 2, show Jpdo—J.d, =23, )

that the splitting patterns indeed differ for thelevels and ;4 may then be taken into account as a diagonal Coriolis
theT levels, cf. Figs. 2 and 3 in Ref. 6 and Tables Ill and IV term 12§|k|c\k\‘]2 linear in J,, with _Zg\k\c|k| equal to

in Ref. 7. the second-orderCoriolis coupling matrix elemenu!X
—,u‘ﬂ defined in Ref. 2. This term has the same appearance
as a standarfirst-order Coriolis term?® and its effects on the

B. Effective rotational Hamiltonian experimental spectra are very similar. The fact that it origi-
The techniques used in fitting the three vibrational band$1ates from second-order Coriolis coupling is related to the
(five subbandsin (H,0); correspond closely to those used choice of the body-fixed frame in Ref. 6. Because of the
in the corresponding global fit of (J)5 recently reported. large amplitude motions and the occurrence of tunneling be-
The analysis of the rotational structure in the torsional band&veen multiple equilibrium geometries in the water trimer, it
observed in (BO); was achieved by derivation of an effec- is not possible to define such a frame by imposing the Eckart
tive Hamiltonian, which takes into the account the Coriolisconditions that minimize the Coriolis coupling between in-
coupling between the large amplitude internal torsional molernal motions and overall rotation. With the inclusion of all
tions and the overall rotation of the complex. This Hamil- other, off-diagonal, coupling terms the effective rotational
tonian was based on the explicit form of the rotational andiamiltonian for the levels witlk=*1 andk= =2 becomes
Coriolis operators derived in Ref. 6. The effective Hamil- rot(k k) _ K| 12 K rlkl\ 12— 5 Akl [
tonian describing the rotational structure of each torsional Heif ™ = 0 ([ BHI"+(CH =BT 25+ 2{7CHI,]
level was obtained by second-order Van Vleck perturbation
theory. For the nondegenerate torsional levels Wwi#D and
k=3 it simply reads as a standard symmetric rotor Hamil- + Sy e+ 2(modulo sty I d (6)
tonian

K
+ 5k’,k—2(modulo 6)41«(_)_J_J_

o100 (02 1 1 (0 a(K)1 12 with the (modified rotational constantsB/K=B+ u/X
He =B J°+[CY—B™]J; @ +uM andcM=c+ u . All Coriolis coupling parameters

zz
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are defined in Ref. 2. For givehthe matrix of this effective tions k=0, K=+ 1) and|k=0, K=—1) as well. Also the
rotational Hamiltonian over the basi$—|k|,K) and functionslk=3, K=+1) and|k=3, K= —1) are mixed into
|+]k|,K), with K=—-J,-J+1,...J, has dimension 2(2 plus/minus combinations. Although the selection rule of Eq.
+1). It has nonzero elements only on the main diagonal andl) is still valid, these mixed states contain components with
in the second codiagonal of the off-diagonal blocks betweenwo different values ok— K, and the transitions between the
the substates witlk=—1 andk=+1 and between those split k=0 andk=3 levels involved in this mixing obey spe-
with k=+2 andk=—2, see Fig. 2 of Ref. 2. This matrix cial selection rules.

can simply be diagonalizedeven analytically, in X2 These additional splittings of the levels wik+=0 and
blocks), for each value o8, to obtain the rovibrational levels k=3 were observed experimentdliy the k=30 band at
and transition frequencies during the fit of the measured higig7.1 cmi'l. Specifically, it was seen that only tHe and R
resolution spectrum. Dramatic effects of both of these perbranches of thd lines are split, but not th® branch, and

turbations were also observed in the spectrum of(Q). that the splitting is proportional td*. This pattern is similar
to the effects of “axis switching” in a nearly symmetric

C. Rotational and bifurcation tunneling structure in rotor. With the aid of the appropriate selection rules it could

the levels of (H,O); be deducefithat the bifurcation coupling parametémust

The difficulty in assigning and fitting the (@), transi- P& nearly of equal magnitude fér=*1 andk==2, but
tions was that of establishing a procedure to accurately dediffer in sign. From the expressions férgiven in Eq.(3), it
scribe the large splittings observétescribed belowin each  then follows directly thaj3,~0 and that bifurcation tunnel-
vibration. The magnitude of the bifurcation splitting in iNg prefers the pathway correspondingfg. This pathway
(H,0); is considerably(~60 times larger than that ob- involves inversion of the complex*.*® From Egs.(2) and
served in (DO)s, putting the bifurcation tunneling splitting (3 it also follows then thatd equals|g| for both the levels
on the same scale as separations between rotational enerifh k==1 andk=*2.
levels and making it necessary to include perturbations to the Also for the degenerate torsional levels witk =1 and
bifurcation tunneling splitting in the fit of the bands. In other k= =2 we had to extend the theory. The bifurcation cou-
words, there is strong interference between the effects d?ling (6) between the level pairs of the sarfig or T, sym-
Coriolis coupling and of bifurcation tunneling, giving rise to Mmetry, which we explained above, is roughly of the same
strongly perturbed levels and spectra. The bifurcation tunnelsize as the linear Coriolis coupling term in the effective ro-
ing splitting in (D,O)3 is small enough that any such pertur- tational Hamiltonian. Hence, these effects interfere Jor
bations are smaller than the accuracy of the fit>0 andK#0, as discussed in Sec. IIB, and the resulting
(~2 MHz.). Hence, in the fit of the spectra of {8); we line structure for the transitions involving these degenerate
had to take into account the following effects, not included inlevels becomes very irregular. Since it is known from the
(D,0)3. theory in Ref. 6 that the bifurcation tunneling interaction

