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A novel and efficient pseudospectral method for performing fully coupled six-dimensional bound
state dynamics calculations is presented, including overall rotational effects. A Lanczos based
iterative diagonalization scheme produces the energy levels in increasing energies. This scheme,
which requires repetitively acting the Hamiltonian operator on a vector, circumvents the problem of
constructing the full matrix. This permits the use of ultralarge molecular basi$ugete over one

million states for a given symmetryin order to fully converge the calculations. The Lanczos
scheme was conducted in a symmetry adapted spectral representation, containing Wigner functions
attached to each monomer. The Hamiltonian operator has been split into different terms, each
corresponding to an associated diagonal or nearly diagonal representation. The potential term is
evaluated by a pseudospectral scheme of Gaussian accuracy, which guarantees the variational
principle. Spectroscopic properties are computed with this method for four of the most widely used
water dimer potentials, and compared against recent terahertz laser spectroscopy results.
Comparisons are also made with results from other dynamics methods, including quantum Monte
Carlo (QMC) and reversed adiabatic approximation calculations. None of the potential surfaces
produces an acceptable agreement with experiments. While QMC methods yield good results for
ground(nodelessstates, they are highly inaccurate for excited states.1997 American Institute

of Physics[S0021-960807)01020-9

I. INTRODUCTION sentation(FBR), it is generally found that at least 10 basis
functions per degree of freedom are required for spectros-
While the study of intermolecular forces has a very longcopy accuracy. In order to calculate VRT spectra from an
history, tremendous progress in our understanding of the daPS for the general case of two interacting linear molecules
tails of molecular interactions has been achieved in the lasgith frozen internal motiongusually a very good approxi-
several years™* This has occurred because of major andmation), this necessitates the solution of an eigenvalue prob-
simultaneous advances in high resolution spectroscopy @ém of dimension 1t Elrod and Saykally employed such
weakly bound clusters? ab initio calculations of intermo- an 2 approach in their determination of the four-
lecular potential surfacg#PS),® and in the theoretical meth- dimensional(4D) IPS of (HCI),, but upon extending this
ods used to describe the dynamics that occur on thé #¥S. approach to the six-dimension@D) case of two interacting
These advances have now permitted the direct determinatigsolyatomics both CPU time requirements (N®) and storage
of accurate and detailed IPS for systems with two, three, andemands ¢N?) thus become prohibitive. Nevertheless, a
four fully coupled degrees of freedom. most impressive demonstration ¢f? variational method
These potential surface determinations have generallwas recently presented by van der Avoird and co-workers, in
proceeded via direct least squares fits of far-IR and mid-IRvhich an empirical potential model was employed to quan-
vibration-rotation-tunnelingVRT) and microwave spectra, titatively reproduce all measured properties of the ammonia
which were constrained with other available dataultipole  dimer (microwave and VRT spectra, dipole moments,
moments, dispersion coefficients, virial coefficients,In  nuclear quadrupole splittings of the (N4 and (NDy),
order to perform such calculations for systems with 3 orisotopomers.However, the considerable expense of this cal-
more coupled degrees of freedom, accurate and very efficieulation still precludes a rigorous determination of the IPS
dynamics methods must be employed, since a nonlinear rehrough regression analysis.
gression analysis will typically involve-100 calls to the A number of innovative approaches to this problem have
algorithm which calculates the spectra from the IPS. If oneappeared recently. The collocation metfiotf used for the
employs a variational method with ar? finite basis repre-  determination of the three-dimensioné8D) Ar—H,O!12
and Ar—NH! potentials, yields very simple programming

apresent address: Hope College, Department of Chemistry, Holland, MANd essemial!y complete .generallity with respect to the form
49422-9000. of the potential and basis functions, but suffers from the

J. Chem. Phys. 106 (20), 22 May 1997 0021-9606/97/106(20)/8527/18/$10.00 © 1997 American Institute of Physics 8527

Downloaded-27-Jun-2001-t0-132.162.161.158.~Redistribution-subject-to-AlP-license-or-copyright,~see-http://ojps.aip.org/jcpo/jcpcr.jsp



8528 Leforestier et al.: 6D calculations on (H,0),

Acceptor Tunneling

Z Axis

Rz(2)

i“a a 4C a -

Rqx(Z)

o d ~Pog

FIG. 1. The three internal tunneling pathways giving rise to energy level splittings, as discussed in the text.

computational inefficiency associated with the non-and this limits their usage for potential surface determina-
symmetric eigenvalue problem. Quantum Monte Carlotions.

(QMC) methods developed so tar'8offer a convenient and The method we describe in the present paper consists in
efficient extension to larger systems. A recent demonstratioa Lanczos based, split Hamiltonian formulation of the prob-
of the power of this method was presented by Eiual?  lem. Initiated by Feit and Fle¢k?° and Kosloff and
wherein a fully coupled 30D treatment of the VRT dynamicsKosloff, >??the split Hamiltonian method makes use of two
in the water hexamer with diffusion quantum Monte Carlodifferent representations associated with the Hamiltonian op-
(DQMC) using Stone’s ASP potential model produced excel-erator. In its original formulation, the kinetic energy part was
lent agreement for ground stafeodelesy properties with  evaluated in the spectral representatiplane waveg while
far-IR laser spectroscopy results. Such QMC methods suffea grid was used for the potential. It should be noted that these
from a great difficulty in treating excited states, however,two representations are equivalent, being related by a unitary
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TABLE |. Water dimer parameters used in the calculations. TABLE Il. Symmetry adapted linear combination vectors for to the differ-
ent irreducible representatiohs \ is defined asl+j,+jg -
Ro_p=1.808846 a.u. HOH=104.5° Kh,0,1,0=9:00525 am.u
B,=14.5216 cm? B,=9.2778 cm* B,=27.8806 cm’ [€1,Q) lj ajsKaks 1] )
|€2.Q) |ijA%;j@
|€5.Q) |jAjB%;jQ>
[£4,Q) |lisi akeka:i )
transform[multidimensional fast Fourier transforfFT)]. o y ]
Such a split representation has been confined for many years liaiekake ;12,1 (ka ke) parity
to iterative time dependent propagation meth(sé= Ref. 23 A; HF (1) G+ (- )M g+ (-1)g, ee
for a review. It was later introduced in bound states calcu- Az: 51*(*1):&*(*1)::]_53*(*1)’_54 oe
lations by Friesneet al?* through the adiabatic pseudospec-  B1 b (L (1T e (1) ee
tral (APS) method. The scheme, based on the iterative Lanc- Ei Gt gziéjiiﬁéﬁ(_l) b o eooor co
. . . 1 3
zos method has been applied to the simulation of SEP E+(—1)Mg, oeoreo
spectra. In this formulation, the spectral representation con=——- N T J.
sisted of the adiabatic eigenstateB, (q;6,)} with respect 21, glt(:l)xgz:(:1)Hj§3_(:1)j§4 e
. 2 §1- (1) 6= (1) &+ (-1)é, oe
to some slow coordinaté: B, G- (— 1) E— (— Mg+ (—1)ig, ee
. — _ Neg Ntjg _(_ j
H(0.,)Pn(0: 0) = Z0( ) P1(G; 0,). S e V) A
These adiabatic states were computed on a two-dimensional & (—1)Mg, oeoreo

grid g, by means of the successive adiabatic reduction
(SAR) method of Bai and Light?>?®and were used in the

treatment qf Friegneet al. to perfprm the. spectral to grid o at0r. As discussed by Friesiféthe inverse transforfEq.
transformation using the collocation matrices 3] allows one to eliminate the aliasing terms associated with
R%);@ﬂ(qp 10.,). (2)  evaluating the residual terms on a grid. One thus regains the

