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HHeF, a first predicted chemically-bound helium compound, is a metastable species that
disintegrates by tunneling through energy barriers inte-HE and H+He+F. The reaction paths

for these decomposition processes are calculated with single-configurational Mgller-ENg#32et

and multiconfigurational quasidegenerate MCQDPT2/MC@GJ® electronic structure methods.

The lifetime of HHeF, estimated using a one-dimensional model along the minimum energy path
and the semiclassical WKB approximation, is more than 120 ps, that of DHeF is 14 ns. The
relatively long lifetimes are encouraging for the preparation prospects of this helium compound.
© 2001 American Institute of Physic§DOI: 10.1063/1.1412467

The rare-gas atoms are chemically inert to an extenthe molecule does not have at least one vibrational energy
unique among all elements. This is due to the stable eledevel under the top of the potential barrier that separates it
tronic structure of the atoms. Stable molecules with chemifrom the product, then it is unstable and if somehow pre-
cally bound rare-gas atoms are, however, known. A first suclpared will disintegrate instantaneously. If the zero-point en-
compound, XePtE was prepared in 1962nd since then a ergy lies under the top of the barrier, then in principal the
range of molecules containing radon, xenon, and kryptorspecies will decay by guantum-mechanical tunneling into the
have been obtained’ Most recently, a first stable chemi- products of lower energy. The calculation of the tunneling
cally bound compound of argon was prepatéeaving neon  process from the zero-point vibrational state of the molecular
and helium as the only elements for which stable chemicallypPecies yields the lifetime. Molecules that have extremely
bound molecules are not yet known. Electronic structure callong tunneling decay times on laboratory time scales will
culations predict that a metastable species HHeF ekiéts, appear experimentally stable.
but the significance of the result depends upon the unknown Figure 1 shows the equilibrium structure of HHeF, com-
lifetime. Here we report quantum dynamics calculations ofPuted at the second-order Mgller—PlesgéP2) level of
the lifetime of HHeF, using accurate interactions computed/€Ctronic structure .theoﬁ/ with augmented cozrrelatlon-
from electronic structure theory. co_nS|stent_vaIence trl_pIE(aug—cc—pVTZ basis set? Calcu-

To predict theoretically the existence of a long-lived mo-ations _with the —higher level ~coupled-cluster method

13 . .
lecular species, several issues must be considered. First, a?&sm) were also carried out and are in good agreement

necessary condition, the species must be shown to corré“f'th MP2 results. The short bond distances are characteristic

spond to a local minimum of the potential energy surface oipf a chemically bound species, rather than of a van der Waals

the system. In the case of HHeF this was already done bgomplex. A”a'fl’(?'s shows that the bpndmg is partly 'onic and
Wong and by Lundellet al° using accurateb initio meth- artly covalent.” The fundamental vibrational frequencies of
' the HHeF species are highl—He stretch 2124 cit; F—He

ods. Second, the potential surface regions that describe th?retch 983 cri®: bending 519 cmY), again in the range

decomposition pathways of the species must be determine haracteristic of chemically bound molecules. These values

At least the potential along the path of minimum e were computed at a level of accuracy beyond the harmonic

f d esti f the lifeti T %pproximation, using the correlation-corrected vibrational
necessary for a good estimate of the lifetime. To carry out g cqnsistent fieldCC-VSCH method™ in an algorithm

calculation of the molecule’s lifetime, it is essential to com- y, directly uses points of the potential energy surface ob-
pute its zero-point vibrational energy and wave function. Ifiaineq from electronic structure calculations in computing

the vibrational energy levelS. Also the zero point vibra-
dElectronic mail: bgerber@uci.edu tional energies used in the calculations of the lifetime in this
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FIG. 1. Equilibrium geometry of HHeffbond distances are given in ang- @ 1.542
stroms. :

. . FIG. 3. Transiton state geometry for HHefHe+HF.
paper were computed with the CC-VSCF method, since the g i

accuracy of this method is important for reliable tunneling i ) . » .
estimates. The configuration corresponding to the transition state is

Figure 2 shows the potential energy along the minimunShown in Fig. 3. Beyond this geometry and as the system
energy pat{MEP) leading from the equilibrium structure to Moves along the IRC towards the #HElF products, the ef-
the energetically far more stable products#. This MEP  fective charge on the He atom drops quickly to zero, that
is calculated using the intrinsic reaction coordinate metho0m assumes a closed shell electronic structure, and the
(IRC)!® with the second order Gonzalez—SchIegeIH_F bond starts to form. The lifetime calculation assumed a
algorithm!” and a step size of 0.1 afftibohr. The IRC model of one-dimensional decomposition of HHeF by tun-
calculation was carried out using the electronic structurd’€ling along the IRC. The effective mass associated with the
packagesAMESS'® at the MP2/aug-cc-pVTZ level aib ini-  |RC was employetf for the tunneling dynamics. The HHeF
tio theory. The potential energy points along the IRC wereSPecies was taken to be initially in the vibrational ground
also computed using the second-order multiconfigurationaftate. Within the approximations made, only the zero-point
perturbation theory MCQDPT2 methdd,based on the €nergy corresponding to the bending mateC motion is
CASSCF reference wave function that included 10 activé€lévant to the process. The latter can be obtained as the
electrons and 6 active orbitals. This is a full valence activedifference between the total zero-point energy of the equilib-
space and is denoted as MCS®F,6. The same aug-cc- 'um structure and that of the transition state of HHeF, 540

1 —1 . . . .

