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Ab initio prediction of the vibration-rotation-tunneling spectrum
of HCI- (H,0),
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The Netherlands
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Quantum calculations of the vibration-rotation-tunneliiRT) levels of the trimer HCI{H,0),

are presented. Two internal degrees of freedom are considered—the rotation angles of the two
nonhydrogen-bondedlipping) hydrogens in the complex—together with the overall rotation of the
trimer in space. The kinetic energy expression of van der Aveirdl. [J. Chem. Physl05 8034
(1996 is used in a slightly modified form. The experimental microwave geometry of Kasial.

[J. Chem. Physl12, 5767(2000] served as input in the generation of a planar reference structure.
The two-dimensional potential energy surface is generabeiditio by the iterative coupled-cluster
method based on singly and doubly excited states with triply excited states included noniteratively
[CCSOT)]. Frequencies of vibrations and tunnel splittings are predicted for two isotopomers. The
effect of the nonadditive three-body forces is considered and found to be importar200©
American Institute of Physics[DOI: 10.1063/1.1388203

I. INTRODUCTION nonhydrogen-bondedexternal hydrogens. It is likely that
HCI—(H,0), will show similar behavior. That is, the hydro-
Detailed information on the pair and three-body interac-gen bonds will form a rather rigid and almost planar network
tions in water can be obtained from the high-resolution specand the two external hydrogens will show large amplitude
tra of the water dimer, trimer, and larger clusts™ Dy-  motions and tunnel through this plane. From the microwave
namical calculation$™® are needed to extract this gpservations of rotational specifat is deduced that the
information from these spectra. Especially the far'infrare%ydrogen-bonded part of the present complex is indeed
and micrpwave spe(_:tra of such clus_ters,_ which measure ﬂWearIy planar. Since to date no experimerifat-)infrared
frequencies of the intermolecular vibrations and tunnelinggg s are available for this complex, the assumption that the

splittings, tum out to be extremely sensitive to the shape of, external hydrogen atoms tunnel appreciably through the
the intermolecular potential surfate.

. ) . . . plane, is not yet proven experimentally. However, one of the
Another interesting problem is the solvation of HCI in P yetp P Y

. ; . main purposes of the present work is to investigate whether
water. Also this process, and the HCl-water interactions b¥his is the case. Further we will compute the vibration-

Yx?elirr:allt ldsygg:ﬁircrr;m;ndd :ﬁg Egrlz\égztr:%?rtnzdstp))yecsttrl;d)(/)lfn %r:]hae[lotation.-tunne[ingVRT) spectrum as a guide to future spec-
HCl-water clusters. It is known that HCI is a strong acid that roscopic studies. . .
dissociates easily into Hand CI” when dissolved in excess Even more than mﬁge. water trimer, the three-body ef-
water. As such the HCl—water clusters are of interest in th ects are considera in the very polar system
study of acidity and the kinetics of proton transfer. The HCI- _Cl_(HZ_O)Z' Consequently, the results of a stud_y on the
water clusters have been studied extensively, too, because Bimer Will be useful for larger clusters, as the most important
the role they play in the ozone depletion cycle. The Cl radi_mteracuc_ms, the_ pair- and the three-body interactions, are
cal catalytically converts ozone to oxyg&nhThis radical ~Presentin the trimer. o
may be formed from HCl adsorbed on the surface of hexago- [N this study of the internal motions in HCIH,0), we
nal water ice clusters that appear in polar stratospheri@PPly @ dynamical model that is very similar to the one that
clouds?*?5 Because of this role the HCl-water clusters haveWas developed earlier for the water trirffet**in order to
drawn much attention of molecular dynamicf§t® and interpret and understand the high-resolution far-infrared
experimentalist&®-34 spectra'2 An important difference with the water trimer is

In this work we study the trimer HCIH,0), and one of ~ that the present complex does not have three equal mono-
its isotopomers. This trimer is similar to the water trimer in mers on the vertices of an equilateral triangle. So, in this
that it is also strongly hydrogen-bonded. The interactions an@aper we will have to modify the earlier model somewhat.
internal motions in the water trimer received muchAgain we considerJ#0 states and Coriolis coupling be-
attention?>-5%|t is the general conclusion of these paperstween the internal motions and the overall rotation of the
that only the nonhydrogen-bonded hydrogens in the watefrimer. The VRT energy levels will be presented. As far as
trimer show large amplitude motions and tunnel through theve are aware, the vibration-tunneling levels have not yet
plane of the semirigid hydrogen-bonded network. The vibrabeen measured or calculated earlier. Kisiehl*” measured
tions of the network are much stiffer than of the threerecently the rotational spectrum of HGH,,0), and several
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bonded hydrogen atom. Before discussing the choice of the
planar reference geometry we first review the form of the

<. Hay Hoo kinetic energy operator for this motion, because it dictates to
\/ some extent the choice of the reference geometry.