) ) . . variational principle which is otherwise lost. This approach
This grid representation was then used in order to evaluatgas peen recently generalized and applied to tetra-atomic

some residual terms of the Hamiltonian operatoon- system&®
adiabatic coupling termsFinally, the effect of these terms The next step in the development of using contracted
was expressed in the spectral representation by means of thggis sets in split Hamiltonian algorithms is due to Corey and
inverse grid to spectral representation colleagues. In a very important paper, Corey and Lenfdine
#1=[RT-R]"L.R* () had shown how one can transform between a spherical har-
) " monics basis set and a two-dimensional grid associated with
defined t,’y Ieast. squares flttlng._ i i the polar angles. The key point of this transformation is that
The innovative aspect of th's method IS that of using Gt treats exactly the apparent singularity of the kinetic energy
contracted spectral representation as the primary one. Fromo?)erator (sin? 621947 that appears in a pure grid descrip-
numerical point of view, a contracted representation is muchy,, ‘ag 5 result, the spectrum of the kinetic energy operator
more efficient as it is associated with a narrower spectiuMyisp|avs the smallest possible range. This paper established
compared to an uncontracted one. This property is of Utmosty, ‘efficient handling of a multidimensional grid associated
Importance as I governs the convergence prope-rt|es of tr\‘/?/ith general non-direct product basis sets. The essential de-
subsequent iterativ€Lanczo$ eigenstates calculation. An- parture from Light's original formulatic!l is that one no
other consequence of us_ing such a contracted bE,ISiS .is thatI<.5tnger seeks a unitary transform between the two represen-
ensures converged matrix elements of the Hamiltonian OPtations. As a result, the two representations are no longer

equivalent, the spectral representation becoming the primary
one as it is more compatt. *
o PN Recently the split Hamiltonian method has been applied
by one of ug(C.L.)** to the computation of the VRT states of
- = //\ the Ar—H,0 van der Waals complex. The key feature of the
o calculation was the definition of a grid associated with a
0 basis of Wigner functions, similar in spirit to Corey and
O Lemoine’s approach for spherical harmoritst consists of
a Jacobi transform followed by a double Fourier transform.
In order to maintain the variational principle within the
scheme, care has been taken to remove the aliasing terms
0 resulting from evaluating the potential on a grid. This has
been realized by using a grid size significantly larger than the
spectral representation dimension. When combined with the
FIG. 2. Structure of the wave functionwg ,wg)-components in the un- L@nczos algorithrif*" for extracting the low lying eigen-
coupled basis se®,, for a total angular momentum value=1. states, this split Wigner pseudospecti®WPS method was
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TABLE Ill. J=0 energy levels obtained from a 5D calculation using the TABLE IV. Same as Table Il for the RWK2 surface. jf.value of 13 has
Clementi and coworkers surface. The interfragment distéf)jcevas setto  been used for each monomer.
5.6242 a.u. Wigner basis sets correspondingjg=11 have been used on

each monomer. Figures in parentheses correspond to the energy change in B, —— 10.81 (—0.16)
the level position associated with an increase in the basis set size from ET —— 0.54 (—0.02)
imax—1 to its actual value of - +188.74 (+0.00) A, ——
B, —— 12.21 (-0.09) B —— 0.21 (+0.00)
Et —— 4.36 (—0.04) EY —— 0.18 (+0.00)
+152.26 (-0.09) Al —— +171.84 (-0.02) Al ——
B, —— 10.79 (-0.02) Al —— 0.15 (—0.02)
E- —— 8.28 (—0.00) B —— 0.07 (—0.01)
+151.37 (-0.13) A, —— +168.54 (—0.08) E-——
Al —— 7.32 (—0.00) A, —— 0.27 (+0.00)
E- —— 0.04 (—0.01) EfY —— 0.09 (—0.02)
+149.50 (-0.08) B —— +158.17 (+0.01) By ——
Ay —— 6.76 (+0.02) B, —— 0.13 (-0.01)
Et —— 2.78 (+0.03) E- —— 0.01 (—0.01)
+133.27 (-0.07) By —— +125.53 (+0.02) Al ——
B, —— 1.86 (—0.04) B, —— 0.09 (+0.01)
E- —— 0.83 (—0.05) E- —— 0.09 (—0.02)
+111.75 (-0.09) Al —— +108.00 (+0.01) A, ——
B, —— 2.69 (—0.00) B —— 0.44 (+0.00)
E- —— 1.60 (+0.07) EY —— 0.29 (-0.01)
+96.50 (—0.09) A, —— +107.45 (+0.01) Al ——
B —— 5.62 (—0.02) Ay —— 0.04 (—0.02)
EY —— 3.17 (+0.03) EY —— 0.01 (+0.02)
+81.18 (—0.08) Al —— +58.82 (—0.01) By ——
Ay —— 1.41 (-0.16) E- —— 0.06 (+0.01)
EY —— 0.45 (—0.08) B, —— 0.04 (+0.00)
+75.03 (+0.02) By —— +27.50 (+0.00) A, ——
B, —— 1.25 (—0.00) EY —— 0.10 (+0.02)
E-—— 0.66 (+0.01) B —— 0.04 (+0.00)
+12.48 (—0.02) A, —— —1305.65 (-0.04) Al ——
B —— 1.26 (+0.01)
EY —— 0.79 (-0.02) . . .
~1113.31 (0.17) Al —— erates 8 more configurations. If the equilibrium structure

contains a plane of symmetry, as the evidence currently sup-
ports, then there are only 8 distinct configurations. The per-
mutation inversion(Pl) symmetry groupG¢ is typically
shown to be both very efficient and versatile with respect taused to explain the resulting splittings in the rovibrational
the form of the potential, as well has having minimal storagdevels. G4 is isomorphic with theD4,(M) point group and
requirements. is consistent with observed VRT dynamics. For further dis-
In the present paper we describe the application of theussion of the water dimer group theory see References 38—
SWPS method to the calculation of VRT spectra of the 6D40.
water dimer system. With this approach, we are able to  Acceptor tunneling has the lowest energy barrier making
guantitativelyevaluate several widely used IPS for the waterit the most feasible tunneling motion on the IPS. This motion
dimer with respect to their ability to reproduce high precisionallows for the exchange of the protons in the water molecule
VRT spectra recently measured with far infrared laser methacting as the H-bond acceptor. Figure 1 shows the proposed
ods, as well as ground state microwave spectra. pathway, but the net effect is a, @otation of the acceptor
There are a maximum of 16 equivalent structures of theabout its symmetry axis. Each rovibrational energy level of
water dimer that can be generated without breaking anyhe non-tunneling water dimer is split into two.
chemical bond® The dimer tunnels along low-energy barrier The next most feasible tunneling motion is identified as
pathways on the IPS to access the different structures. Pedonor-acceptor interchange tunneling. There are several pos-
mutation of the nuclei gives rise to 8 equivalent structuressible pathways with the most likely one being the geared
Inversion of these structures through the center of mass gemotion shown in Fig. ! In donor-acceptor interchange, the
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TABLE V. Same as Table Il for the ASP1 surface.jf,, value of 10 has  TABLE VI. Same as Table Il for the ASP2 surface.jA,, value of 10 has

been used for each monomer. been used for each monomer.