In the nondegenerate torsional levels witk0 andk  between the-|k| and +|k| sublevels is diagonal iK, we
=3 there is a small splitting of the levels with+0, pro-  solved this problem by simply adding, for tielevels, the
portional toJ(J+1), which occurs only for the bifurcation terméy, _dx: 9 to the effective rotational Hamiltonian of
levels of T symmetry, not for the\ levels. The origin of this  EQ. (6). In the matrix of the effective rotational Hamiltonian
splitting was explained in Refs. 6 and 7; it is related to thethis gives rise to an additionétonstant term & in all diag-
additional splitting in theT levels of the degenerate onal elements of the blocks that are off-diagonak.inn Fig.
(k=+1 and k=+2) states due to bifurcation tunneling, 5 we show an example of such a matrix fo==*=1 andJ
which we discussed above. This splitting, proportional to the=2. Similar mixing occurs for the sublevels @fsymmetry
bifurcation tunneling matrix elemer, also induces a split- with k=—2 andk= +2, and we also include a constahbn
ting of the nondegenerate=0 andk=3 levels by Coriolis the diagonal of those blocks in the Hamilton matrix for
mixing between the torsional eigenstates with0 andk k= =2 that are off-diagonal irk. This bifurcation matrix
==+1, and between those withk=3 and k=+2. The elementé may be taken as a parameter in the fit of the
amount of Coriolis mixing is proportional ta/J(J+1), experimental spectra, just as the rotational and quartic distor-
which leads to thel(J+1) dependence of the level split- tion constant®, C, D;, Dk, Dk, the Coriolis constants
tings. Since the Coriolis mixing conservks- K (modulo § and |u, .|, and the bifurcation splitting consta® Note,
one finds, in particular, that the basis functidk=0, however, that these additional matrix elemeéitsccur only
K=+1) mixes with k=—1, K=0), and thatlk=0, K= for the levels of T symmetry. They are absent for the
— 1) mixes with|k=+ 1, K=0), which induces a splitting of levels, and the structure of the Hamilton matrix used in the
the k=0 level with |K|=1. Similarly, the basis functiofk fit of these levels is the same as in Fig. 2 of Ref. 2. Accord-
=3, K=+1) mixes with k=+2, K=0), and k=3, K= ing to the theory, see Eq$2) and (3), combined with the
—1) with |k=—2, K=0), which causes the splitting of the observation(see the preceding paragrajphat the parameter
k=3 level with|K|=1. Actually, theséK|=1 levels are the 3, is negligibly small, the bifurcation tunneling parameters
only ones where this “Coriolis-induced bifurcation split- 8 and 6 of each band must be simply related: they are both
ting” is sufficiently large to be measurable. The bifurcation equal to (2/3B5 in absolute value. We treated them as inde-

coupling between the functionk=—1, K=0) and |k= pendent fit parameters and compare the results to the theory.

+1, K=0) (of T, and T, symmetry leads to a mixing of Another relevant point is that it follows from the theory in
these functions with equal weights and, hence, of the funcRef. 6 that bothé and u, , are complex numbers. By a
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k=-1 k=1 mixing a fixed frequency laser line with microwave radiation
on a Schottky barrier diode, a process that yields tunable
B 0 o 0 o B o BGY o o sidebands of frequency vsgepands Viaser™ Vmicrowave: A
Martin—Puplett polarizing diplexer separates the tunable
o HGEY 000 |0 HGR o G o sidebands from the fixed frequency laser, after which the
k=-1{ o 0o HGFY o o0 o o HG™ o HGMW sidebands make 24 passes through a pulsed planar argon—
. . 0 B o o o o H o water supersonic expansﬁ_ﬁrand are detected on a varie_ty of
' ’ terahertz detectors. The higher frequency 87.1 and 65.6 cm
o 0o o o HGY o 0o 0 o HRY bands were observed using a mechanically stressed Ge:Ga
B g o 0 o a2, o o o o photoconductive detector while the 42.9chband required
' ' the use of a Putley mode InSb hot electron bolometer. A
o #5Y o o o |0 HYL 0 0 o0 brief description of the three (J@); vibrational bands is
k=41 H5EY o BEY o o | o o HY o o given in Sec. IV.
L L IV. EXPERIMENTAL RESULTS
0 o HEY om0 o o o HY A. 87.1cm ! torsional band