1A + o A. Kinetic energy operator

We follow closely the derivation given in Ref. 53 for the
L\ , water trimer. The hydrogen-bonded trime(kl,O); and
\ b (D,0)5 are oblate symmetric tops due to the averaging over
H Hyy six symmetry equivalent minima in a three-dimensional po-
/ tential energy surface. The three degrees of freedom of this
O1 surface are rotation angles of the nonhydrogen-bonded hy-
drogen atoms. During their rotation the three hydrogen nu-
Hip clei flip through the plane of the hydrogen-bonded skeleton
FIG. 1. Planar reference geometry. The rotation axes are dashed and tRd1d the system tunnels from one equivalent minimum to an-
direction of positive rotation is given. The two water molecules are characother. In previous articles from our grotip*a Hamiltonian
terized byr 5,=0.9650 A and/ HOH=104.784°, whiler,=1.2839 A.A  was derived describing this three-dimensional tunneling mo-
:j'Stance of 1 A is marked on the axes to give an indication of the bondjoy The gverall rotation of the trimer was also included in
engths. The numerical values of the coordinates are listed in Table I. .
the model, so that states with total angular moment quantum
numberJ# 0 could be studied. At first the model was applied
of its isotopomers and extracted the Cartesian coordinates ¢d the symmetric, isotopically pure, trimers and later to some
the atoms from the rotational constants. A small modificatiorless symmetric isotopometsThe model gives a consistent
of these coordinates yields a planar reference geometrgssignment of all bands measured to date.
which is essential to our model. Since in the water trimethree protons are tunneling and
We end the introduction with an outline of the work. It since this trimer is a symmetric top, while the present trimer
consisted of the following consecutive steps: First, a planais an asymmetric top, we must adapt the derivation some-
reference geometry of the trimer was obtained from the notwhat. The derivation of Ref. 53 starts by introducing internal
completely planar experimental coordinates. Then an atomiand externalEulern angles as generalized coordinates. Then
orbital basis set was chosen and used to generate by thiee metric tensor of these coordinates is derived and the ana-
CCSIOT) (coupled cluster single and double with nonitera-lytic inverse of this tensor is substituted into the Podolsky
tive triples method a two-dimensional potential energy sur-form®® of the kinetic energy. The three external Euler angles
face (PES. This surface was fitted and applied in the solu-are designated, B, andvy. The first two are the spherical
tion of the nuclear motion problem. The form of the kinetic polar angles of the-axis (perpendicular to the plane of the
energy operator appearing in this problem is similar, but notrimer) with respect to the lab frame. The third angjegives
identical, to the operator used in the water trimer, which isa rotation of the trimer around tfeaxis. The internal angles
why we sketch briefly its form. Finally the Hamilton matrix y; and y, are the rotation angles of the free hydrogens
was diagonalized and the rovibrational states were obtainedround the axes described above—the dashed lines in Fig. 1.
They are discussed in the one but last section of this paper. In order to present the kinetic energy operator, we must

The last section contains the conclusions. introduce some auxiliary quantities. The vectgris the po-
sition vector of the center of mass of monomerin the
Il. THEORY frame shown in Fig. 1. The mass of monomeis m,. We

approximate the exact operator in the same way as in Ref. 53

In Fig. 1 we show a planar reference geometry of th . .