B, —— 16.52 (—0.17) By —— 14.82 (—0.12)

E- —— 10.81 (—0.13) EY —— 6.86 (—0.06)
+135.20 (+0.02) A, —— +129.22 (-0.06) Al ——

Al —— 11.06 (—0.10) E- —— 12.60 (—0.11)

E- — 1.20 (+0.00) Al —— 11.90 (-0.15)
+125.12 (~=0.01) B, —— +128.19 (+0.05) B, ——

B —— 21.00 (-0.16) B, —— 14.73 (-0.16)

Et —— 9.45 (—0.05) E- —— 0.33 (-0.01)
+124.54 (-0.07) Al —— +126.41 (+0.03) A, ——

Ay —— 9.76 (—0.05) Ay —— 15.74 (-0.14)

Et —— 3.19 (+0.02) Et —— 7.57 (—0.10)
+115.05 (-0.11) By —— +104.45 (+0.03) By ——

B, —— 3.65 (—0.03) E- —— 8.94 (—0.09)

ET — 2.57 (-0.11) B, —— 5.20 (—0.02)
+103.15 (+0.03) Al —— +96.88 (+0.03) A, ——

B, —— 1.68 (+0.02) Ay —— 3.41 (—0.01)

E- —— 1.05 (—0.06) Ef —— 2.78 (+0.02)
+98.24 (-0.02) A, —— +92.93 (-0.05) B ——

B —— 10.41 (—0.02) Al —— 5.40 (—0.02)

Ef —— 7.98 (-0.07) B, —— 5.13 (—0.04)
+83.18 (—0.02) Af —— +87.91 (—0.04) ET ——

Af —— 7.62 (—0.04) B —— 11.57 (-0.04)

Et —— 1.81 (+0.01) EY —— 5.64 (—0.08)
+72.88 (+0.05) By —— +86.09 (+0.08) Al ——

B, —— 1.83 (—0.01) B, —— 3.49 (—0.03)

ET —— 1.07 (-0.01) ET —— 1.69 (—0.01)
+10.60 (—0.02) A, —— +4.60 (—0.01) A, ——

B —— 2.47 (—-0.01) By —— 4.00 (—0.03)

Et —— 1.82 (+0.00) EY —— 3.11 (—0.03)
—984.75 (-0.18) Al —— —1050.63 (0.18) Al ——

roles of the individual donor and acceptor water moleculeshis system. Lewerentz and Wafthave used QMC to cal-
are swapped. The effect is to split the energy levels intaculate the tunneling splittings and intermolecular vibrations
three, but by a much smaller degree than that of acceptan the RWK2 surfacé® while Gregory and Clafy} used a
tunneling. These two tunneling motions resolve all degenerabQMC method to calculate ground state structural properties
cies in the water dimer. with the RWK2, ASP1 and ASP2 surfaces. Althorpe and
The final rearrangement identified is that of donor tun-Clary®® employed the reversed adiabatic approximation
neling wherein the H-bond donor permutes its protons. ThéRAA) to calculate ground state tunneling splittings and sev-
barrier to this motion is relatively high and results in a smalleral intermolecular vibrations, using these same three IPS
shift of the energy levels, but causes no further splitting. models in a 5D approximation to the coupled dynamics.
The water dimer has been the subject of a large numbeFhese authofé later presented a novel DVR scheme for
of experimental and theoretical studies. High resolutionrmultidimensional dynamics calculations, and also applied it
microwave??3843-51mid-IR 527 and far-IR®>%*°spectra  to the water dimer VRT dynamics, but again using a 5D
have all been measured. From these investigations, the hfixed R approximation. In addition to these explicit calcula-
drogen bond tunneling dynamics occurring in lélevels  tions of the VRT dynamics, a large numberalf initio cal-
of the ground state and the first excited acceptor bendingulations have addressed this systesae Refs. 68, 69 and
state are well characteriz&%° and several other intermo- references cited thereingenerally calculating the minimum
lecular vibrations have recently been measured and partiallgnergy structures with harmonic frequencies and intensities,
analyzed! Several different dynamical methods have re-but one studSf also calculated barriers for the three distinct
cently been employed to calculate the VRT states corretunneling pathways for degenerate structural rearrangements.
sponding to a variety of IPS that have been determined for In this paper, we present converged fully coupled 6D
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TABLE VII. J=0 energy levels obtained from a 5D calculation on the Clementi and coworkers surface using
jmax=11 and differenk,,,, values for the Wigner basis set attached to each monomer.

Kmax=11 Kmax=9 Kimax=7

B, — 2.69 B, — 2.70 B, — 2.70
E- — 1.60 E- — 1.61 E- — 1.90

+96.50 A, — +96.49 A, — +96.19 A, —
BI —_ 5.62 Bf —_ 5.62 Bf —_ 5.69
E*" — 3.17 E* — 3.17 E* — 2.95

+81.18 AI —_ +81.19 Af —_— +81.23 Af —_—
A; —_ 1.41 A; —_— 1.41 A2+ —_ 1.41
Et — 0.45 Et — 0.46 E* — 0.64

+75.03 B; —_ +75.02 B; —_— +74.66 B; —_—
B, — 1.25 B, — 1.25 B, — 1.25
E- — 0.66 E- — 0.66 ET — 0.98

+12.48 A, — +12.48 A, — +12.17 A, —
BI —_ 1.26 BI —_ 1.26 Bf —_ 1.26
EY — 0.79 Et — 0.79 Et — 0.51

—-1113.31 AI —_ —1113.31 AI —_ —1112.93 AI —_

calculations of the VRT levels of the water dimer for all six Section Ill deals with convergence tests with respect to the
intermolecular vibrations, including the tunneling sub-levelsangular basis set associated to each monomer, for the various
of all symmetries for botiK =0 andK=1. Four of the best IPS explored in this paper. In Sec. IV, we present the VRT
existing intermolecular potential surfaces were employedspectra of the 6D water dimer corresponding to these differ-
namely theab initio one of Clementi and co-workéfsand  ent surfaces. Finally, Sec. V presents our conclusions.
the semi-empirical RWKZ and ASP® surfaces. This en-
ables a direct comparison to be made between our exact 6D
SWPS results and those from both the approximate 5D RAA|. METHOD OF CALCULATIONS
treatmerf® and the 6D QME? and DQMC* " results, as L

. . . . _A. Hamiltonian operator
well as with precise experimental measurements. The outline
of the paper is as follows. In Sec. I, we first review the We used the Brockeet al. rigid rotor formulatior?
Hamiltonian operator describing the dimer, and describe thavhich gives the Hamiltonian, after the normalization change
different representations used to perform the calculations¥ —R ¥, as

TABLE VIIl. J=0 energy levels obtained from a 5D calculation on the RWK2 surface ysjng-13 and
differentk,, values for the Wigner basis set attached to each monomer.

kmax= 11 kmax= 9 kmax= 7
E-—  0.09 E-— 010 E-— 053
B, —  0.09 B, —  0.09 B, —  0.09

+108.00 A, —— +107.99 A, — +107.91 A, —
Bf — 044 B — 044 B — 059
Ef— 029 Ef— 027 Af — 015

+107.45 A} — +107.45 A} — +107.66 E —-
A; —  0.04 Aj —  0.03 E*— 038
Ef— 001 Ef— 002 A; —— 003

+58.82 B — +58.81 B —— +5871 Bj —
E-— 006 E-— 007 E-— 054
B, — 004 B, — 004 B, — 004

+2750 A, — +27.48 A, — +27.42 A, —
Ef—  0.09 Ef— 009 B — 034
B —  0.04 B —  0.03 A; —— 030

~1305.65 E*—- -1305.63 A — ~1305.45 A —
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TABLE IX. J=0 energy levels obtained from a 5D calculation on the ASP1 surface ysigg10 and
differentk,,, values for the Wigner basis set attached to each monomer.

