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The 3z~ and!A’ of HeHO" and?A" ground electronic states of HeBOhave been investigated using the
all-electron coupled cluster single, double, and triple-excitation (CCSD(T)) method coupled with an augmented
correlation-consistent polarized core valence tripleasis set (aug-cc-pCVTZ). For tRE~ and!A’ states

of HeHO", the CCSD(T)/aug-cc-pCVTZ model yielded optimized geometrical parameters, (fo—re,
On-o-ne) Of (1.036 A, 2.608 A, 189 and (1.150 A, 1.009 A, 94° respectively, with the triplet state being
more stable by 40.4 kcal midl For the?A” ground electronic state of HeHQ the optimized structural
parameters were (1.247 A, 1.158 A, 10).&spectively. The calculated harmonic frequencies were real for

all these states, and their magnitudes were sensitive to the incorporation of configuration interaction.

1. Introduction of a number of helide compounds of the form XHe(where

With the advent of molecular beam mass spectrometers, theX is equal to carbon, nitrogen, and oxygen). In the case of the
structural and spectroscopic properties of a number of van derground electronic state of H®?*, they showed that it was not
Waals molecules containing rare gas atoms have been charactethermodynamically stable, but rather metastable. Nevertheless,
ized12? So far there has been no reported experimental or it was predicted to possess a potential energy minimum, yielding
theoretical investigations on the mixed hydrogen helide com- short and very strong heliuroxygen bonds. For example, their
pounds, such as HeHGand HeHG™, even though experimen- MP2/6-31G(d, p) calculations yielded structural parameters
talists are now able to spectroscopically characterize metastablelc-+e Ore-o-e) Of (1.148 A, 92.4) respectively* Moreover,
species. (The former molecule is isoelectronic with the water @n extensive CCSD(T)/cc-pCVTZ calculation performed by von
molecule, while the latter is isoelectronic with the hydroxyl Nagy-Felsobuki and co-workérsonfirmed these results, yield-
radical.) A theoretical investigation into the electronic structure INg an optimized geometry witBz, symmetry and with &o-e
of HeHO' and HeHG" is of importance, since these ions are bond length of 1.168 A and a bond angle of 92.6
not just examples of a foreign ion residing in a helium cluster ~ Electrostatic interactions were thought to be responsible for
but showcase the molecular chemistry of helium itself. More- the binding force of most of the He&X™ monocations (where
over, it is anticipated that detailing the chemistry of helium with X = Li to Ne), whereas covalent bonding is postulated to prevail
fragment ions, such as HGand HG*, will have an important for their dication counterparfs.The polyatomic analogues of
bearing in our understanding interstellar chemistry. the NgX?* (where Ng= He, Ne, Ar and X= C, N, O) have

Theoretical calculations by Frenking, Koch, and co-workérs been predicted to have semipolar covalent bonding with respect

have been used to model the underlying bonding mechanismto the'A; electronic state$.
The singlet-triplet energy separations for B2+ and the

* Author to whom correspondence should be addressed. Telephone: 61- i i i _
49-215482. Fax: 61-49-215472. E-mail: chvo@cc.newcastle.edu.au. a.nalogous hydnde.'s have been Qf ConSIderable !ntereSI.' Fren
Telex: NEWUN AA28194. king, Koch, and Liebmahhave given qualitative insight into

€ Abstract published ilAdvance ACS Abstractdfay 1, 1997. the underlying interactions that affect the magnitudes of these

S1089-5639(96)03802-9 CCC: $14.00 © 1997 American Chemical Society



3996 J. Phys. Chem. A, Vol. 101, No. 22, 1997 Letters

separations. Their analysis suggest thatGgrmolecules the _l 2+ —| 2+
singlet-triplet splitting is critically dependent on the fact that He 1.0 He (.15
two of the MO’s (2a and 3a) favor smaller bond angles, while \ \
only one (1b) will increase in energy. The overall result is a ms O 13 O
smaller bond angle for HE2" (yielding a singlet ground state) As A7
compared with CH (which yields a triplet ground state). H H

