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Bound and Quasibound States of H&H* and He,D* T

Aditya Narayan Panda and N. Sathyamurthy**
Department of Chemistry, Indian Institute of Technology Kanpur 208 016, India

Receied: January 31, 2003; In Final Form: March 14, 2003

Bound and quasibound states of,;H& and HeD* in three dimensions have been computed by use of a
time-dependent quantum-mechanical wave packet approach for total angular mordentun®even bound
states were found for Hel™ and 14 for HeD™, as compared to five for both systems by Lee and Secrest
(J. Chem. Physl986 85, 6565). The potential energy surface needed for the dynamical calculation has been
computed by carrying out an ab initio calculation with coupled cluster single and double excitations with
perturbative triple excitations [CCSD(T)] employing d-aug-cc-PVTZ basis set. A many-body expansion function

proposed by Aguado et alCpmput. Phys. Commui998 108 259) was fitted to the ab initio potential
energy values and the resulting fit has a root-mean-square deviation of 10.8 meV (0.25 kcal/mol).

1. Introduction

Rare gas dimers (X are known to be weakly bound
species; ™ held together by weak van der Waals interaction.
Helium dimer, the weakest among them, has a binding energy
of only 0.957 me\2 However, they become highly stable in
the presence of a proton. Using the afterglow technique, Adams
et al® observed the formation of XHand XH*, when they
reacted H with X,™.

Valence bond calculations for k™ by Poshusta et &l.
yielded a linear symmetric structure with-HHe length (¢) of
1.70 ap and a vibrational frequency of 1400 cf Poshusta
and Siemécarried out a valence bond configuration interaction
(VBCI) calculation and reported a linear symmetric equilibrium
structure withre = 1.764ap. Milleur et al® performed an SCF-
LCAO-MO calculation and found the linear symmetric He
to be stable withie = 1.75a0 and a potential well of 0.5757 eV
with respect to the asymptotically separated Fiedd He. They
reported the potential energy surface for collineagHieand
selected nonlinear configurations. DykStrearried out self-

TABLE 1: Equilibrium Bond Length and Dissociation
Energy for He,H™ as Determined by Various Theoretical
Studies

method re (ao) De (eV)
VB® 1.70 0.96
VBCI’ 1.764 0.456
LCAO — MO8 1.75 0.5757
SCP 1.749 0.49
SCEP 1.746 0.571
ccD? 1.747 0.5757
MRDCI¥ 1.75 0.52
CCSD(T)? 1.748 0.5741
present [CCSD(T)] 1.75 0.578

6-311++G(d,p),(3df,3pd) and aug-cc-PVxZED,T,Q) basis
sets. A summary of the findings of the different theoretical
studies is given in Table 1.

Most of the above-mentioned studies have focused on the
equilibrium geometry and well depth. Dykstidid compute the
potential energy values for a limited number of geometries
around the minimum, and an analytic functional fit to those

consistent electron pair (SCEP) and double substituted coupledyalues were obtained by Lee and Sectesinderstandably, their

cluster (CCD) calculations, which confirmed the linear sym-
metric structure of H#H™ and showed. to be 1.746 and 1.747
ap, respectively. While studying protonated rare gas clusters,
Baccarelli et al® employed multireference single and double
excitations with configuration interaction (MRD-CI) calculations
with cc-PVTZ basis set to examine the" hhsertion into the
cluster from linear and nonlinear approaches. The symmetric
insertion of the proton yielded the most strongly bound
configuration for the protonated helium dimer. The equilibrium
geometry corresponded 1@ = 1.75ay and De = 0.52 eV.
Filippone and Gianturdd carried out a classical molecular
dynamics study, which confirmed the symmetric linear structure
of the HeH™ complex. A systematic study of the kit system
was carried out recently by Kim and ®Beausing second- and
fourth-order Mgller-Plesset perturbation theory (MP2, MP4)
and coupled cluster with single and double excitations with
perturbative triple excitations [CCSD(T)] approach with
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fit was accurate near the minimum and wes dependable for
extended configurations. Baccarelli et &l.examined the
potential energy surface (PES) for collinear fHé—He]™ and
[He—He—H]* geometries and fo€,, geometries of [HeH—

Hel*. Although they did not report an analytic fit of their PES,
they showed that the lowest-lying excited electronic state
(charge-transfer channel) is 11.15 eV above the ground state in
the asymptotic region and much higher in the FranClondon
region for the equilibrium geometry of He™. The only other
extensive study of the system was by Kim and L&aho also
examined only a limited region of the configuration space.
Therefore, there was an acute need for an accurate PES over
extended configurations of K™ in its ground electronic state.