PVTZ basis set was used for multiconfigurational calcula-C™ ~ by the CC-VSCF calculations. In the tunneling lifetime
tions as for single-configurational ones. The objective of the@lculations, the twofold degeneracy of the bendiagd in-
MCQDPT2 study was to test if the MP2 results also remairfieed of the IREmotion must be kept in mind. With this, the
valid away from the equilibrium configuration of HHeF, and tunneling razt(t)a was computed using a semiclassical expres-
the finding was that the two calculations gave virtually theSion (WKB),™ yielding a lifetime of 120 ps. A calculation by
same potential energy values along the IRC. This confirmedirect numerical integration of the time-dependent Sehro
the validity of the single-configurational MP2 method in this dinger equation gave a similar result. The calculations for
case. The IRC corresponds approximately to motion alongHeF gave a lifetime of at least 14 ns, much larger than for
the bending coordinate of HHeF, especially near the equiliiHeF since the effective mass along the tunneling path is
rium configuration of this species. The transition state in Figlarger by a factor of 2. Error estimates for the lifetimes are
2 is of energy of 7.8 kcal/mol from the potential value for the hard to give, since the errors are expected to be mostly due to
equilibrium structure of HHeF. The tunneling lifetime of the the remaining inaccuracy of the computed potential, and due
species is exponentially sensitive to the potential energy baf® the fact that a one-dimensional tunneling model was used.

rier along the IRC, and, in particular, to the barrier height_Calculations of the lifetime including all degrees of freedom
of HHeF require a sufficiently accurate potential function in

full (3D) dimensionality, which is not currently available.

transition state HHeF also has an additional decay channel: HHéF

°
£ o +He+F. The potential along the IRC for this channel is
§_ shown in Fig. 4. The calculations for this process require an
3 electronic structure theory that uses multiconfigurational
Q 40 .
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FIG. 2. Potential along minimum energy path for HHeHe+HF. FIG. 4. Potential along minimum energy path for HHeA+He+F.
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wave function and also includes perturbation-theoretic cor{Project sfb45Q by the Israel Science Foundation, by the
rections for electron correlation effects, like the MCQDPT2/Chemistry Division of the NSFEGrant CHE-0101199 and
MCSCH10,6 method described above. MCS@B,6/aug- by the Academy of Finland.

cc-pVTZ level was used to compute the IRC path, but in the

absence of dynamical electron correlation effects this level of

electronic structure theory predicts HHeF to be unstable, de-;N. Bartlett, Proc. Chem. Sod962 218.

caying instantaneously into the 3-body channeltte+F. At 3i- é&fﬁ;ﬁ?g&hg{,g&?fg (i‘gfgm 974(1963.

the level of MCQDPTZ, which we expect to be qwte_ reliable 45 Hc;noway and E. G. Hope, Adv. ,horg_ Chets, 51 (1999.
here, a barrier of 9.8 kcal/mol for the 3-body decay is found.5m. Pettersson, J. Lundell, and M. &aen, Eur. J. Inorg. Chen999
The geometry of this transition state is linear, Wiy, 729. o

=1.15 A andRuer=1.41 A. The dissociation products are eg;h'-unzd:'gs'a gggacr‘tc“e"' M. Pettersson, and M.sBn, Low Temp.
15.8 kcal/mol below the HHeF equilibrium structure. The 7, {j‘ cﬁriste,(Ang%\/v. Chem. Int. Ed. Engl0, 1419(2003).
dissociation motion in this case is collinear, not the bending®L. Khriachtchev, M. Pettersson, N. Runeberg, J. Lundell, and 8afRan,
type as in Fig. 2. The decay rate is computed to be orders og'\NAatUer\s\l;::dOJﬁ :&6 gzl‘é rfoggdzz 62892000

magnitude slowgr than tha.t leading to-HEF. This is due to . 1°J..Luﬁde||, %. i cr}aban, and R B. Gerber chem. Phys. Bat. 308
the somewhat higher barrier, and also because the effectiveggg.

mass associated with the 3-body decomposition is mucHJ. A. Pople, J. S. Binkley, and R. Seeger, Int. J. Quantum CHem1

larger. The contribution of this channel to the lifetime of 12(T19|_T@b ing. 31, 3. Chem. Phy80, 1007 (1989: R. A. Kendall T. H
: . A bunning, Jr., J. em. A , ROAC Kendall, T R.
HHeF can be completely ignored. Dunning, Jr., and R. J. Harrisoinid. 96, 6796 (19932.
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