. T .. [Eq. (A37)] and assume that the pafl of the inertia tensor
t“meg; which is cllose to Fhe geometry prqposed by K's'efgf?h(e trir?w]er may be neglected 'IFEth neglect does not affect
et al.’’ on the basis of their measured rotational spectra. Be- : : R :
low we will discuss how we obtained this reference eom-at- all the dominant term in the Hamiltonifihe first term of

g H™ in Eqg. (5) below] and has a small effect on the other

etry from the experimental geometry. We see a hydrogenl-(. i i Accordinal ite this t
bonded water dimer inside the complex with the first water INELIC energy terms. Accordingly we write this tensor as
molecule acting as hydrogen donor to the second. Further the 3

HCI monomer donates a hydrogen to the first water mol-  (Im)k= 2, M,(Sv2—v,4,), (1)
ecule, while the second water molecule donates a hydrogen .

to the HCI molecule. The latter hydrogen bond is stronglywherewv, is the length ofv,. Note thatly, is the inertia

bent and much weaker than the other two bdHds. anal-  tensor of a system of three “pseudo” particles that have
ogy to the case of the water trint@P*we expect that the two monomer masses and are positioned at the mass centers of
nonbonded hydrogeri$l; , and H, ;) can tunnel through the the monomers. We will choose our reference geometry such
plane of the trimer. In this section we describe a model forthat the tensot,, is diagonal.

this tunneling motion in which the hydrogen-bonded network ~ The kinetic energy operator contairk=(Jy,Jy,J;),

is kept rigid and the free hydrogens Hand H, ; rotate, see  which is the total angular momentum operator. It has the
Fig. 1. A free hydrogen rotates around the axis pointing fromusual form of a body-fixed rigid rotor angular momentum
the center of mass of its water molecule to its hydrogen-operator satisfying anomalous commutation relations.
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TABLE |. Planar reference geometth). The axes are principal axes of the TABLE Il. Coordinates obtained by rotating the two water molecules in the
tensorly, [Eg. (1)] with rotational constants: 1/(%)),x=A=7112.62 MHz, reference geometry of Table | over;=30.8° andy,=—40.0°, respec-
1/(21y)yy=B=3250.18 MHz, 1/(2),,=C=2230.80 MHz. The coordi- tively. The experimental coordinates of Ref. 67 are given in the last three

nates are depicted in Fig. 1. columns. Units: A.
X y z Rotated Experiment
0, 1.15115 —1.466 67 0.0 0, 1.1577 —1.4706 —0.0279  1.0921 —1.5357 —0.0429
His 1.696 41 —0.67048 0.0 Hy; 16964 —0.6705  0.0000  1.6425—0.7434 —0.0178
Ha 1.78185 —2.197 04 0.0 Hi, 16777 -21340 04420 15711 —-2.1851  0.4863
0, 1.707 32 1.259 21 0.0 0, 1.7128 12707  0.0350 17739  1.1944  0.0404
Ha 0.859 92 1.720 86 0.0 H,;  0.8599 17209 0.0 0.9136  1.6313  0.0511
Ha 2.369 92 1.960 76 0.0 H,, 22835 17784 —05547  2.3373 17728 —0.4881
of —1.490 27 0.18272 0.0 Cl -1.4903 01827 0.0 -1.4815 0.1630  0.0009
H —0.499 98 -0.634 41 0.0 H —-0.5000 —0.6344 0.0  —0.5446 —0.7145 —0.0228
Further we designate the unit vectors along the water _ 1 1 92 : : :

rotation axes—the dashed lines in Fig. 1—bly, HM=— > 21 | F+AJXJX+ Bjyiy*+Cl.i:

=(cosé,,siné,,0)". From Table | it is easy to get; VT OXy

=58.827° and{,=154.650°. The water inertia tensor on +V(x1,X2).

basis of principal monomer axes is didg(l 5,l;). We rotate

the principal axis frames of both monomers around their reT"€ SUM ovew runs over the two water molecules and we
spectivec-axes(perpendicular to the plane of the molegule attached the index to I, ,, to allow for different isotopes.
over an anglep, which is the angle between theaxis (the Obserye that this te_nso_r element occupies the_ position _of t_he
bisector of the molecujeand the vectoh, . From the coor- Mass in the usual k|net|(_: energy ope_ratorsz which explains its
dinates in Table | we obtainp=55.623°. In the rotated 'Mportance. The potentiaf(xy,xz) will be introduced be-

frame the water monomer inertia tensor becomes low.
I Ixy O l,b, 0 O
I I 0|_ 0 I, O B. Reference geometry
ooy =R, (—¢) 2 R o),
0O 0 1, 0 0 I. The geometry of the hydrogen-bonded system

HCI-(H,0), was determined by Kisiel and co-workéfs.
) : . )