As an extension of our earlier work on the electronic structure @A @ A
on seeded helium clustetst! we wish to detail an ab initio
investigation of the3=~ and A’ states of HeHO and 2A" He —I * _l +
ground electronic states of HeHO It is hoped that this study 299 He (1w
may assist and encourage experimentalists to detect and identify 029 O w0
these mixed hydrogen helide compounds, thereby detailing more e .
clearly the molecular chemistry of helium. H H

(b) 'A’ () 'A

2. Computational Details

We have employed the GAUSSIAN 94 suite of progréms
to study the structural parameters of the electronic states of
HeHO' and HeH®*. The configuration interaction method o ———p LHe—l " 0 —= L7 He—l *
selected was the coupled cluster method, using both single and
double excitations with a perturbative estimate of the effect of

triple excitations (i.e. denoted as CCSD(13)1¢ For the open-
P ( (¥ P Figure 1. Optimized geometries of HeHOand HeHG" using the

shell states the unrestrlcted CCSD(T) Tgodel was employed. aug-cc-pCVTZ basis set at afc) the HF level of theory and (&)
Recently, Dunning and co-workéfs'® have developed e ccSD(T) level of theory.
families of correlation-consistent polarized valence basis sets,

which have been optimized for correlated calculations. These fing a stable (or even transition state) geometry!Br state of
basis sets have been extended by Woon and Dutieg  opHe+ at the CCSD(T) level of theory nor could we find a
include not only the valeneevalence correlation but also the  |5cal minimum for both theS+ and3S— states of HOHE at
core-core and corevalence correlation effects. As the elec- s |evel of theory, although we have found a second-order
tronegativity of the fragments of these molecules (e.g.44e  s5qdle point for thés~ state of HOH&. Also the analogous

OHT, etc) may be critical in reproducing their bonding HHo (3-) ion was found to be a transition state (with one
characteristics, we have employed the aug-cc-pCVTZ basis Se'imaginary frequency).

of Kendall and Dunning? since they have demonstrated that
within the MRSD-CI ansatz, this basis set yielded the most
accurate electron affinities for first-row atoms. The correct

hm(?_((jjeling (()jf, the helium eleetron ";‘)fﬁ"gy is criticslri; *":Bt[\';ese structures, theo—n andro-ne bond lengths were slightly shorter
elide studies, since previous bonding mechanisimave 5.4 |onger respectively when compared to the HF model. The
suggested that bond formation arises from electron density o, erse trend is observed for the linear structure. It is interesting

donation of helium.to the ion fragment (and not the reverse). , note that Koch and FrenkingMP2/6-31G(d, p) calculation
Furthermore, Marti#t has shown that the neglect of core on He0?* yielded structural parametefso_ne, Or_o-we of
correlat_lon causes bond lengths to be over est_lmated by 0'00](1.148 A, 92.4) respectively, in close agreement with those
A for single bonds. He has also shothnhat triple{ core- orresponding to the bent structure of HeHOThat these
correlation basis sets yield structural parameters, such as bon olecules are not just complexes of the HaHoiety is evident
lengths and harmonic frequencies, to within 0.0004 A and 10 from the CCSD(T)/aug-cc-pCVTZ level of theory, which yields

et respectiv_ely, of quadrupole basis sets. Hence t_he aug-the HeH" singlet state to be lowest in energy with a bond length
cc-pCVTZ basis set of Kendall and Dunnfids appropriate of 0.776 083 A.

for studies involving helium-containing molecules.

The minimum energy structures were obtained using the
Fletcher-Powell algorithm? and the stationary points character-
ized by calculating the harmonic frequencies.