FIG. 5. Effective rotational Hamiltonian matrix for a degenerate level with The 87.1cm? torsional band was the first observation
K, AndJ=2, with K= 21012 The diagonal elements are: of the (H,0); isotopic form of the water trimer. It is a text-
Elg-gks V\;Bhajéj Z r1l)t|'J1re[Cdiag:)E al_(]fil)*jf'(,fl):Kg' f'gr t:;z gﬁlfv'zlgso”;' book example of a parallel band of an oblate symmetric top
’ K,K K,K ’ . .
HE D=H{ D=0 for the A levels, and off-diagonaH@ R =H( 3, ~ and is remarkably unperturbed. It was measured in 1994 by
= uCDIA 1)~ K(K+ 1)1 33+ 1)~ (K+ 1) (K +2)]Y2 Liu and co-workers using a planar cw expansion of argon
and water and a multipass cell in the Perry configuration; this
_ _ _ _ gave only eight passes of the laser through the throat of the
simple basis transformation one can, however, obtain realxpansion. This band is vastly more intense than both the
values for these parameteraatrix elements Hence, in the  42.9 and 65.6 cm' bands, even when considering that the
fit program we kept these fit parameters as real numbers, anghter were measured with a pulsed slit expansion and a 24-
diagonalized a real symmetric Hamilton matrix for eachpass Herriot celf>33 As an example of the intensity exhib-
value ofJ to obtain the vibration—rotation—tunnelifty/RT) ited by the 87.1cm! band, theQ branch of the band has
levels. been detected through third-order mixing of the microwave
At the end of this theory section, let us observe that weradiation with the 118m laser.
have checked the reliability of our effective rotational  Each rovibrational transition is split by bifurcation tun-
Hamiltonian by comparison of the energy levels obtainedheling into the now familiar quartet depicted in Fig. 4. Each
from the diagonalization of this Hamiltonian with the results component of the quartet is separated from the other by a
of full calculations of the torsional levels far=0, 1, 2, and  relatively constant 289 MHz, a slightly smaller splitting be-
3. The latter include ex_phmtly the co_upled tors!onal motionsing observed at high values of the rotational quantum num-
by means of a three-dimensional discrete variable represemer J. The nuclear spin intensity ratios for the bifurcation
tation (DVR), as well as all Coriolis coupling effects, cf. pattern are 11:9:3:1 whelt=3n and 8:9:3:0 wherK # 3n.
Tables Ill and IV of Ref. 7 forJ<2. It turned out that our Wwithin the uncertainties imposed by laser power fluctuations
effective Hamiltonian gives an accurate representation of thehe observed intensities of the quartet lines nicely match
level splittings and shifts from the full numerical computa- these ratios. The missing tunneling components wKen
tions, including the irregularities in the degenerate states:3n are clearly evident in the spectrum. One additional

with k=*+1 andk= *2. point worth noting is that eacii state component arising
from |K|=1 transitions is split into a doublet, a Coriolis
lIl. EXPERIMENT effect explained by van der Avoiret al®” and in Sec. I C.

We originally assigned this band to the torsional transition
k=3+0, an assignment vindicated by the present analysis.
"Flge highest level torsional calculatiSrison the water trimer

The torsional bands of the @ water trimer discussed
here have been measured over the past several years us
the Berkelgy terahertz laser spectrometers. The 87.tcm predict this 87.1cm® band to occur at either 81.23 or
band was first reportédn 1994 by Liuet al. The 65.6 and 1 .

42.9 cm ! bands are reported and analyzed here for the firs?1'3.3 cm erendmg on yvhether th? DD or BGLK poten-
. . . tigl is used in the calculation respectively.

time. The design of the spectrometers has been discussed

previously?>3® and therefore only details relevant to these
new bands are reported here. Briefly, a line-tunable 100
CO, laser is used to pump a molecular gas terahertz laser, More recently a perpendicular ¢B); spectrum was re-
yielding a fixed frequency terahertz laser line. The laser linesorded near 66 cit. That spectrum was assigned to the
used in this study include the 1193.7273 ({CHH), =+2+0 torsional transition based on the model calcula-
1299.9954 (CHOD), 1397.1186 (ChkF,), 1891.2743 tions by van der Avoircet al. and on the ratio of the band
(CH,F,), 2058.1418 (CHOD), 2633.8991 {*CH;OH), and  origin to that of the correspondinig=+ 2«0 transition in
2714.7151 GHz CH;0OH) lasers. Tunability is achieved by (D,0);. The ratio of the (HO); and (D,0); band origins

. 65.6 cm ~* torsional band
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lI h FIG. 6. Stick spectrum of the 65.6 crhband, exhibit-

LR B ing the general features of a perpendicular band of a
1.9570 1.9580 symmetric top. Note the perturbations evident in the
K=2+<1 Q branch shown in the inset. A standard
\ Q-branch progression, like that observed in the