kmax= 10 kmax= 8 kmax= 6
B, — 1.68 B, — 1.68 B, — 1.77
E-— 1.05 E-— 1.04 E-—- 0.75
+9824 A, — +9825 A, — +98.89 A, —
B — 1041 B — 1041 By — 1045
EY — 7.98 ET — 7.99 ET — 8.51
+83.18 A — +83.18 A — +8315 A —
Ay — 7.62 Ay — 7.61 Ay — 7.59
EY — 1.81 ET — 1.80 ET" — 1.42
+7288 B — +72.89 B — +73.34 B —
B, — 1.83 B, — 1.83 B, — 1.85
E-— 1.07 E-— 1.05 E-— 0.35
+10.60 A, — +10.61 A, — +11.41 A, —
B —- 2.47 By — 2.47 B — 2.47
EY — 1.82 ET" — 1.83 E" — 2.47
—-984.75 A — —-984.75 A — —-984.62 A —
2 2
= h d LA H(B)-I—V(R QA Q(B)) TABLE X. J=0 energy levels obtained from a 6D calculation using the

Clementi and co-workers SCF/CI surface. Wigner basis sets corresponding

- 2 RZ rot rot
NN ; - -
to jmax=11 have been used on each monomer. Figures in parentheses cor-

1 respond to the energy change in the level position associated to an increase
+ —2{J2+j2— 2j-J} 4) in the basis set size frofi.—1 to its actual value of nay.
2pupsR
B, —— 3.03 (+0.01)
where EE—— 1.39 (+0.01)
(1) R is the distance between the centers of mass of the two  +140.27 (+0.02) A, —
monomersA andB, and u g their reduced mass, .
(9 andj, are respectively the rotational Hamiltonian A2 283 (+0.02)
(2) Hyg! andju p y E* 2.16 (+0.04)
and angular momentum of monomey +136.62 (—0.08) By ——
(3) j=jat]g is the coupled internal rotational angular mo-
mentum, Ef —— 0.75 (-0.00)
) g . + j—
(4) J=j+/ the total angular momentun¥(is the angular By 0.75 (=0.00)
+129.13 (+0.03) Al ——
momentum of the monomer centers of mass
(5) and QW= (¢, () () represents the Euler angles B — 1.38 (~0.00)
defining the orientation of monomer in the body fixed E-—— 0.40 (+0.05)
axes. +114.57 (-0.06) Al ——
The parameters used in the calculations are given in Table I. B, —— 2.58 (—0.00)
EE—— 1.77 (+0.06)
_ +91.69 (—0.03) A, ——
B. Spectral representations
+ —_—
The total spectral representation is written as the direct Ei g'gg E +8'82
product +77.31 (-0.07) Al ——
Lang®{[Sn),n=1Ng} Af —— 0.76 (~0.01)
with the S's chosen as sine functions: Ef —— 0.23 (-0.05)
+69.81 (—0.02) By ——
2  na(R—Rpin)
S\(R)= \/ESIH%, ) B, —— 0.89 (—0.00)
E-—— 0.52 (+0.01)
whereL =R, Rnin IS the box size. These provide a con- +16.72 (-0.02) Ay ——
venient basis set to describe the relativenotion confined B 0.76 (~0.00)
. l —_— . — .
to the intervall Riin» Rmaxl- B 0.65 (~0.01)

In order to perform the calculations, several different  _1060.08 ¢0.12) A
angular basess,,q are used, which are described below.
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8534 Leforestier et al.: 6D calculations on (H,0),

TABLE XI. Same as Table X for the RWK2 surface.jA.value of 12 has  TABLE XIlll. Same as Table X for the ASP2 surface.jf,, value of 10 has

been used for each monomer. been used for each monomer.
A —— 0.21 (—0.03) Al —— 14.17 (-0.11)
B —— 0.11 (+0.03) E- —— 10.94 (—0.10)
+168.41 (-0.07) E- —— +126.59 (+0.01) B, ——
Ay —— 0.32 (-0.00) Bf —— 19.02 (-0.12)
Et —— 0.11 (+0.01) Et —— 9.78 (+0.03)
+156.43 (—-0.02) By —— +121.70 (-0.08) Al ——
B, —— 0.14 (-0.00) B, —— 17.25 (-0.10)
E- —— 0.01 (-0.01) E- —— 3.11 (-0.01)
+123.86 (—0.09) Al —— +117.25 (-0.01) A, ——
E- —— 0.14 (+0.01) A —— 15.59 (—0.09)
B, —— 0.09 (—0.00) Et —— 3.81 (—0.05)
+106.23 (—0.05) A, —— +102.34 (-0.02) By ——
Bf —— 0.48 (—0.00) Af —— 2.47 (—0.02)
EY —— 0.35 (—0.01) EY —— 1.65 (+0.01)
+104.76 (—0.05) Al —— +89.34 (—0.04) B, ——
A —— 0.06 (—0.02) E- —— 10.88 (—0.08)
By —— 0.02 (-0.02) B, —— 6.00 (—0.01)
+59.10 (—0.10) EY —— +88.16 (~0.00) A, ——
E- —— 0.06 (—0.05) Al —— 7.07 (—0.02)
B, —— 0.05 (+0.00) B, —— 7.07 (—0.03)
+27.01 (—0.02) A, —— +85.93 (—0.03) E- ——
EY —— 0.11 (+0.07) B —— 10.99 (-0.02)
B, —— 0.04 (+0.00) Et —— 7.76 (—0.06)
—1215.74 (-0.08) Al —— +74.09 (+0.02) Al ——
B, —— 3.31 (-0.02)
E- —— 1.67 (—0.01)
+6.31 (—0.01) A, ——
TABLE XIl. Same as Table X for the ASP1 surface.j ., value of 10 has .
been used for each monomer. By 3.54 (-0.01)
EY —— 3.24 (—0.03)
Ay —— 13.52 (—0.01) —981.65 (~0.10) Al ——
EY —— 3.52 (+0.01)
+111.98 (-0.07) By ——
B, —— 2.96 (—0.02)
E- —— 0.70 (-0.07)
+103.22 (+0.02) Al —— 1. The uncoupled basis set .7,
E—r 2.86 (-0.07) This basis is defined as the direct product of Wigner
B, — 1.86 (+0.02) baseq|j, .k, ,w,)} on each monomer times a Wigner basis
+91.39 (-0.01) Ay —— .
{|3,Q,M)} for the total angular momentum:
B —— 8.98 (—0.03) - ) )
B 7.55 (~0.06) Tunc=1lia Ka, 0a)}®{]jg . Kg, 0p)}®{|3,Q,M)}.
+75.00 (-0.02) Al ——

It will only be used as an intermediate between the coupled
A; —— 4.94 (-0.03) representation and the gridee Sec. Il €

170.96 (-0.00) Ei E— 0.76 (+0.03) Expressed in the uncoupled basis séf,., the wave
' ' 2 function displays many zero elements, depending onJthe
B, —— 1.47 (—0.00) value. Figure 2 represents the case Jerl. In this figure,
E-—— 0.97 (-0.01) the w, and wg indices run between-j, andj,, and—jg
+13.31 (-0.01) Ay — andjg respectively. Due to the largg andjg values used in
B 180 (~0.01) prder to reach convergence, .the proportion of null ele'ments
E+ 1.80 (+0:01) is very high(up to 96% whenj,=jg=13 andJ=0). This

~923.74 (-0.13) A sparsity has been taken into account as only the non-zero
elements were stored.
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Leforestier et al.: 6D calculations on (H,0), 8535

TABLE XIV. J=1 energy levels obtained from a 6D calculation using the TABLE XV. Same as Table XIV for the ASP1 surface. jA., value of
Clementi and coworkers surface. Wigner basis sets corresponding tb0 has been used for each monomer.
jmax=10 have been used on each monomer.