©’T "’

For the?A"" ground electronic state of HeHOthe optimized
structural parameters were (1.247 A, 1.158 A, 16)r8spec-
tively. The calculations showed that for the bent CCSD(T)

Table 1 compares the various properties for the electronic
states of HeHO and HeHG" using the HF and CCSD(T)
methods. For all these calculations, the harmonic frequencies
were real and their magnitudes sensitive to the level of theory
employed and to the inclusion of diffuse functions in the basis
set. For example, in the case of the bent monocation, the bend

Figure 1 gives the optimized geometries of HeH@nd mode nearly doubled in frequency at the CCSD(T) level when
HeHO*" using the aug-cc-pCVTZ basis set at the Hartree  compared to the HF level (i.e. 1063 compared to 547 tm
Fock (HF) and the CCSD(T) levels of theory. For HeHO respectively). Similar large percentage discrepancies were
the linear structures were not bound. However, for HeHiia observed for the linear structure. Hence, small variations in
8%~ linear state was lower than tha' state by 40.4 kcal mot. bond lengths and bond angle resulted in significant changes in
Within the HF model, thed MO was lower in energy than the  the force constant associated with angle deformation or bond-
1z MO, with the result that for the bent geometry the LUMO  stretching vibrational modes. Lee and Scugéfiaund that the
was the 14 MO. Hence for this geometry the lowest energy difference between CCSD(T) and experimental harmonic or
state is the singlet state, whereas for the linear structure thefundamental vibrational frequencies for=Xl stretching and

3. Results and Discussion

lowest energy state is the triplet state. bending frequencies were not very systematic and so employing
For 32~ and A’ states of HeHO the CCSD(T)/aug-cc- a “correction” factor was deemed not advisable. Nevertheless,
pCVTZ model yielded optimized structural parametes-(, Lee and Scuserid have also pointed out that for compounds

r'o-He OH-o-re) OF (1.036 A, 2.608 A, 189 and (1.150 A, 1.009  containing very electronegative atoms it is necessary to include
A, 94.7) respectively. It should be noted that we could not diffuse basis functions in the basis set (i.e. such as the basis set
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TABLE 1: Calculated Properties of HeHO"t (Where n =

1, 2)

property

HF/aug-cc-pCTVZ

CCSD(T)/aug-cc-pCTVZ

(a) HEHO(3=)
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has the MO structured{0O1s)2(02s)3(02p,+H1s)1t(02p,).

For the bent structures, the approaching helium atom would split
thesr MO’s on the OH fragment ion, enabling electron donation
into asr component along the, e reaction coordinate. The

total energy —77.868921 —78.133918 use of this simple approach suggests that for Hel@ bond
ZPP 5.62 5.49 angle would be in the vicinity of 90(with the widening of the
Eym(-fstretCﬁ %gg ggi OH-o-He bond angle in HeH®™ being indicative of the reduction
en in the in-plane bond paitlone pair repulsions). Although such
asym. stretch 3286 3017 gualitative models give insight into bonding characteristics of
| 77(b7)4ngg|§)+(lA) 26.064576 the these hydrogen helide ions, care must be taken not to
tzc’g%)e”ergy 2 o5 856 overinterpret these configuration interaction results using these
sym. stretch 1478 1594 such simple models.
gg”r?] stretch gggg éggi Acknowledgment. Calculations were performed using the
ym. (©) HeHG(A") VAX 3100 workstation, Sun workstations, and VP2200; the
c) He ! VAX was made available by the generous support of the
tZOFt,aElbenerg? 122'834226 3270'116535 Australian Research Grants Scheme, the Suns by the generous
sym. stretch 115 1263 support of the Engineering Faculty, and the VP by generous
bend 891 1078 support of the ANU. We wish to acknowledge the University
asym. stretch 1372 1369 of Newcastle scholarship held by J.M.H.

agnergy in hartrees. Zero-point energy (ZPE) in kcal mol
¢ Frequencies in cr.

incorporated in these calculations) in order to describe more
correctly the ionic behavior of the molecule. As these ions
contain helium and as any donation of charge by the helium
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