They measured microwave spectra of different isotopomers
whereR,(¢) is a rotation matrix representing an active ro- in different rotational states and extracted atomic coordinates
tation around the-axis over$. We will see that the energy from their spectra. The complex was found to be almost, but
eigenvalues are dominated by the magnitude of the tenseiot completely, planar, the main exception being the two
elementl,,; it is the moment of inertia corresponding to water protons that do not participate in a hydrogen bond.
rotation aroundh,. Its numerical value is given by One proton was found above the plane of the complex and

1/(214,)=21.1135 cm* (for the protonated trimer the other below it. The other atoms are close toxiiglane,
We introduce the angular momentum opergfarwhich  but not in it, see Table II. In our model we assume a rigid
generates the rotation arouhgl, planar  hydrogen-bonded  network -@—M;—Hy —

M,—H,,, where M and M, are the centers of mass of the
water monomers 1 and 2. The free hydrogens are rotated out
of this plane by rotations ovey,; and y,, but also the oxy-

Ixcos§,— Iy sing, cosy,
1| 1sing, + 1y cosé, cosy, | 7

x Iy SinY, IX v gens move slightly out of the plane by these rotations. We
extracted from the experimental data a planar structure of the
v=1,2. (3) hydrogen-bonded framework and the angfgsnd y, of the

. external hydrogens that give optimum rotational constants.
These operators are non-Hermitian due t(_)_the presence gf qoing this we first computed the rotational constants from
cosy, and siny, in their definition. We writgj=j;+j. AS  the experimental coordinatesye,,= 6853.6, Be,,= 3187.5,
the last auxiliary quantity we introduce the Hermitian opera-5n Cox=2185.8 MHz, where we used the masses H:

. H — . . T
torj7=)+] . N N ~1.0078252 u'®0: 15.994 9150 u, antPCl: 34.968 8510 u.
In terms of these auxiliary quantities the Hamiltoniany, put the index “exp” to these constants because they are
becomes finally’ calculated from the experimental coordinates; we do not im-
H = H'ot4 HCory Hint (4) ply that these constants were directly observed. To obtain the
ith planar reference structure we minimized the root mean
wit square errofRMS): R=[AA2+AB2+AC?]Y2 whereAA
H™l=AJ2+ BJ§+ Cx, stands for the difference between the experimental and\our
Cor T . . rotational constant and likewise f&@ and C. The optimum
H*=-AJij,-BJljy—Cli;, (5 rotational constants, which occur for the angjes=30.8°
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and y,=—40.0°, are A=6853.6, B=3187.4, andC TABLE Ill. CCSD(T) barriers(cm 1) as a function of basis. The barrier is
=2185.7 MHz withR=0.05 MHz. The corresponding Car- defined asV(x;=60%x,=~30")-V(x,=0%x,=0°), whereV is the

. . . . two- plus three-body interaction.
tesian coordinates are given in Table I.

At this point we note already that the surface hasabn Basis Dimension Barrier
initio minimum for y;=57° andy,= —26°. The rotational aUg-co-pvDZ* 18 348.9
constants for these 'angles ahe=6841.4,B=3185.5, and  ,,gcc-pvT 257 311.0
C=2187.3 MHz which have a RMS of 4.1 MHz 1.4 cc-pvTZ? 164 285.0
x10"*cm™L, 6311+ +G(2d,2p) @ 139 327.1

After having found the reference geometry, we per- Z;QF;;E;(/DZ&;JO”& N igj gigg

. . waten/aug-cc-p .
formed an overall rotation of the system in thg-plane by EZPPBRwaten/6311+ + G(2d.2p) (Cl) 156 308.1

means of the eigenvectors igf [Eq. (1)]. This rotation gives
reference coordinates that diagonallge. The correspond- ®rom Ref. 70.

ing rotational constants, B, andC (given in the caption of b':mr(‘;;gf-zm' plus bond orbitals in hydrogen bosdy: «=0.9,0.3,0.1d:
Table I) deviate 3.6%, 11_9%, and 2.0% from the Valmp’ . Wi/ate.r from Ref. 71 plus extrd («=0.6) on oxygen; chlorine from Ref.
Bexp,» @andCe,,, respectively. These percentages give an in-7,

dication of the error introduced by neglectilﬁﬂ‘ in the total  “Water from Ref. 71; chlorine from Ref. 70, plus exfréa=0.7) on chlo-

inertia tensor. rine.