Ef —— 2.86
Af —— 2.58 A —— 1.86
Ef —— 1.71 +91.39 By ——
+91.77 B, ——
Al —— 5.42
B, —— 3.73 E-—— 2.50
Ef —— 1.68 +83.07 B, ——
+83.36 Al ——
B —— 5.41
B, —— 2.12 Ef —— 2.49
E- —— 0.72 +83.07 Al ——
+82.06 A, ——
Ay —— 5.21
Ay —— 2.12 Ef —— 0.01
EY —— 0.72 +81.94 B ——
+82.06 B ——
B, —— 5.21
Al —— 5.10 EE—— 0.62
EE—— 2.96 +81.94 A, ——
+77.39 B ——
Al —— 8.98
B, —— 0.77 EE—— 6.94
EE—— 0.28 +75.00 By ——
+68.92 A, ——
B, —— 4.93
B, —— 0.72 E-—— 0.76
EE—— 0.18 +70.96 A, ——
+19.70 A, ——
B, —— 1.35
A; —— 0.72 EE—— 0.14
Ef —— 0.18 +18.13 Ay ——
+19.70 B, ——
Ay —— 1.35
Ay —— 0.89 Ef —— 0.14
Ef —— 0.51 +18.13 B ——
+16.74 B ——
Ay —— 1.47
B —— 0.94 Ef —— 0.97
Ef —— 0.44 +13.31 By ——
+12.60 Al ——
B — 2.14
Al —— 0.94 Ef —— 1.06
E- —— 0.44 +11.61 Al ——
+12.59 B, ——
Al —— 2.14
Al —— 0.76 E-—— 1.06
EE—— 0.66 +11.61 B, ——
—1059.57 B ——
Al —— 1.80
EE —— 1.79
—-923.35 B ——

2. The coupled basis set .7y,

In order to contract this angular basis, one can define thb alsKakg:j Q)= +2 0 (inlBwawgliaisl Q)
coupled basis set ATTR

X|jA,kA,wA>|jB,kB,(I)B>, (6)
) o ) |jAlkA1wA>|ijkB!wB>
Dep=11i aigkaks ;] 2)[3,Q2,M)}, i=iatig
=j_“2j (ialsonvelinjei Dliajckaks i), ()
—HUATIB
where (jajgwaweg|jajgi Q) being a Clebsch—Gordan coefficient.
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8536 Leforestier et al.: 6D calculations on (H,0),

TABLE XVI. Same as Table XIV for the ASP2 surface. ., value of In the following, we will use{| V>F e 1,|\|r} as a short-
10 has been used for each monomer. hand notation for the elements of the symmetry adapted basis
Al 6.00 corresponding to the Irrerﬂ,_and {]iY,,i=1N,} for the
Ev 1.47 elements of the coupled basis set.
+88.15 B, ——
C. Grid representation
Af —— 7.07
B, —— 7.06 The different spectral representations defined just above
+85.93 Ef —— allows one to easily compute the effect of the various parts
At 6.65 of the Hamiltonian qperator, except _for the potential. The
B} 0.60 complete scheme will be presented in the next subsection.
18292 E- Now we discuss how the potential term is handled.
The method to evaluate the potential term consists in
B —— 6.65 using a general pseudospectral method as defined by
Al —— 0.61 Friesnef’ for the case of electronic structure calculations.
+82.90 B This method resorts to an intermediate grid representation,
A 10.97 tantamount to making use of a quadrature rule in order
E-— 7.76 to compute the matrix elements in the spectral representa-
+74.09 B, —— tion. The potential function depends on the 6 coordinates
i [0 ™ 9B) y(B) 5= (A _,®) RY where (), 9®),
E% T 3'32 x™) represents the three Euler angles orienting monomer
11286 A, ' a in the BF frame. The grid representation corresponds to
the set of value$V aggsg gp taken by the wave functiow on
Al —— 3.23 the 6D grid{ 8% x x{V X 8 x B x X Ry}
Ef —— 0.92 The most convenlent baS|s set to start from in order to
+12.86 B, —— transform to the grid representation is the uncoupled one
B! 201 .Zang®{|8n),n:1,Ns}. That is, starting from a wave func-
Ef— 2.36 tion expressed as
+9.46 Al ——
IM\ JM
Al —— 4.01 v >_jAvavavk§UA+wB:Qyn W aoninkgopn
EE—— 2.36
+9.46 B, —— X|jA1kAva>|jB!kB!wB>|JQ M>|Sr'l>1 (9)
A 3.31 one wants to compute its amphtud{?@aqﬁsgn} on the grid.
Ef — 1.67 This spectral-to-grid transform is performed in several suc-
+6.31 B, — cessive steps.
B The first step consists in switching from the radial basis
’él_ - 2'22 set{|S,),n=1Ng} to a grid{R,= Ry, +PAR} by means of
_981.25 B: ' the orthogonal collocation matf

2 nwp
(R +/ )
Upn NR+1sm Net1° (10)

. . . B
This representation is used to compute H&, H'), and |t should be recalled here that we are using a nunhheof

centrifugak Coriolis terms as will be shown later on. grid points larger than the numbBi of sine functions. This
0 matrix allows one to define the intermediate representation
3. The symmetry adapted bases .74, (W) onikgogpt DY Means of the transformation

The Gj permutation-inversion symmetry of the
(H,0), complex allows us to subdivide the angular basis set

into 10 symmetry adapted bases, corresponding to the differ- \PJNiI( ik 2 U(R) k P (1)
ent irreducible representatioisrep) I'’s. The way to con- IaknonlekasP 4 'A Anees
struct symmetry adapted vectdisjgkakg;jQ,I') from the
coupled basis vectors, The inverse(grid to spectral transform is performed by
i ai gKaks ;] Q,T) means of the inverse operation
=D +ch M -
=c{"|jaisKakg;j Q) +ch |JBJAkBkAiJQ> Wi knwai gkgogn = 2 (U JAkAwAJakaBP (12
+ct Kaks ;] Q)+ c{jgi akeka:i ), 8 : .
3 liai kaka 1 2) [ai ek 2) ® The second step deals with the angular to Euler grid
wherek= —k, is given in Table II. transformation. One of d$ recently showed how one can

J. Chem. Phys., Vol. 106, No. 20, 22 May 1997

Downloaded-27-Jun-2001-t0-132.162.161.158.~Redistribution-subject-to-AlP-license-or-copyright,~see-http://ojps.aip.org/jcpo/jcpcr.jsp



Experiment
A%
e
B
J"=1,K"=0
£l
B
)
B +C =0.407
B, 065
)
=p
T F
A2 04
J =0 Kk =0\ *
;o078
%
= B
Al 04

FIG. 3. Energy level diagrams obtained from experiments, the Clementi SCF/CI, the RWK,2 the ASP1 and ASP2 surfaces.

transform from a Wigner basis sét/ (¢,6,x)} to a 3D
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grid {¢qX 0,X xq)} associated with the Euler angléthe
reader is referred to this paper for more details on the method

which will be briefly recalled beloy For a wave function
specified by its components on a Wigner basis set

U= Yikm P,
jkm
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the method first performs a Legendre transform

WhereRg}"’k) is the orthogonal matrix
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8538 Leforestier et al.: 6D calculations on (H,0),

Interchange Tunneling Splitting (J=0) Interchange Tunneling Splitting (J=1,K=0)
ASP2 ASP2
ASP1
i ASP1
RWK2
SCF/CI ) SCF/CL
EXPTL EXPTL
0 1 2 3 4
(a) (cm-1) (a) cm-1
Acceptor Tunneling Splitting (J=0) Acceptor Tunneling Splitting (J=1,K=0)
ASP2
ASP2
ASP1
RWK2 |l
I ASP1
SCF/CIL
EXPTL
SCF/CI
b cm-1 ' 1 ‘ i
(b) { ! 0 5 10 15 20
(b) cm-1

FIG. 4. J=0 tunneling splittings obtained from experiments, the Clementi
SCF/CI, the RWK2, the ASP1 and ASP2 surfaces. FIG. 5. Same as Fig. 4 for totd=1.

