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HM* and HM*-He (M = Group 2 metal): Chemical or physical interactions?
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(Received 15 July 2014; accepted 18 August 2014; published online 4 September 2014)

We investigate the HMT—He complexes (M = Group 2 metal) using quantum chemistry. Equilib-
rium geometries are linear for M = Be and Mg, and bent for M = Ca—Ra; the explanation for
this lies in the differing nature of the highest occupied molecular orbitals in the two sets of com-
plexes. The difference primarily occurs as a result of the formation of the H-M™ bond, and so
the HM™ diatomics are also studied as part of the present work. The position of the He atom in
the complexes is largely determined by the form of the electron density. HM™...He binding ener-
gies are obtained and are surprisingly high for a helium complex. The HBe*...He value is almost
3000 cm™!, which is high enough to suspect contributions from chemical bonding. This is explored
by examining the natural orbital density and by population analyses. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4894227]

. INTRODUCTION

Although there has been interest in trying to form chem-
ically bonded helium for many years (see, for example,
Ref. 1), there has been significant renewed interest in try-
ing to establish if it is possible to synthesise the first sta-
ble helium-containing molecule, with molecules containing
coinage metal halides currently being the most promising.>™
Interestingly, for these coinage metal halide complexes, the
binding energy of helium was greater than neon in the re-
spective molecules, although argon was more strongly bound
than both neon and helium; the NeAuF complex has now
been identified experimentally.>” The binding energy of a
helium atom was greatest in HeCuF, at 2270 cm™!, and a
small amount of covalency was deduced.>* In part, the flu-
orine atom acts to pull electron density towards itself, thus
facilitating partial donation of 1s electron density into the vir-
tual Cu orbitals from the incoming He atom, leading to the
designation of these as a new type of weak interaction.’

Grandinetti and co-workers have explored beryllium-
containing ions as possible candidates for producing chemi-
cally bound helium atoms in XBeHe™ species, where a num-
ber of X groups were examined.® As discussed therein, a
number of workers have investigated the use of the Be?*
cation as a “fixing agent” for He. In recent work on Be"-RG
complexes (where RG = rare gas),” we found that the inter-
action led to sp hybridization of the Be™ orbitals, leading to a
lowering of electron density along the internuclear axis in the
direction of the incoming RG atom. In turn, this led to a re-
duction in the electron repulsion between the electrons on RG
and the unpaired 2s electron on Be™, and a partial exposure
of the Be?* core leading to increased attractive terms; a sim-
ilar picture occurred for Mg™—RG.? For the heavier M*-RG
(M = Ca-Ra) complexes, sd hybridization occurred, where
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electron density could be moved off axis (see Sec. IV A), ex-
acerbating both the reduction in electron repulsion and the
increase in attractive terms.!%!! In the present work, we in-
vestigate the binding of He to the HM™ species, where M is a
Group 2 metal.

We also note that, since it contains only light elements,
BeH™ may be of importance in astrochemistry, and its pos-
sible dissociative recombination in the interstellar medium
(ISM) has been investigated.'> The amount of helium around
in the interstellar medium, together with the very low tem-
peratures, suggests that helium complexation may be present!
and may be a means for the rotational cooling of ions and neu-
trals in space; we note the study on the HCa—He complex,'?
which emphasised the use of helium as a means of obtaining
ultracold molecules for a number of terrestrial applications.
Additionally, ion doping of helium nanodroplets'* is a plau-
sible way of growing novel materials and understanding the
interactions of helium with the dopant ions is an important
first step for a full understanding of such processes. Lastly,
we also note that interest in the §~ decay of the monotri-
tiated species, HBeT, has been expressed, whose product is
HBe'-He."”

To understand the interactions of He with the HM™ ions,
it is necessary to understand the bare ions also. Spectroscopic
studies on HBe™ have been few, with early UV spectra re-
ported by Bengtsson-Knave'® and Watson and Humphreys'”
yielding rotational and vibrational constants. More-precise
values have been reported by Coxon and Colin in 1997.'8
Similarly, there have been limited studies on HMg*, with the
analyses of the early emission spectra of Pearse,'® Guntsch,?
and Pillow?! being refined in the work of Balfour.?” Again,
these have allowed rotational and vibrational constants to be
derived, as well as the dissociation energy. No experimen-
tal data appear to exist for any of the species HCat—-HRa',
except for the dissociation energies of HCat, HSr", and the
deuterated species, DBa*t, which have been reported in a se-
ries of papers by Armentrout and co-workers.>=2