87.1cnt* band, is not present.
m Wt i

b

1.92 1.94 1.98 2.00 2.02 2.04

Frequency / THz

for k=20 is 2.5 while the ratio folkk=3—0 is 2.1. was therefore suspected to correspond tokthet 2— +1
Torsional calculations predict the newly observed band taorsional transition, the only low frequency band of, (5
arise at either 59.07cm (for the DD potential or  expected to be both a parallel spectrum and strongly per-
44.15cm* (for the BGLK potential as shown in Table . tyrbed. The observation of this transition was a surprise, as
This band was significantly weaker than the 87_-Ié’_“ the k==*1 torsional levels are 23 cm above the ground
spectrum, even with the use of a pulsed supersonic slit jedate  suggesting that our expansion is not nearly as cold
and a 24-pass Herriot cell. A computer-assisted processw\gbraﬁona”y as it is rotationally. The corresponding band in

scheme was "".'?0 used instead of qucar averaging. T ,0)3 has not been observed and is calculatedie close
strongest transitions were observed with a signal to nois 1 . . .
0 20cm -, as can be seen in Table I. The perturbations in

ratio of approximately 100/1. i X
Over 300 individual vibration—rotation—tunneling this band are particularly severe as both flve=2 and the

(VRT) transitions were recorded in a 5-cfawide region <= 1 torsional states are highly affected by Coriolis per-
around the 65.6ciit band origin. A plot of the strongest turbations. Without the model Hamiltonian described in Sec.
Component of each tunne"ng quartet is shown in F|g 6“ it is Un”kely that this band could have been fit to any
Analogous to its deuterated counterpart, this@Qy spec- reasonable degree.
trum exhibits a variety of severe perturbations. The quartet Three terahertz lasers were used in the scanning of the
spacing is not constant as a functionbfindK, and both  42.9cm?! band, the 1.193727 3 THz laser of gBH, the
“first-" and second-order Coriolis perturbations similar to 1.299 9954 THz laser of C}¥DD, and the 1.397 1186 THz
those observed in the D trimer are also found. laser of CHF,. The band is fairly weak, with the maximum
An interesting feature of the bifurcation tunneling split- signal to noise observed approximately 60/1. It was scanned
tings not observed in the O trimer spectra can be seen by sing our most recent experimental setup, including a pulsed

close examination of thé tunneling components relative t0 it jet and computer-assisted processing scheme. A total of
the A components. A perturbation was observed that had n 37 transitions were assigned and fit, witand K ranging
been evident in any of the previous water trimer bands. Ir}rom 0 to 20

71 )
the 65.6cm ™ band theT, andT, states are separated by a = =, stick-figure representation of ti@ branch of the band

constant 255 MHz, and thé, and A; components by a . - i
constant tunneling splitting of 765 MHE times the 255 '° presen.te(':l n F'%‘j' The t,‘,NO rgpglllr@ branc'hes are
MHz spacing. However, it was noticed that tHe compo- characteristic of a “first-order” Coriolis perturbatiGhand

nents shift considerably relative to thecomponents, result- indeed, one of the perturbations in this band was modeled
ing in separations between theand T components that vary Using a+2/CK term in the Hamiltonian. As a transition
from 200 to 300 MHz. This perturbation caused considerabl@etween two doubly degenerate levels, each of the perturba-
difficulty in the rotational assignment of the band. tions discussed for the 65.6 cthband is present in both the
lower and upper state of the 42.9 chband. The large num-
ber of strong perturbations present in this band made the
Most recently we observed a parallel band of a symmetassignment of the rovibrational transitions a very difficult

ric top heavily perturbed by Coriolis effects near 43¢mit  task.

C. 42.9cm~! torsional band
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(\‘ FIG. 7. The repellingQ branches of the 42.9 cth
band. TheQ branch to the left is shifted to lower en-
ergy by the—2¢CK pseudo-first-order Coriolis inter-
‘ action, while theQ branch to the right is shifted to

higher energy by 2{CK. The inset shows a represen-
HII I‘I

tative spectrum in a 10 MHz scan.
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V. ANALYSIS OF THE TERAHERTZ SPECTRA dividual transitions embedded in dense and highly perturbed
A Global fit spectra. Once assigned, the model Hamiltonian derived in

Ref. 2 and described in Sec. IIB was highly effective for

The observed ordering of the symmetry components Ofitting the data. A summary of the optimized parameters ob-
the quartet in the 87.1 ¢ band correspond to that expected tained from the final fit of the states is given in Table II.

for a quartet arising from a sum of tunneling splittings in the
ground and excited states, as depicted in Hgl.&\ll of the 2. Bjfurcation tunneling components of T symmetry
D,0 trimer torsional bands exhibit the opposite effect, viz. a
quartet pattern that arises from a difference of tunnelingrlen
splittings in the ground and excited states as shown in Figfro
8(b). It was found in the HO trimer that the central compo-
nents of the bifurcation tunneling quarighe T state$ shift
relative to the outer componenthe A state$, thus creating
a quartet of transitions with an unequal spacing.