In the second round we started by first computing the

IIl. CALCULATION AND FIT OF THE POTENTIAL barrier height in the rather large aug-cc-pVTZ b&sisnd
ENERGY SURFACE searched for smaller, more economical, bases that could re-
A. Calculation produce this height. The different heights obtained in differ-

ent basis sets are shown in Table Ill. Assuming that the value
of 311.0 cm ! obtained in the largest.e., the aug-cc-pVTE
Mhasis is the best approximation to the true value, we find that
the 156-dimensional basis: EZPPBF on water and 6311
. +G(2d,2p) +f on Cl gives a good price/performance ratio.
as well as for ine B monomer. We used this aefault. n the The water part of this basis is due to the van Duijneveltits.

case of the trimer this means that excitations are from thq.
. . . . . . The lett EZ refer to th t d zet ary'5s,
highest twelve occupied orbitals, while for the dimers exu—oneoeanedrs( A.:/Zs;eoenr HO TheeelgtteenrgePsze?efte:gNoS;o?gr)iza-

tation is from highest eight. We computed the following tion functions on H and O. The letter B refers to andp

CCSIO() interactions: orbital (as= a,=0.6) in the three hydrogen bonds, i.e., half-
E(1,39=Ep+Eg+Ec, way the Cl-H,, H-0O;, and H ;—O, bonds. The letter F
refers to a singld orbital on O. We used the same basis for
E(2,3=EastEsctEca=2E(1,3), ©) the HCI hydrogen as for the water hydrogens. The chlorine
E(3,3=Eapc—E(1,39—E(2,3), part of the basis is the 63%1+G(2d,sp) basis from Ref.
. i 72 augmented with an f orbital with exponest=0.7. We
where E(N,3) denotes theN-body term in the trimer. All ;5a4 this basis to compute the PES on 50 points in the range

seven CCSDN) energiesE,, . .. Expc are computed in the from —110° to 110°. Thesab initio pointsare made avail-
trimer basis, thus correction for basis set superposition errorgye via EPAPS3

is automatically assured. Herg B, andC label the mono-
mers. Unless stated differently we will describe the potential
energy surfacgPES by the sum of the pair interactions B Fit

All our ab initio calculations were done by the CCAD
method. They were performed with the aid of the progra
MoLPRO.®® By defaultMoLPRO excites from the highest four
occupied(valence molecular orbitals for the HCI monomer

E(2,3) plus the nonadditive terr(3,3). Below we will We fitted the total interactiof(2,3)+ E(3,3) as well as
show that the surface is symmetric undgf (x2)—(~ X1,  only the two-body interactio(2,3), cf. Eq.(6). Writing V
— X2), Which is due to the inversion symmetg. for either potential we note that because of symmetry

It is important for a reliable prediction of the tunneling v/(y, y,)=V(— x;,— x»). We used for the fit the reproduc-
splittings that barrier heights and widths in the PES are commg kernel Hilbert space interpolation method of Ho and
puted correctly. A good atomic orbital basis is crucial for rapitz’* which we slightly modified to build in the symme-
this. In finding the basis we proceeded in two rounds. In thery, |n order to use the reproducing kerriek.) proposed by
first round we scanned the surface with the moderately sizeghese workers for anglelike variables we define the scaled
aug-cc-pVDZ basié? In this basis we found the equilibrium ang shifted coordinates(x;)=2(x1/xmact 1) and y(x»)
to be close to £1,x2)=(60°,~30°) and we expect a tun- =1ty /v, +1), with yue=110° such that &xy=<1.

neling from this minimum tokl,){z) = (_600,300) through The potentia| is expanded as
a barrier which has its maximum ag{, x,)=(0°,0°). The

50
barrier height in this small basis is 348.9 ¢l The same

V(x1,x2)= 2>, cla(xx)a5(y.y;)

basis gives the lower barrier of 331.3 chin the second- =1
order Mgller—PlessetMP2) approximation, which is why . .
we did not use MP2 in our calculations. +0x(1-x,%)ax(1=y,yi)], (7)
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the second of the three Euler angles describing the overall
rotation. In the solution of the nuclear motion problem we
use a basis of Wigneb-matrix element§® D{)(a,8,)*
times a product,(x1) ém(x2) of discrete variable represen-
tation (DVR) sinc functions. A DVR sinc function has the
form,76,77