To the best of our knowledge, there is only one report on the
bound states of Hel™. Lee and Secredt, using the PES
reported by Dykstrd,performed variational and perturbative
calculations to determine the rotatiewibration states of Hg1*
and HeD™ for total angular momentud= 0, 1, 2. Five bound
states were found for both bié™ and HeD™ for J = 0. They
had also acknowledged that their results were less dependable
at energies far removed from the minimum. Because of their
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abundance in interstellar medium and in ionized gases, it would (a)
be worthwhile to compute the bound states ofie and its
isotopomer.

Therefore we have undertaken to compute the ab initio PES
for He;H™ over an extended range of geometries, fitted an
analytic function to it and computed the bound states gH{e
and HeD* using a time-dependent quantum-mechanical wave
packet methodology. In section 2.1 we describe the method used
to calculate the potential energy data points. Section 2.2
describes the theoretical methodology used to calculate the
bound and quasibound states of,H& and HeD™. In section b
3 we discuss the features of the PES and present the bound ( )
state results. We summarize our findings in section 4.

0 e —
2. Methodology 01k \ /

2.1. Potential Energy Surface.To study the structure and : ‘\
stability of the HgH™ system in its ground electronic state, the -0.21
potential energy surface was generated by use of the MOLPRO
suite of program&* The CCSD(T) method was used with

+
HeH ++ He He + HHe

e

031

Energy/eV

correlation consistent basis set d-aug-cc-PVTZ to compute the 1 0.578 eV II'\ /
points on the PES. The dissociation enemy) was calculated —04L \ /
by means of the supermolecule approach as ; II\ f
0.5 | \
= : | Ill
D, = —[E(He,H") — E(HeH") — E(He)] 1) : \
0.578 [ 1 1 1 1 1 |
whereE(He), E(HeH"), andE(He;H™) represent the energies He H
for each species at the optimized geometries. _ _ 2 _
2.2. Bound and Quasibound State CalculationThe time- Figure 1. (a) Coordinate system used for computing the PES. (b)

IPotential energy profile for the rearrangement HeH He — He +

dependent quantum-mechanical wave packet method used fo|_"_|e+ in collinear geometry.

computing bound and quasibound states is well documented in
the literature®> 18 We have adopted the same for computing TABLE 2: Eigenvalues (in eV) Corresponding to the Bound
the bound and quasibound states ofe and HeD™. The States of Three-Dimensional HgH* and He,D™ for J = 0,

Hamiltoniart® for a triatomic system (A, BC) with total angular ~ With Zero Energy Corresponding to Well-Separated He and

momentumJ = 0 in the body-fi is gi H(D)He*
= y-fixed (BF) frame is given by
HeH* HeD*
. 1|P& PP 2 variational®  TDQM/present  variation&  TDQM/present
A==+ +L 1 VR, 0)
2 Ur Uy 2l —0.2927 —0.3092 —0.3465 —0.3596
—0.1733 —0.1909 —0.2250 —0.2436
1 2 1 32] 1 5 (sina P ) N —0.0749 —0.1405 —0.2336 —0.2260
= 5l ST 5 T ol an Yy —0.0573 —0.1019 —0.1185 —0.2021
2lur oR M or?]  21'sin6 90 96 +0.0117 ~0.0773 ~0.0805 ~0.1423
V(R 1, 0) (2) —0.0456 —-0.1188
—0.0105 —0.1054
where Pr and P; are the momentum operators corresponding —0.0966
to the two Jacobi distancésandr, respectively, and is the —0.0667
angle betweerR andr. j is the rotational angular momentum :8'8285
operator for BC[HeH(D}], ur is the BC[HeH(D}] reduced —0.0345
mass,ur [=Mue(Mio)t Mue)/(Mhe + Myp) + Mue)] is the -0.0181
[He,H(D)He"] reduced mass, arids the moment of inertia of —0.0023
the system defined asll# 1/(urR?) + 1/(u,r?). The body-
fixed z axis is taken to be parallel t8, and BC lies in thexz where N is the normalization constant/w(n) is the GLQ
plane.V(R, r, 6) is the three-body interaction potential. weight, andog, or, and oy are the width parameters of the

The initial wave packeW (t = 0) is taken to be a Gaussian  Gaussian wave packet (GWP) along the respective coordinates.
located in the interaction region of the PES used in the The initial location of the GWP is given b, ro, and 6.