2j+1 .

cosd, and w, being respectively the abscissae and weights

of a N, points Gauss—Legendre quadrature, followed by a ) )
double inverse Fourier transform overand The transformation from the angular spectral representation

L to the five-dimensional grid can thus be realized by the fol-
{¥aqat =7 ox{Wakm!- (16)  lowing successive operations, performed for every value
O =wg+ w, compatible with thel value;

1 2m ’
S0/ 5— JO dpe™ M2wev(p)el2e’e, (21)

The global inverse transforgrid—spectral is performed

by first direct Fourier transforming (i) transform to the 6, 62} grid
{lpakm}:'y(px{lﬂaqg}’ (17) \PJ'\kA%k
followed by the reverse Legendre transform APKBeP
_ (0a Kp) (@B Kg)agp IM
= > RiAMWR N o (22
'pjkmzz Rg}]’k)‘pakm- (19 iaig.ogtoa=0 A hl Jakaoala e

This scheme has to be adapted to the case considerél) transform to the{x{" < x{¥x ¢} grid by a 3D inverse
here, as the potential depends only on the=¢B—¢*  Fourier transform
angle, and not on ®=¢B+¢” Consequently, the

Q=wg+w, index is a good quantum number with respect  {¥INE =.¢;§XB¢{‘Pj¥/&kap}. (23)
to V, as can be seen from the equivalence
gioae”giope® — glAQP+we) (19 Going back to the|ja,ka,®a)|js.Kg,wg)} representa-

tion is realized by applying the inverse transforms in reverse
wherew=wg— w4 . It has been shown by Halberst&tthat order, i.e. (i) then(i).

due to symmetry, the integration overcan be made inde-
pendent of thed variable, and running from 0 to2 It

results that the following integral ) o ,
D. The split Hamiltonian formulation

1 2w 2 X .. .
—zj dgoAf dgoBe"(‘”A‘PA“"B‘PB) This is basically the same scheme as the one used pre-
47" Jo 0 viously by one of ugC.L.) for the Ar—H,O complex3? the
B A ai(whePtoloB) differences coming only from the number of terms of the
XV(p=— pR)eliear T 20 Hamiltonian operator. It consists in repetitively applyiHg
can be recast into the equivalent one on the wave function expressed in tl?”é%@ﬂsq)} basis set
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First Excited A1+ State

20 40 60 80 100 120
cm-1

First Excited B2+ State

20 40 60 80 100
cm-1

First Excited A2- State

20 40 60 80 100 120
cm-1

First Excited Al- State

ASP2

ASP1

RWK2

SCF/CI

0 50 100 150
(d) cm-1

Second Excited B2+ State

ASP2

ASP1

RWK2

SCF/CI

50 100 150 200
(e) cm-1

o+

First Excited B1- State

ASP2

ASP1

RWK2

SCF/CI

(=3
(7.
(=}
—_
8

150
) em-1

FIG. 6. Comparison of low-lying intermolecular vibrations as obtained from an exact 6D calculation for the different potential energy @)rfasesxcited
A state;(b) first excitedB state;(c) first excitedA, state;(d) first excitedA] state;(e) second excite®; state;(f) first excitedA; state.

Dissociation Energy (Do)

ASP2

ASP1

RWK2

SCF/CI

EXPTL

: 4

500 1000 1500
cm-1

FIG. 7. Same as Fig. 6 for the dissociation enelgy

Interchange Tunneling Splitting (J=0)

ASP2
ASP1
RWK2
EXPTL :
0 1 2 3 4
cm-1

FIG. 8. Interchange tunneling splitting calculated for the four potentials
with the exact SWP%lack bar$ or approximate RAAwhite barg method,
as compared to the experimental value.
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8540 Leforestier et al.: 6D calculations on (H,0),

Acceptor Tunneling Splitting (J=0) Interchange Tunneling Splitting

ASP1
ASP2
ASP1
RWK2
RWK2
EXPTL 0 0.5 1 1.5 2 2.5
(a) cm-1

0 5 10 15 20 25 30 Acceptor Tunneling Splitting

FIG. 9. Same as Fig. 8 for the acceptor tunneling splitting.
ASP1

RWK2

0-0 Torsion (v12)

HARMONIC 0 5 10 15 20 25 30

(b) cm-1
L&W: QMC Dissociation Energy (Do)
A&C:5-D
6-D
0 50 100 150 200
(a) cm-1
Acceptor Bend (v8) 0 500 1000 1500
()] cm-1
HARMONIC
FIG. 11. Comparison of results, using the RWK2 surface, as obtained from
L&W: QMC DQMC (black bar$ or SWPS(white barg calculations:(a) interchange
’ tunneling splitting;(b) acceptor tunneling splittingic) dissociation energy
Do.
A&KC:5-D °
IMI\ JMI
6D (WM = 2> Wi, Q) IOM)|S,) (24)
14
0 50 100 150 200 in order to propagate the Lanczos scheme. The choice of the
(b) cm-1 symmetry adapted basis results from the fact that it consti-
Acceptor Rotation (v11) tutes the most compact basis for expressing the Lanczos vec-
tors{|u,)}. We now briefly recall the Lanczos algorithm, and
HARMONIC then discuss the different terms into which the Hamiltonian
was split, as well as their associated representations.
L&W: QMC Starting from some initial vectotuy), the Lanczos
algorithn™® recursively generates the Krylov space
A&C:5-D {lupyn=0,N_}
6D ,8n+1|un+1>:(H_an)|un>_:8n|unfl>v (29
where a,,=(u,|H|u,) and B,;1={(u,.1|H|u,) are respec-
0 5 100 150 200 250 tively the diagonal and off-diagonal terms Hdf in this new
© cm-1 basis set.

In order to perform the recursiond, as given by Eq(4)

FIG. 10. Comparison of results, using the RWK2 surface, as obtained from -
has been split into 4 terms, namely

the harmonic approximation, the Lewerenz and WeRsfs. 62 QMC cal-

culations, the AIthc_ere and CIar(;Rgf. 66,67 RAA cglculations, and our H=Tr+Hpp+ Hcc+ V, (26)
6D SWPS calculationga) O—O torsion frequency,; (b) acceptor bend
frequencyrg; (C) acceptor rotation,; . where each term has been handled as shown below.
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Leforestier et al.: 6D calculations on (H,0), 8541

1. Radial kinetic energy T g I1l. ANGULAR BASIS CONVERGENCE TESTS
~ This term, Tg= —12R2upg 52/332' is diagonal in the In this section, we study the size of the angular basis sets
initial representatiofEq. 24, resulting in the effect required in order to converge the calculations. This is real-
(nmh)2 - ized by computing the energy levels at a fixed relative sepa-
TR|\II“”\"F>=%n m‘l’%n v, 0)[JOM)[S,). (27)  ration R, for increasing angular basis sizes until conver-

gence is reached. We used fg, the value R, =5.6242
a.u) close to the equilibrium geometry of the dimer. As will
be shown in the next section, such fixBdcalculations are
much faster than full 6D ones including th® coordinate.