The global fit of the entire (kD)3 VRT data set is pre-

Assigning and fitting thd bifurcation tunneling compo-

ts was straightforward for the 87.1chband, as it arises

m a transition between two nondegenerate torsional vibra-
tional levels, vizk=3«0. A reasonably constant tunneling
splitting of 289 MHz is observed, with slightly
(~10MHz) lower values recorded at the larger values .of

sented on a band-by-band basis. In each band tiuaneling a. ) b.
components are fit separately from thetunneling compo- —T A — 1 Au
nents. Table Il summarizes the optimized parameters . Tq
sional energies, rotational and distortion constants, and Co- T T
riolis parameternsobtained from the final fit of thé\ states Ag i A”
while Table 1l contains the parameters obtained from a fit of ! 4 9
the T states. The overall result of the fit is a very precise
description of the torsional vibrational levels of {B); up to
energies of~150cm 1. A summary of the techniques used
in fitting the A andT states is given below.
1. Bifurcation tunneling components of A symmetry

The A states of all three bands were fit using the method A+ A*
described in our paper on the global fit of the@trimer Ti Ti
torsional manifold® The same two major classes of second- T+ Ti
order Coriolis perturbations were observed, one acting like a | A‘i i I Air

diagonal “first-order” Coriolis perturbation{£2{CK) and
e other an off-diagonal Coriolis perturbation representedfiG. 8. The ordering of the bifurcation quartet in the excited state can give

the oth ff-diagonal Coriolis perturbat p tedrG. 8. The ordering of the bif q h d g

by the Coriolis parameteﬂuH | TheAg states are Separated rise to observed tunneling splittings that are either the sum or the difference

- f splittings in the ground and excited torsional statesAn example of a
from the A, states by a constant amount, three times thés)um of tunneling splittings, as observed in the 87.1 and 656 trands (b)

fcunn_eli_ng sp!ittirjg_,B reported for each band. In facf[’ the Ma- An example of a difference of tunneling splittings, as observed in the
jor difficulty in fitting the A states arose from assigning in- 42.9 cm* band and all (BO); trimer torsional bands.
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TABLE II. Parameters(in megahertz, excep{ which is dimensionlegsobtained by a fit of 361 (D)3
bifurcation tunneling states @& symmetry to the model torsional Hamiltonian derived hé&gis the torsional
vibrational energyA, B, C, Dj, D,k, andDg are rotational and distortion constants, ahdnd ., . are
Coriolis perturbation parameters. The thi@eonstants could not be determined independently and therefore
the ground stat€ was fixed at 3513.98 MHz as explained in the text.

k=0 k=+1 k=—1 k=+2 k=—-2 k=3
E, 0.0% 680 605.34) 1967 970.00) 2609 774.92)
B(=A)  6646.91(2) 6 641.734) 6 632.112) 6 626.102)
c 3513.98 3516.352) 3518.072) 3514.771)
D, 0.04172) 0.041(1) 0.04139)  0.041G5)  0.04044) 0.04053)
Dk —0.0631(6) —0.064(3) —0.064(2) —0.063(2) —0.062(1) —0.0627(8)
Dy 0.0272) 0.0303) 0.0282) 0.0283) 0.0272) 0.0272)
Z 0.0 —0.05302(2) —0.03950(1) 0.0
s ] 0.0 15.3442) 17.470) 0.0

a/alue fixed to avoid correlation.

The sole perturbation recorded is a small symmetrical splitNone of these smallest splittings are observed.

ting of rovibrational transitions withK|=1, observed only A final and unexpected perturbation noticed in the bifur-
in the P andR branches of the band. This splitting has beencation tunneling states of (); was a shift of thel states
previously explained;’ see Sec. IIC. relative to theA states. The simplest example of this pertur-

Fitting the T bifurcation tunneling components for tran- bation arises in the 65.6 crh band, as the perturbation is
sitions involving degenerate vibrational levels required con-only observed in the excited state in that transition. In the
siderably more effort. Each degenerate vibrational level in65.6cm! band the separation between thg and theT,
cluded in theT state fit required the diagonalization of a tunneling components is a constant 255 MHz, exactly the
different, slightly more complex Hamiltonian matrix than value for the tunneling splitting derived from the splitting
that used for the\ states. An example of the matrix used in between theA states. The twd@ components, however, shift
the fit of theJ=2 energy levels of the 65.6cm band is  relative to theA states, creating an unequal bifurcation tun-
shown in Fig. 5. Note that the extra perturbation teém neling splitting. The magnitude of this shift is plotted in Fig.
requires us to diagonalize the matrix in order to determined for the 65.6 cm® band, which shows the separation be-
the energy levels. No simple analytical solution exists, agween theA, state(the lowest energy bifurcation tunneling
was the case for thé components and in our fit of the componentandT,, the lowest energy state. States pushed
torsional manifold of (DO)5. Fortunately, it was found to to higher frequency by the diagonal Coriolis terAiR2{CK
be possible to assign the eigenvalues of the matrix to particlthave a larger separation between the first two bifurcation
lar rotational states. The energy separation between differemtinneling components while states pushed to lower fre-
values ofK is sufficient to distinguish the eigenvalues andquency by the Coriolis term-2{CK have a smaller separa-
allow assignment to specifitandK quantum numbers. Itis tion.
possible to consider the addition of the paramefess a It should be noted that the dynamics of the bifurcation
perturbation on the “normal” analytical solutions derived tunneling process have not yet been treated by theory, only a
for both (D,O); and theA states of (HO); while assigning qualitative group theoretical treatment and a simple param-
transitions.