calculation. In terms of the equally spaced grid poiRtand The wave function¥(t) at timet is obtained by time-evolving
rmalongR andr, respectively, and the node&) of a 29-point the wave packet by use of the split-operator algorfhfor a
Gauss-Legendre quadrature(GL&)along 6 large numberNr) of small time stepsAt) as

YR, r, 0,t=0) —iHAUR _ e—iVAtIZhe—ijzAtMlhe—iTAt/he—ijzAtMlhe—iVAtlzh + 0O At3)

e

(R-R)* (ry— 1o’ 4)
Ny/w(n) exp — > 5| %
ORr 20, whereT = (Pr¥2ur + Pi?2uy), is the total radial kinetic energy
®, — 90)2 ©6,— 7+ 90)2 operator. The action of the exponential operator is carried
exg———— | texg—————|t out via the fast Fourier transform (FFT) algorith##?? To
20 204 evaluate the exponential involving rotational kinetic energy
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Figure 2. Potential energy contour diagram for the ground electronic state #1He (R, r) space for different values éfindicated in the panel.
Successive contours differ by 0.2 eV, with zero energy corresponding td HeHe.

operator, gi*AV4h we have used the discrete variable repre- from the wave function at time This approack-2® allows us

sentation (DVR3*24along with the GLQ. to increase the energy resolutiohE = 27h/7) by a factor of
The power spectrurf(E) is obtained by Fourier-transforming 2 by effectively doubling the total propagation tinne
the autocorrelation functio@(t) = [W(0)|W(t)[ The eigenfunctiondV(E,) for the system are calculated by
projecting the time-evolved wave function onto the desired
I(E) = | fo “C(t)e=" dt)? (5) eigenstater() of energyE:
We utilized the time-reversal property 8f(t) to calculate the WE) = [ w(t)e=" ot (7)

autocorrelation function at timet Dy evaluating
As the wave packet moves forward in time, the fast-moving

C(2t) = W*(t)|w()d (6) components approach the grid edges ahead of the slow-moving
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ones. Hence, to get rid of the possible unphysical wraparounds 6 T . . .
from the edges of a finite sized grid, we multiplied the wave
function at each time step by a damping functiéA®

7 Xmask T Axmask_ X

f(Xi) =sin E Axmask Xi z Xmask (8)

where Xmask IS the point at which the damping function is
initiated along the channel coordinaté (R or r) and
AXmas{= Xmax — Xmasy) IS the width of X over which the
function decays from 1 to 0, witmax being the maximum value
of X.

3. Results and Discussion 5L i

3.1. Potential Energy Surface.As mentioned above, we
computed the points on the ground-state PES ofHieby the ¢
CCSD(T) method with d-aug-cc-PVTZ basis set. Potential -6 —4 -2 0
energy values were calculated for the fHé—He]™ angle 6
y = 0(30)180 and for the two He-H distancesR; andR, =
1(0.2)10.0ay. The variables are defined in Figure la.

An analytic functional fit to the computed ab initio potential
energy values was obtained by the many-body expansion methoc
of Aguado et aP® The potential energy function for a triatomic 5
system is written as

(=]
s
L=

Vasc(Ry Ry R = V@ + Vg + VP + Vv, O(R) + 9
Vac2(R) + VacP(Ry) + Vg Ry, Ry Ry) (9)

The diatomic potential for AB is given by

CoexpagR) L K Il

VD = +Y cpy (10)
Rl 1= 6 i 1 | f |

—6 —4 =2 0 2 4 6
Similar expressions hold for BC and CA. Figure 3. (a) Potential energy contour diagram for the approach of a
Rydberg type variableg; are given by He atom toward HeHin its equilibrium geometry. Successive contours
differ by 0.2 eV. (b) Potential energy contour diagram for a proton
— approachin in its equilibrium geometry. Successive contours differ

b= R exp-pR) (11)  peRioachng Hen s equilbrium geomet. Successive contours i

- @A) j i . _ . . .
The three-body termVagc™ is written as gives only a limited amount of information and is known to be