L osina(x/A—n)
Elx)=A mm- 8

These functions have the DVR propertyé,(mA)
=A"Y25 . and are located on an equidistant grid with
spacingA, which we take to be the same for the two angles
throughout this paper. The indexcounts the points on the
grid. The potential energy matrix elements are approximated
by a quadrature on this grid. As a result the potential energy
matrix is diagonal

FIG. 2. Contour diagram of the interaction energy (¢nV(x1.x2)-

(€0 (X1 Em (X2 IV (X1.X2)[€n(X2) Em(X2))

where the r.kg3(x,x’) is the polynomial of degreer2-1 S ndmmV/(NA,MA). ©
for x<x’' and of degreen—1 for x>x' as defined in Eq.
(23) of Ref. 74. We find thathn=3 gives a sufficiently All multiplicative (local) operators are evaluated in this ap-
smooth fit. The coordinates andy; are related to the coor- proximation.

dinates of the 50ab initio points by x;=x(x;;) andy; Since the sinc functions are orthonormal it follows that
=VY(x2). The 50 expansion coefficients are obtained as
the solutions of the linear equations that arise from the con-

2
ditions Vi=V(x1i,x2), where the valuesV; are the
= VX x2) | <§nr(x1>§mr<x»

CCSOT) interaction energies. Since the condition number of a_)(f
the set of linear equations is abouk 503, we do not need

to use a regularization method as discussed in section 2C of _ <§ (x1)
m’'m\ Sn’

§n(X1)§m(X2)>

2

Ref. 74. &Xi

The second term in Eq7) enforces the symmetry since
X(=x1)=1-X(x1) and y(—x2)=1-y(xz). Initially we - : 2 o
tried to obtain a fit of the correct symmetry by simply adding@d & similar expression 7@2/‘9?(2- The second derivatives
the symmetry related points to thé initio data, while fitting "€ given analytically by
without the second term in E¢7). However, this yields a fit
which is only approximately symmetric.

fn(X1)> , (10

2

See Fig. 2 for a contour diagram of the fitted potential. ~ T for n'=n
The valueD, of the depth of the well aj;=57° andy, 92 3A2
=—26° is 4164.26 cm'. The value for the saddle point &ns Ev n)= 2(— 1y (11)

x1=Xx>=0° is —3851.73 cm?, thus the barrier height is s
312.53 cm!. The minimum in the two-body potential is at (n'—n)2A2
x1=54° andy,=—26°. Its depthD, is 3629.17 cm? and

its value aty,=x,=0° is —3378.41 cm?, which makes . L
for a two-body barrier height of 250.76 cih This heightis "€ matrix elements of the operatgis , , (I=x,y,2) can
about 62 cm lower than the height in the total two- plus bg compyted by substltutlpn of a resqlutlon pf identity in the
three-body PES. sinc basis between functions and differential operators. To

show this we write brieflyj,,=—i(adldx+b cosydldy),
where the constansandb are given by Eq(3). The opera-
torjIxj .x can be rewritten in different ways. Since the reso-
We start this section by discussing the computation ofution of the identity in the sinc basis is an approximation,
the matrix of the Hamiltonian in a product basis of sinc andthe best results are obtained by an expression with the local
rigid rotor functions. Under the condition that the total iner- functions siny and cosy on the outside. This is because local
tia tensor does not depend gnandy,, the volume element functions are diagonal in the sinc basis, so that only one term
associated withy; and y, is constant and only the usual of the resolution of identity survives. Further we require the
weight sinB must be included in the integrations, whegdés  expression to be manifestly Hermitian. Thus, we write

for n’#n.

IV. THE NUCLEAR MOTION PROBLEM
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2
R 2 2
Joxlvx=—2a axz_b

pr: TABLE IV. The lowest tenJ=0 excitation energies. All energy units are
) 1 ) .
cosy COS)(—SInz X cm The first column gives the symmetry of the state urigfer (_Zolgmn '
2 two is for the protonated trimer and is computed from a potential including

the pair potential only, cf. Eq6). The third column includes the nonadditive

P 9 three-body effects. The last column is for the deuterated trimer and is ob-

_ Sin)(— COS) + COSy — sinX taineq from the pair plus three-body potential. AbsoI‘ute values of zero point

ax ox energiesD, for the protonated species are 3449(p8ir) and 3968.78to-
tal). The correspondin®. values are 3629.17 and 4164.26. For the deuter-