The rotational kinetic energy terid , displays analytic Four different water dimer potential energy surfaces are suc-
expressions in a Wigner basis $étkw)} given by cessively studied, namely the Clementi and co-workéfs's,
the RWKZ? and the ASP1 and ASP2surfaces. These con-
vergence tests are then used in the next section. In the first
1 s series of calculations presented, no restriction has been ap-

T 2B BV)FJk|jk+ 20) plied to the uncoupled angular basis set, except for the maxi-
1/p —liL mum j value j,.x allowed for each monomer. The
* 4(By=By)Fylik—20), 8 Kmax=max CONstraint will then be relaxed in subsequent cal-
where thk:[j (j=1)—k(k=1)]¥j(jx1)—(k=1)(k= culations.
2)]*2. In order to exploit the above relations, one has to . .
. L A. Unrestricted angular basis
switch to the coupled basis sef.,

2. Monomer rotational terms H ,g=H,+ Hp

Haliko)={3(B,+By)(j(j+1)—k?*) +Bk?}|jko)

In this case, the angular basis set for each monomer

IMTy _ Mg Ji d
(W)= 2 Vinaskeionlialskake 110) reads as
X[3,Q,M)[Sp). 29 {lia ke @)= ia<®<]ai=]a<Ke<]ai0<]a=<mad-
As Eq. (28) only involves changes in thk index, theH,, ) . o
terms can be directly applied in this representation. The convergence tests consist of increasing fhis value.

The angular basis set is therefore specified by a single pa-
rameter,j hax. The grid representation of the angular wave
3. Coriolis and centrifugal term H ¢ function involves other parameters, namely the numbers of

hi Yy 2712152 o s disol grid points associated with each of the five Euler angles. We
This term,Hec=1/2uagR™{J°+"— 2] -J} also displays found by experimentation that using 2—-3 more points

simple analytic expressions in the coupled angular basis S&han the number of functions associated with an angle en-

Heclj2)]3,0.M) sures convergence of the results with respect to the basis
B o _— definition. For example, th& grid dimension was set to
=[O+ +j(1+1)-207]]j2)[3,Q,M) Ny=]mact3, while for the x and ¢ grids N,=N,

+CjQCj+Q|jQ+1>|J,Q+l,M> =(2] maxt1)+2. This latter inequality reflects t.he fact that
the x and ¢ angles were handled by fast Fourier transform
+C0CialiQ—1)[3,Q-1M), (30 (FFT) routines which restrict the allowed dimensions.

As described so far, this scheme would generate
huge grid sizes, of dimension of the order of 4
+3)(2jmaxt1)+2]°. The vast majority of these grid
points are associated with geometries corresponding to very

whereC/=[j(j+ 1)~ Q(Q*1)]"2 The 1/24,5R? factor
in front of Hec is handled by switching to théR,} grid,
where it is diagonal, by means of E@.1)

{\Pijml;iaksjﬂn}_’{meiiskaiﬂp} (31)  high potential energies, close to or above the dissociation
threshold ¥=0). At these points, the wave function has to
4. Potential term V be negligible for bound states localized near the bottom of

the well (located at circa— 1800 cm'!). For our present

As discussed before, this last term is diagonal in the 6Q:oncerns, one can thus safely ignore these points and set the
grid times the total angular momentum representation;orresponding amplitudes to zero when transforming to the
{0 X XX 0P X x P x D xR }@{]3,Q,M)}, which can  grid representation. In practice, we have used an energy
be reached, as discussed in Sec. Il C, by means of Edghreshold ofVy,.e= —300 cni ! for the potential, restricting
(22-23 the grid definition to the points located below this threshold.

Jvr. IJMIQ The results for all four potential energy surfaces are given in

V5 skaiskaiont —{¥ agpsgp-} 32 Tables 1lI-VI, and are discussed now.

Once a term oH has been applied in its own represen- These tables are organized in such a way as to display
tation, the result is transformed back to the symmetrizedhe acceptor and interchange tunneling splittings, even
times the sine functions basis sét,®{|S;)} in which the  though those quantities should be computed from a 6D cal-
Lanczos vectors are expressed. culation (see Sec. Y. Only the levels converged to within
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0.01 cm® with respect to the Lanczos scheme have beeonfiguration interactiofSCF/C) potential does very well
reported. in reproducing the experimental interchange splitting, but

In each table, the different columns display respectivelypadly overestimates the effects of acceptor tunneling. The
the ground A7) energy, the relative position of each accep-RWK2 potential, widely regarded as the best effective water
tor tunneling manifold band, the associated symmetry subdimer surface, drastically underestimatdsy an order of
levels, and finally their relative energies with respect to themagnitudg the interchange splitting and overestimates the
band origin. The figures in parentheses provide an estima@cceptor splitting by a factor of 3. It is also the most aniso-
of the convergence with respect to the angular basis set, &pic surface, requiring the largest angular basis, as de-
specified byjmnax. They correspond to the energy change inscribed in the previous section. The ASP1 surface badly
the level position associated to an increase in the basis severestimates the interchange splitting and is somewhat high
size fromj ma—1 to its actual value of na. It results from  for the acceptor tunneling, whereas ASP2 exaggerates the
these tables that largg,. values have to be useg=(10), in  interchange splitting by a factor of 5 and underestimates the
order to converge the energy levels within a few hundredth&cceptor splitting. Interestingly, the only difference between
of a wave number. It should be noticed that a particularlythese two highly detailed distributed multipole potential
high value,j .,=13, had to be used for the RWK2 surface in model$® with Tang—Toennies damping functions is in the
order to converge the symmetry pattern for each acceptdfeatment of dispersion, with ASP2 incorporating the exten-
tunneling manifold. sive results of Rijks and Wormé?r;’® while ASP1 uses the
perturbation theory results of Szczesnitcal.”” This illus-
trates the extreme sensitivity of the VRT dynamics to the

In order to test the actual angular basis required for condetails of the dispersion interactions, which is perhaps sur-
vergence of the splittings, we have relaxed &g, =jmax  Prising since the intermolecular attraction is dominated by
constraint in a second series of calculations. More specifielectrostatics in all of these models.
cally, keepingjmn.x at the values precedently obtained, we  On the other hand, thstructureof the dimer expressed
have reduced the maximum valkg,,, allowed for thek in the rotational constants is quite well represented by all
index. The results, displayed in Tables VII-IX for three of four potentials. This illustrates an important poifibie struc-
the surfaces, show the following trends: ture of a hydrogen bonded complex does not provide a sen-
sitive probe of the intermolecular potential; it is therefore of
limited use by itself for characterizing intermolecular forces,
being a necessary but not sufficient constrairite tunneling
splittings and(as we shall s@eintermolecular vibrations,
however, provide arexactingmeasure of the potential en-
ergy, and can therefore serve as a direct route for their ex-
perimental determination. This has been shown previously
for the simpler cases of Ar—HGI, Ar-H,0,** and
Ar—NH,.2® Not surprisingly, the four water dimer potentials
IV. RESULTS examined here differ widely in the representation of the in-
termolecular vibrations, as shown in Fig. 6, and differ con-
siderably in the values they produce for the ground state

The results of the fully converged 6D calculations of the (vibrationally averageddissociation energyFig. 7), as well
water dimer VRT states are presented in Tables X—XVI.as for the ground state tunneling splittings.