M less reliable as one moves away from the minimum.
Vo PR, R, R) = S d.y 0: 00K 12 3.2. Bound and Quasibound States CalculationThe initial
rec” (R o R) .,Z iP1P2P3 (12 wave function was centered & ro, 0g)= (4.00 ao, 1.8 ay,
0.212754 rad) and the width parametets= 0.30 ap, oy =
Compared to the computed ab initio potential energy values, 0.25ay, oy = 0.20 rad. The time evolution of the wave function
the fitted surface gave a root-mean-square deviation of 10.8 meVwas carried out on a 64 64 x 29 grid in R, r, 0) for a total
(0.25 kcal/maol). of 32768 time steps with each steft = 0.2155 fs. The
The resulting potential energy profile for the collinear damping function use®mnask = 7.48 @, Imask = 7.48 ap. The
configuration is shown schematically in Figure 1b. In Figure 2 autocorrelation function was computed with the Simpson
we plot the potential energy contour diagram in tRer plane integration and Fourier-transformed by use of the FFT algorithm.
for the various values df. Figure 3a shows the potential energy The resulting eigenvalue spectrum for three-dimensiongHide
contours as a He atom approaches HdHl its equilibrium is plotted in Figure 4a, with the inset showing only the bound
geometry, and Figure 3b depicts the contours for the approachstates. There are a total of seven bound states and their energies
of a proton toward Hgin its equilibrium geometry. are listed in Table 2. These are to be compared with the five
As was shown in Table 1, the location and depth of the well bound states reported by Lee and Seéfasting a variational
computed by us are comparable to the results reported bycalculation and a slightly different PES. The currently computed
Dykstra? Unfortunately, we are not able to make a detailed zero-point level is lower than that reported by Lee and Secrest
comparison of our PES with that of Dykstra, as he did not report by 21.7 meV. For the purpose of quantitative comparison we
all the energy values. For the limited number of geometries for report the energy levels (in reciprocal centimeters) relative to
which the potentials are reproduced in ref 9, we have comparedthe zero-point energy, as was done by Lee and Setrast,
our potential energy values with his and found a standard Figure 5a. These authors had pointed out that the energy levels
deviation of 21.08 meV, with the largest deviations beth.3 did not correspond to any particular normal mode and that they
and —47.2 meV. The analytic fit reported by Lee and Secrest could be identified as a linear combination of modes, because
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Figure 4. Eigenvalue spectra for (a) bt¢™ and (b) HeD™" in three dimensions fad = 0. The insets show the bound states.
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Figure 5. Bound-state energies computed from the present study along with those reported by Lee antf &ecf@sHeH"™ and (b) HeD*.



7130 J. Phys. Chem. A, Vol. 107, No. 37, 2003 Panda and Sathyamurthy

9 T T T T T T T 35 T T T T T T T
il 1T r=146a,
T i 25+ _
! | 1 E=-0.30924 eV | o
S st 4 =
5 Y o
\k | p 4 L5 1 &
¢ &
3F & ' 1
! 1 2 3 4 5 6 7 8 9 01 ; 3 Alt ; (I: ; lli 9
9 T T T T T T T 35 T T T T T T T
8 T 3 T
i i L V— 1.46 a O
o of i E=-0.19093 eV <o)
I I =
. LSt { =
4+ 4
3r b tr i
2k 4 05 T
1 0 | | I I I
1 9 1 2 3 4 5 6 7 8 9
9 T T T T T T T 35 T T T T T T T
r=146a, |
S E=0.14056 eV S
~ ] 8
. | a
s 7 s
r=146a, |
Go E=-0.10191 eV
XX 4
N S
4 =
oo
| &

Figure 6. Probability density contours for the lowest four bound states ofHFgsuperimposed on the potential energy contours for the system.

of the floppiness of the molecule. The light H nucleus bound region in configuration space and has been fitted analytically
between the two heavy He nuclei makes large-amplitude with an rms deviation of 10.8 meV. Because of the anharmo-
motions. It is clear that the first excited state from our nicity of the potential, we do find a larger number of bound
calculations is almost identical to that of Lee and Secrebhe states than Lee and Secré&kt.

deviations become larger as we go higher in energy. This is Probability density contours of the eigenfunctions corre-
not surprising because Lee and Sedfassed a normal mode  sponding to the lowest four bound states in bd& 1) and
expansion for fitting the PES and the data available away from (R, #) coordinates, superimposed on the potential energy con-
the well region were limited and the fit was less reliable as one tours for the system, are reproduced in Figure 6. The lowest
moved away form the minimum. Our PES covers a much wider energy eigenfunction in Figure 6a could be assigned the quantum
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numbers iir, N, Ny) = (0, O, 0). The eigenfunction in Figure HeH™ and Professor Franco Gianturco (University of Rome,
6b is predominantly that of the first excited vibrational state Italy) for sharing his earlier results on the system with us. We
(1, 0, 0). With an increase in energy, the nodal pattern becomesare grateful to Pavel Soldan (University of Durham, England)
complicated and it becomes difficult to assigmw,(nr, ny). This for useful discussions and to the anonymous reviewers for their
is understandable because of the floppiness of the system, avaluable comments on an earlier version of the manuscript.
discussed above.
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