2 2 ated specied) ,=4014.04.
9 J R R I
—ab COSX(?_XZ + 19_)(2 COsx— Smxa + ESIHX : Sym. H,O(pair) H,O(total) D,O(total)
(12 A, 0.00 0.00 0.00
A, 14.40 8.94 1.39
The expression foﬂyj .y Is completely analogous, and for A, 125.91 129.19 95.07
iT,i.. we have A, 136.41 135.78 95.73
Y A 181.00 196.58 162.92
72 3 A, 258.95 270.72 192.36
ot 2| i ; ; A 270.87 277.35 197.66
= —_— — + —_ 1
Jial 2= ( SinX X2 sin—cos x+cosy dx sinx A, 282.17 283.99 198.81
A, 324.95 334.75 255.06
P A 382.03 392.28 271.76
—siny—-—cosy |. 13
X5 CoSX (13
The local functions siiy and cosy are diagonal, V. RESULTS AND DISCUSSION
(&x(x)|cosx|én(x)) Nc_> symmetr_y was u_sed in the calculations oth_er thar_1 in
choosing theab initio points on the PES and the fit of this
=dyncognd) - and (&, (x)[sinx|&x(x)) surface. In order to understand the results it is necessary to
. say first a few words on the symmetry of the problem.
= Spn SIN(NA). (14 y y y P
A. Symmetry considerations
The derivatives are given By’ _ ,
In our model, where we have differefiked angles¢;
0 forn'=n and ¢, and fixed monomer positions, the two water mol-
Ve ecules are distinguishable. Furthermore the model does not
& a &)=1 (D for n'#n (15 allow for the intramolecular permutations of the protons. In
(n"—n)A ' other words, the identitfe and inversionE* are the only

symmetry operations left of all the elements in the complete
As in the theory of the asymmetric rotor we will find it permutation-inversion group. Inversion with respect to the
convenient in the computation of matrix elements to writecenter of mass of the trimer sends the Euler angl® y
H™"in terms ofJ, andJ.=J,+J, (this definition is due to  + 7, and givesy;— — x1 and y,— — x». When we neglect
the anomalous commutation relations satisfied by 3he  HC'the exact eigenfunctions are products of eigenfunctions

thus of H™ (asymmetric top functionsand of H™. The symme-
try of the total eigenfunctions is an outer product of the sym-
H™'=1(A+B)J?>+[C— 3(A+B)]J? metries of the eigenfunctions of both operators. When we do
include Coriolis interaction, in principle only the symmetry
+ H(A=-B)(J3+J%). (16)  of the total wave function is determined. We will find, how-

ever, that this interaction is small and that the symmetries
imposed byH™ and H™! separately are still clearly recog-
nizable in the wave functions.

The numerical values: A+B)/2=0.173 cm?!, C—(A
+B)/2=-0.098 cm?, and (A—B)/4=0.032 cm!. We
write hereH™! as the Hamiltonian of a rigid rotor close to an
oblate top for whichA=B, as we did for the water trimer,
i.e., K=K,. Although in this cas® is closer toC than toA,
we find it convenient to have theaxis perpendicular to the The lowest 10 energies for the=0 states are given in
plane of the trimer rather than along tkeaxis (a-axis) of  Table IV. We tested grid spacings and grid sizes and found
Fig. 1, what we would have to do if we wrote the Hamil- that the lowest four states have converged to within 0.01
tonian in a form close to the prolate limit. Note that, sincecm™ !, while from the fifth state onward the errors are slowly
C—(A+B)/2 is negative andA—B)/4 is fairly small, the increasing, with a largest error of 0.4 chfor the tenth
eigenvalues oH™" may be expected to increase with de- state. Hence we conclude that a grid spacing of 10° and a
creasing eigenvalues dﬁ. grid with x; and y, ranging from—110° to 110° is suffi-
After the Hamilton matrix is computed in the manner ciently accurate for our purpose. The zero point vibrational
just described, we determine its lowest eigenvectors and eenergyD,— D, is 195.53 cm®. Note also the importance of
genvalues by means of the routipsPeEvVX in the LAPACK  three-body effects in the potential on the tunnel splitting. In
library.”® Table IV we see that neglect of these effects in the PES