(The expensivd=1 calculations were not performed for the
RWK?2 surface as th@=0 results are already in poor agree-
ment with experiments. .

Energy level diagrams showing the acceptor and inter—B - VRT Dynamics: 5D vs 6D treatments
change tunneling splittings in the&=0,1 andK=0,1 states Due to the difficulties inherent in carrying out a com-
of the vibrational ground state corresponding to each of theletely rigorous treatment of the intermolecular dynamics oc-
four potentials examined in this work are given in Fig. 3, curring in weakly bound complexes, usually involving sev-
together with the experimental energy levels deduced froneral fully coupled degrees of freedom, it has been customary
microwave and far-IR spectroscoply.is immediately clear to employ various approximate methods for this purpose. For
upon inspecting these diagrams that none of the potentiathose cases which have been examined in detail, viz.
surfaces examined in this work can describe the eigenstatesr—H,0,'? and Ar—NH;,*® it has been shown that the exclu-
of the water dimer at even a qualitatively correct level of sion of the radial motion from the explicitly coupled dynam-
detail. To illustrate the nature of the discrepancies in detailjics leads to serious errors when angular-radial coupling in
bar graphs of the acceptor and interchange tunneling splithe potential mixes stretching and bending states. It is there-
tings and rotational constant®8+C)/2 calculated by the fore important to explore the consequences of adiabatically
SWPS method for each of the four potentials are presenteseparating, or simply fixindR in calculations of the water
along with the experimental results in Figs. 4 and 5. dimer VRT dynamics.

The Clementi and co-workers self-consistent field/  The most common of these is the reversed adiabatic ap-

B. Restricted angular basis

(i) the positions of the degenerate leveE™( start to
significantly change foK & max— 2

(i) the acceptor tunneling splittings are correctly de-
scribed down tK 2= max—4»

(iii) for the interchange tunneling splittings, tkg,, val-
ues can safely be further reducedjtg,—5 without
noticeable relative changes.

A. Assessing the model potentials
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proximation (RAA), in which the center of mass distance excited vibrational stategboth intra- and inter-molecular
(R) is held fixed during a fully coupled calculation with the employing the QMC method. Recently, Gregory and Clary
Euler angles, and the calculation repeated at a serig® of have achieved much higher accuracy for ground state prop-
values. The resulting one-dimensional radial Sdiwmger erties of the water dimer with a combination of correlated
equation is then solved for each angular eigenstate. For threampling techniques and the rigid body diffusion quantum
water dimer, this approach involves explicitly solving a five- Monte Carlo(RBDQMC) approach developed by Bu¢fBy
dimensional angular Hamiltonian, which can be done effi-employing exact nodal constraints derived from the molecu-
ciently in a basis of Wigner functions. Althorpe and Clary lar symmetry group, they were able to efficiently compute
have published two 5D treatments of the VRT dynamics inthe tunneling splittings in the ground vibrational state of the
the water dimer, one employing a direct diagonalization adimer. In Figs. 10 and 11, we compare our SWPS results
three values of R and subsequent computation of the radiagainst those obtained with QMC methods for both ground
eigenvalues for each symmetfyand the other a novel DVR state properties and for several excited intermolecular vibra-
approach’ at a fixed value oR. tional states, using the RWK2 potential surface. It is imme-
In Figs. 8 and 9, we compare our rigorous SWPS resultsliately apparent that the excited state QMC re8tiise very
with the RAA calculations of Althorpe and Claf.In these  inaccurate, again due to the severe problems associated with
graphs, the exact 6D calculations are given in black, whileigorously specifying the nodal constraints. The potentially
the white bars represent the results of approximate 6Dnore accurate RBDQMC results for the ground state tunnel-
(RAA) calculations(see below. From these figures, we can ing splittings are in good agreement with the SWPS results.
see that the two calculations give similar results for the
J=0 interchange splittings, but widely different values for
the a_cceptor splittings. Qur energy I_evels were obtained Wlﬂbl The intermolecular vibrations
considerably larger basis setisp to j=13 on both mono-
mers and including all relevamht valueg and yielding fully Values calculated with the SWPS method for the lowest
convergedto 0.01 cm!) energies, and differ significantly (below 150 cm') excited intermolecular vibrations are pre-
from theirs. In the RAA calculations, the basis was truncatedgented in Fig. 9. As the eigenvectors were not computed in
at j max=8 andk =4 for both monomergbeing of dimen-  this work, we are not currently able to specify the nature of
sion 3300 for nondegenerate representations and about fothese vibrations. Lewerenz and Wéttdid so for a few low-
times larger for theE state$ and incorporated the coupled lying vibrations in their QMC treatmerisee Fig. 1], but as
states approximatiofi.e., treatingK as a conserved quan- we have discussed above, their results are highly inaccurate
tity). Moreover, memory restrictions limited their calcula- due to the problems inherent in specifying the nodal surfaces
tions toK=0 andJ=0. Energy level convergence to within for these excited eigenstates. It is clear from their work, how-
0.5-1.0 cm?! was claimed in their study. Comparison be- ever, that the intermolecular vibrations of the water dimer
tween their direct diagonalization FBR method and theircannot be described as normal modes, and generally involve
DVR approach implied a combined error from truncation ofall six large amplitude coordinates. In Fig. 11, we compare
the potential expansion and convergence not exceedinipe normal mode frequencies calculated with the RWK2 po-
2 cm ! for the first two levels of each symmetry and lesstential by Coker and Watt$,and a set of harmonic frequen-
than 0.2 for the ground state tunneling splittings. Hence, aties from a recenab initio calculation®® We see that these
least part of the difference between our SWPS results and thdisagree by as much as a factor of 2 for some low-lying
RAA calculations is in the level of convergence, but theexcited states.
principal difference lies again in the fact that tRemotion
must be rigorously included in the dynamics if truly quanti-
tative results are to be obtained. V. DISCUSSION

The rigorous 6D SWPS results presented here for the
water dimer VRT dynamics permit a number of general con-
clusions to be drawn regarding previous work and future
directions. First, while the approximate 5D methods cannot

Watts and co-worketé1>%2have pioneered the use of be used for quantitative comparison of potential surfaces,
diffusion quantum Monte Carlo methodology for calculating they may be useful in the initial stages of an IPS fit to spec-
properties of hydrogen bonded clust&h$® with extensive  troscopic data. The exciting new advances in DQMC meth-
applications to the water dimer. This approach permitted adology may ultimately be combined with SWPS for this
fully coupled treatment of the VRT dynamics, ideally yield- purpose, as these are cheaper and may allow non-pairwise
ing exact(for a given potentialresults for the ground state. contributions to the IPS of large clusters to be added in a
Calculations of the properties of excited states are notorisystematic wa$f as recently shown by Gregory and
ously difficult to carry out, however, due to the requirementClary1”®*" Specifically, they showed that by adding the
for accurate knowledge of the nodal surfaces of the exciteiterated many-body induction and three-body dispersion in-
state wave function. Nevertheless, Watts and co-workerteractions to the ASP pair potential, they were able to repro-
have published calculations for both the ground state and faduce thestructuresof the water trimer, tetramer, pentamer

C. VRT dynamics: WDVR vs quantum Monte Carlo
methods
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and hexamer recently determined by far-IR
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