Diagonalizing the matrix in Fig. 5 splits nearly all of the _ , _
degeneracies that would be present in a normal symmetrif/\BLE !!l: The T bifurcation tunneling components of (); were ob-

. . . L. served to shift relative to th& components by an amount that is exponen-
top in a degenerate vibrational level. The majority of thesQially dependent on the rotational quantum numi§efThis exponential shift
splittings are smalla few megaherjzwith a few notable is given by the parameters, b (in megahertz and ¢ according to the
exceptions. The largest of these exceptions arises in statésmula: shift=a+b exp(-cK). The energy of thel, state can be calcu-
pushed to higher energy by the “first-order” Coriolis term lated from the energy of t_he correspondifg state, found f_rom the param-
+2/CK with K= 1. This reasonably large splitting is also e:ﬁrts in Table II, by addlng a constaﬁtarj(_i the appropriate expo_nentlal

. g . - shift to the energy of thig, state. The addition of another constghgives
observed in theA states and in the J® trimer and is @ the energy of theT, state. This gives an accurate determination of The
standard result of the analytical solution of tie state state energy levelgwith errors are less than 2 MhizThe bifurcation tun-
Hamiltonian matrix(without the extra coupling terrd). The  neling parameterg and 5 are defined in the text, see Eq8) and (3).
magnitude of this splitting varies considerably witandK

) ) k=-1 k=+1 k=-2 k=+2
but is approximately a few hundred megahertz. The smaller
predicted splittings arise directly from the state coupling 2 —8.3551 5.9747 —15.496 16.863
term §, and are therefore only seen in thestates. The larg- b “lsrT 129.55 11501 113.5

* the only : - rg- ¢ 0.21881 0.200 77 0.404 38 0.405 54
est of these splittings arises in states whtk=0. This split- |5 147 MHz 119 MHz

ting is equal to 2 and is a direct prediction from the diago-
| B(k=0)| +|B(k=3)|=289.0 MHz

nalization of the matrix in Fig. 5. It is seen distinctly in both Al
the 65.6 and 42.9 cit bands. Smaller splittings of up to a
few megahertz are predicted in other rovibrational levels

|8(k=0)|+|B(k=+2)| = 253.46 MHz
|B(k=%2)|—|B(k=+1)|=38.88 MHz
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Au Tg Tu Ag

FIG. 9. Exponential shift of thd; and T, tunneling
components relative to thé,, and A; components,
shown here for the 65.6 cth band. The splitting be-
tweenTy and T, remains a constant 255 MHz but the
260 —| two T states shift relative to th&, andA, components.
The dotted line in the spectrum is the actual frequency
i difference between thé,, and T, tunneling compo-
nents. The solid line is the shift after correction for the
small frequency shifts predicted for tfestates by the
inclusion of the parametes.

Energy Difference between A, and T, states (MHz)

etrized model were given in Refs. 6 and 7. We therefore daived, with the exception of th€ rotational constant. It is
not know whether the bifurcation tunneling splitting “con- well known that a parallel {K=0) vibrational band does
stants” B and é actually depend od and/orK. As can be not allow independent determination of the ground and ex-
seen in Fig. 9 the shift of th& states with respect to th®  cited stateC constants, only their differenc&C).

states changes exponentially wkh Note, however, that the The only Coriolis perturbation evident in the 87.1¢hn
exponentials in Fig. 9 do not converge to 255 MHz as wouldband was a small splitting of the state components of all
be expected from the constant tunneling splitting betweerlkK =1 transitions in theP and R branches. This splitting
the A, and A, states. Interestingly, the lower exponential increases proportionally td? [not J(J+1)]. The origin of
converges to 238 MHz while the higher exponential con-this splitting, a Coriolis-induced bifurcation splitting, was
verges to 272 MHz, equally spaced around the 255 MHzxplained in detail in Sec. IIC, and th¥ dependence in
tunneling splitting. Perhaps this indicates that there is yeRefs. 6 and 7. This splitting is also observed in the 65.6°cm
another smalla few megaherizperturbation shifting thd  torsional band in all subbands, the Q, andR branches of
states by a constant amount, and combining with the expdoth theAK=+1 and theAK=—1 subbands. The small

nential shift to give us the spectrum we observe. splitting is predicted to occur only in nondegenerate torsional
levels and, in agreement with this prediction, it is not ob-
B. 87.1cm ! torsional band served in the 42.9 ciit band.