B. J=0 states
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FIG. 3. Contour diagrams of the ground state wave function and the firsFIG. 4. Contour diagram of the first excited vibrational wave function and

excited tunneling state as a function of the angfgsand x,. The second its tunnel splitted counterpart as a function of the anglesand y,. The

state has an energy 8.94 chabove the first. energies are 135.78 and 129.19 dmrespectively. The tunnel splitting is
6.59 cni't.

increases the splitting from 8.94 to 14.40 ¢ which is

consistent with the fact, noted above, that the barrier heighsplitted A, counterpart is also shown in Fig. 4. Its energy is

in the two-body potential is 62 cnt lower than in the total  6.59 cmi ! lower. The overtones of this motion are shown in

potential. See Fig. 3 for thA; ground state and the first, Fig. 5. Here the antisymmetric state is 6.78 ¢nabove the

tunneling state, which is 8.94 cm higher than the ground symmetric one.

state. We see here that the system separates reasonably well in
The first excitedA; vibrational state is shown at the top a x; and ay, dependent part. The motion in thyg direction

of Fig. 4. We determined a one-dimensional force constanbhas a zero point energy of approximately 135.7868

by fitting a parabola through the PES as a functiorygfat  cm™ . The zero point energy for the perpendicular motion in

fixed y;=57°. The harmonic energy obtained by this forcethe y; direction is then 195.5368~128 cm !, so that

constant is 136.75 cit. This value agrees well with the states with energies larger than185 cm ! are above the

energy 135.78 cm' of the state at the top of Fig. 4. We barrier. The motion that crosses the barrier is predominantly

conclude that this state resembles the first excited state ofia the y, direction.

harmonic oscillator moving in thg, direction. The tunnel In the top part of Fig. 6 we show a wave function of
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(b) % FIG. 6. Contour diagrams of the symmetric wave function at 196.58'cm

and its antisymmetric tunnel counterpart at 270.72 tas a function of the
FIG. 5. Contour diagram of first overtone vibrational wave function and itsanglesy; and y,. The tunnel splitting is 74.14 cnt.
tunnel splitted counterpart as a function of the anglesnd x,. The ener-

gies are 277.35 and 283.99 ch respectively. The tunnel splitting is 6.64

1

cm . )
Cor__ =total__ =rot__ int
Eki — ki Ek Ei ,

17)
where the first term on the right hand side is an eigenvalue of

energy 196.58 cm' that has two distinct nodal planes par- the total (2+ 1)Ngrig-dimensionalH-matrix. The second
allel to they, axis, i.e., it oscillates in thg, direction. Itis  term is obtained by diagonalizing the matrixté®tin a basis
heavily modified by tunneling, as also follows from the largeof eigenfunctions ofJ?> and J,, K=-1J, ..., J. The last
tunnel splitting of 74.18 cm®. Finally we note that the as- term is an eigenvalue ¢f™ obtained forJ=0 in a basis of
signment of the antisymmetric functions shown in Figs. 6N sinc functions. We considered a 10° grid spacing on the
and 5 is not unambiguous. The two states mix heavily, sincénterval [ —110°,1109, thus we haveNyq= 23=529 sinc
they are in the same energy regime. functions. We computed only the lowest ten vibrational-
tunneling states. Fai=1 andJ=2 the Coriolis interaction
Ec’ is very nearly the same for each of the vibrational-
tunneling stategat least fori<10) and depends only dk

We give a brief discussion of the#0 states and inves- For J=1 the values are—0.0032, —0.0022, —0.0053
tigate in particular the contribution of the Coriolis interactioncm™ !, while for J=2 they are —0.0015, —0.0054,
HC" cf. Eq.(4). This contribution is given by —0.0150, —0.0141, and-0.0176 cm®. In both cases the

C. J#0 states
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Coriolis interactions are listed for increasing rigid rotor en- Finally, we found that three-body effects in the potential
ergy. Clearly, for lowJ quantum numbers this interaction is are very important. Neglect of these effects changes the first
small. However, in high-resolution spectroscopy even theunnel splitting from 8.94 to 14.40 crd.

small Coriolis effects may be discerned. If these will be ob-

served in the future we will—guided by the experiments—ACKNOWLEDGMENTS

return to our calculations and compute the Coriolis interac-

puting them as expectation values of the inverse inertia tené
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