1 . . . A total of 112A state transitions were included in the fit
The 87.1cm~ parallel torsional band was fit by Liu 71 : .
. ._of the 87.1 cm~ band, withd andK values ranging from O
et al.to the standard symmetric rotor energy level expressmr,[\0 11
E;k=Eo+BJ(J+1)+(C—B)K?>-D,;J*J+1)?
—D,J(J+1)K2—DygK*, (7)  C.65.6cm™* torsional band

whereE, is the vibrational energy of the torsional staBe, The other vibrational band originating from the torsional
andC are the rotational constants, aRd, D, andDy are  ground state, the 65.6 ¢rh band, is assigned to the perpen-
the quartic distortion constants. Liu reported that Ef.  dicular torsional transitiok= = 2+0. A total of 107 transi-
gave a very high quality fit of the observed transitions. Thistions were added to the global fit with the assignment of the
observation is in agreement with the theory in Ref. 2 and irA states of this transition, including values bandK rang-
Sec. I, cf. Eq.(4) for the nondegenerate torsional energying from 0 to 13. The fit of theA states of this band was
levels with k=0 andk=3. The quartic distortion terms in accomplished as described in our paper on({dRR. Nor-
Eq. (7) represent the higher-than-second-order Coriolis efmally, fitting a perpendicular band of a symmetric top would
fects, not yet included in the theory that leads to &g. The  allow us to independently determine the vibrationally aver-
band was therefore fit as a normal symmetric top with eactagedC rotational constants for both the ground and excited
tunneling component separated by a constant 289 MHz. Istate. Unfortunately, as noticed in the global fit of the
the P and R branches the splitting gets slightly smaller at (D,O); torsional transitions, the diagonal Coriolis term
higher values ofl (~10 MHz smaller atJ=5). No signifi-  +2¢CK cannot be uncoupled from th€ rotational con-
cant deviation from the 289 MHz splitting was observed forstant. In the DO trimer this was dealt with by fixing the
the Q branch. From the fit of this vibration the rotational value of the ground stat€ constant to approximately the
constants for th&k=0 andk=3 torsional levels were de- value published by Litet al® in his fit of the 98.1 cm? of

Jpd-aulu0T L T68.2/9G210804/68.L/L L/} b Liypd-ojoie/dol/die/Bio-die'sqndy/:dny wouy pepeojumoq



J. Chem. Phys., Vol. 111, No. 17, 1 November 1999 Terahertz laser spectroscopy. Il 7799

(D50O)5. In the KO trimer we have arbitrarily fixed the about 13520 MHz. However, if one tries to extract more

ground stateC constant at a value that gives the same inertiaprecise values of the individuaB|'s from these data, one

defect as that previously published for thetrimer. seems to reach the limits of the simple theoretical picture
All of the Coriolis perturbations that have been dis-that we used for the bifurcation tunneling process. Also the

cussed thus far strongly affect the 65.6 cnband. Once the observed],K dependence of the bifurcation splitting param-

individual rovibrational transitions were assigned, £etate  eter 8 and the K-dependentshift between thé\ levels and

transitions were not difficult to include in the fit as the model T levels indicate that our simple treatment of bifurcation

Hamiltonian derived for the ED trimer describes théd  tunneling should be refined in order to reproduce all the

states of the KD trimer exceedingly well. Th@ state tran-  spectroscopically measured details.

sitions were a considerably more difficult problem. The

model Hamiltonian for thel states derived in Sec. Il C of

this paper was used for an initial fit. All parameters exc@pt V1. CONCLUSIONS

were held at the same values found for testates. If the  \ye report a global fit of all the VRT data existing for the
bifurcation tunneling splitting had been a constant value as iy, water trimer in the terahertz region. This effects a pre-
the 87.1cm* band, this method would have given a precisecise experimental determination of the lowest six torsional
description of theT state transitions. It was found, however, g pjevels of (HO)5. The quality of the fit is reflected in the

that the bifurcation tunneling did_ not gi_ve rise to equally \ms deviation of 0.93 MHz, less than the typical experimen-
spaced quartets. Thestates are shifted with respectto 8¢ (5] error of 2 MHz. Correlations as high as 0.99 between
states as described earlier. The final fit parameters foAthe geyeral distortion constants and rotational consta&ftand

bifurcation tunneling components are reported in Table lig' \yere observed; most parameters were relatively uncorre-
while the fit parameters for thE states are reported in Table |ateq. however.
[ll. Note that we used two sets c_)f quartic distortion con- e recently reported the determination of a spectro-
stants, one set for the sublevels witk +2 and and one for  scopic pair potential for the water dimErThe existence of
k= —2, since the effects of the higher order Coriolis interac-g,ch a highly accurate pair potential will make it possible to
tions represented by these distortion constants are not expligynsider the analysis of the complicated multibody forces
itly included in the theory that led to our effective rotational present in larger water clusters, specifically the three-body
Hamiltonian. However, the values obtained from the fit tOfgrces. In time it seems likely that it will be possible to fit the
the experimental spectrum are quite similar for the two subytipody forces in the water trimer to the spectra reported
levels, see Table II. here through adjustment of the parameters of specific three-
body terms added to an accurate pair potential, as was ac-
complished for the multibody forces in the simpler,ACI
and ArDCI clusters™ In this stepwise fashion, an accurate
The 42.9cm? band is assigned to the torsional transi- description of the force field of the bulk phases of water may
tion k= + 2« *1. The observation of this transition allowed ultimately be obtained. An alternative approach to this prob-
us to complete the torsional manifold shown in Fig. 3. As-lem is the use of advanceab initio electronic structure
signing theA states of the band was straightforward. Themethods to compute accurate pair and three-body potential
tails of the Q branch were examined and progressions besurfaces for water. Such potentials have recently been ob-
tween the most intense lines were followed into the heart ofained and used in quantum calculations of the energy levels
the band. These reasonably intense progressions were associated with the internéunneling and vibrationalmo-
signed asJ=K transitions. Progressions in tHe and R tions in the water dimer and trimé?.By comparison with
branches were then added to the fit, locking in many of the filetailed spectroscopic data it is possible to establish their
parameters. accuracy and, if necessary, to improve them. Considerable
The assignment of th€ states also began in the tails of progress has also been made in this direction. It is this goal
the Q branches. Progressions found among unassigned linglsat has motivated our efforts toward a completely assigned
were assumed to arise fromstate transitions. A constant 39 and analyzed data set for the water trimer.
MHz tunneling splitting between tHE stateq'the central two This work completes a large body of work on the tor-
components of the bifurcation tunneling quarteas deter-  sional dynamics of the (JD);, (H,O);, and mixed isotope
mined and a full assignment quickly resulted. This 39 MHzforms of the water trimer below 150 cth The observation
spacing represents a difference between the tunneling splibf several mixed isotope water trimer transitions at similar
ting in thek=+*2 andk=*1 torsional states as described frequencies to pure water trimer transitions suggested that
previously. A total of 363 components were fit representingthe torsional dynamics in the water trimer should properly be
137 rovibrational transitions. treated as a vibration, rather than as a pure tunneling prob-
Finally, let us discuss the relation between the values ofem. Recent theoretical work on these systems is in agree-
B and é extracted from the experimental spectra, see Tablenent with this analysi3.Recently we reported the character-
1. It is predicted by the above-mentioned theory thgt ization of the torsional dynamics of (D)5 through a high
=|8| for each of the degenerate torsional levels withquality global fit of the lowest five torsional bandsine
k==1 andk==2. Crudely, it can be concluded from the subbands to a parametrized energy level expression ob-
data in Table Ill that this is indeed the case, and that theéained using second-order perturbation theory on a model
values of|g| and|d| for all the (lower) torsional levels are Hamiltonian. Perhaps the most interesting and unexpected

D. 42.9cm ~* torsional band
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total of 21 vibrational degrees of freedom, could give suchsp, sano, z. Bacic, T. Burgi, and S. Leutwyler, Chem. Phys. L2stt, 283
very high quality results. This implies that an adiabatic sepa- (1995.

ration of the torsional coordinates from the other, higher fre**J. G. C. M. van Duijneveldt-van de Rijdt and F. B. van Duijneveldt,
quency, intra- and intermolecular vibrational modes yields b}sJChEmé Phys. Let(‘jzel’;v (5:625199?]- chem. Phigs 7817(168

good approximation in the treatment of the torsional mani-q— " Wr;gezryJa;m o ag)'mla 1](.3:[23.0(1:932 (1999.

fold of the water trimer. The bifurcation tunneling dynamics, 17y, échutz’ T 'Burg'i’ S Le.utwyler, and H. B. Bl'”gi’ J. Chem. PIgg.
treated group theoretically here, remain to be characterizeds»,g(1993.

in terms of the associated potential energy surface. The biM. Schutz, T. Burgi, S. Leutwyler, and H. B. Burgi, J. Chem. PHG0,
furcation tunneling splittings observed, however, may be ac- 1780(1994.

curately described through the simple addition of an EXDOEQR' ‘S. Fellers, L. B. Braly, M. G. Brown, C. Leforestier, and R. J. Saykally,
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h ibrati | | | . Th binati 203, E. Fowler and H. F. Schaefer, J. Am. Chem. Sd, 446 (1995.
the rovibrational energy level expression. The combinationig g yantheas and T. H. Dunning, Jr., J. Chem. P8gs8037(1993.

of experimental and theoretical work on {B)3, (D;0);, s, s. Xantheas and T. H. Dunning, Jr., J. Chem. PBgs8774(1993.
and mixed isotope water clusters thus provides an excelle®G. Chalasinski, M. M. Szczesniak, P. Cieplak, and S. Scheiner, J. Chem.
description of the torsional and bifurcation dynamics in the Phys.94, 2873(199)).
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