© 2014 AIP Publishing LLC
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Although there have been a number of early quantum
chemical studies on HBe™, Koput’s recent Multi-Reference-
Averaged Coupled Pair Functional (MR-ACPF) study?® is the
most reliable, and so we compare to those values herein;
notably, those values were in excellent agreement with the
experimental values reported in Ref. 18. Two recent sets
of high-level calculations have been reported for HMg™:
those employing the CIPSI (configuration interaction per-
turbing a multiconfigurational zeroth-order wave function se-
lected iteratively) method, by Aymar et al?’ from which
we select the results using the largest basis sets; and those
by Abe et al.,’® from which we select the non-relativistic
CCSD(T)/cc-pCV5Z values to which to compare, since we
believe these are the most reliable (noting that the relativis-
tic correction made very little difference to the calculated
spectroscopic constants in that work). For HCa*t, again we
compare with the non-relativistic CCSD(T)/cc-pCV5Z values
from those reported in Ref. 28, and the CIPSI values from
Aymar and Dulieu.? Finally, for HSr* and HBa™*, we com-
pare our results to the CCSD(T)/ANO-RCC results of Ref. 27,
where basis sets are atomic natural orbitals, which have been
designed to be relativistic and correlation consistent. We
shall compare our calculated values to these sets of data in
Sec. IIT A.

Several studies on HM*—He complexes have been un-
dertaken relatively recently. In 2007, Page et al.*° performed
high-level, CCSD(T), and MRCI, quantum chemical calcula-
tions on HBe*—He, employing aug-cc-pVQZ basis sets. They
found the complex to be linear, with a high dissociation en-
ergy of 3010 cm™!, although this was not remarked upon.
Separately, but in the same year, similar calculations on the
HMg*-He and HCa*-He complexes were reported.>' For
the former, again a linear geometry was reported, but with
a significantly lower binding energy of 650 cm~!. In contrast,
HCa*-He was found to be bent, with an equilibrium bond
angle of ~113° and a barrier to linearity of ~115 cm™!; its
binding energy was found to be 340 cm™!. Although the very
different equilibrium geometries were noted in Ref. 31, an ex-
plicit, detailed discussion was not given.

In the present work, we investigate the whole HM* and
HM™—He series in order to ascertain the geometries, as well
as the interaction energies of the latter. We shall also seek
to gain insight into the interactions occurring by consider-
ing contour plots of the natural orbital density and population
analyses.

Il. CALCULATIONAL DETAILS

Geometry optimisations of HM* and the HM*—He com-
plexes (where M = Be-Ra) were performed using both
MOLPRO?* and the Gaussian 09 suites of programs. We
employed MP2 theory for the whole set of species; in addi-
tion, as a test of the reliability of the MP2 geometries, opti-
mizations were carried out for the HM™—He complexes using
QCISD theory for the lighter species with M = Be—Ca. Har-
monic frequencies were calculated using MP2 theory. Single
point CCSD(T) energy calculations were also then carried out
at the MP2 equilibrium geometries of all species to obtain
more accurate interaction energies; all T, diagnostic values*
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were < 0.02 indicating little multireference character. In each
case the only electrons not included in the correlation pro-
cedure were the ls orbitals of beryllium and magnesium,
and any electrons described by an effective core potential
(ECP) — see below. Regarding the electronic states, the HM*
species are all closed-shell singlets (! £%), while the HM*—
He complexes are also closed shell, with the state depending
on the geometry (' £+ for linear, 'A’ for bent).

For hydrogen, helium, and beryllium, the basis sets em-
ployed were the Dunning-type aug—cc—pVQZ ones;*>3¢ for
magnesium we employed the aug-cc-pwCVQZ basis set,?’
which employs weighted core-valence functions. For Ca, Sr,
Ba, and Ra we employed the aug—cc—pwCVQZ-PP valence
basis sets, in conjunction with the small-core, fully relativis-
tic ECP10MDF, ECP28MDF, ECP46MDF, and ECP78MDF
effective core potentials, respectively.*®3° For additional anal-
yses, corresponding triple-¢ basis sets were employed. These
comprised natural orbital contour plots of the natural orbital
density calculated at the QCISD level of theory in MOLPRO,
employing MOLDEN? for the visualization. Charge analysis
was also undertaken at the QCISD level with Mulliken,*! nat-
ural population analysis (NPA)** using the NBO 6.0 code,*
and Bader’s atoms-in-molecules, AIM,* method, with the lat-
ter being performed with AIMAIL* For simplicity, we shall
refer to basis sets as aTZ, aQZ or a5Z as appropriate.

lll. RESULTS
A. HM+

The calculated equilibrium bond lengths of the HM*
molecules are given in Table I, where our results are com-
pared to the previous experimental and highest-level quantum
chemical results, briefly noted above. As may be seen, gener-
ally the agreement is very good for all parameters. Regarding
HBe™*, given the very large basis set employed by Koput,?
the agreement with our MP2/aQZ results is excellent; the
close agreement to the experimental values for both R, and
w, is noteworthy. With regard to D_, our CCSD(T)/aQZ re-
sults are in very good agreement with the MR-ACPF/aug-
cc-pV7Z(i) results of Koput for BeH' (perhaps suggest-
ing the experimental value is not so reliable). For HMg™
and HCa™, the agreement of our MP2/aQZ results with the
CCSD(T)/cc-pV5Z ones of Ref. 28 is slightly better than with
the CIPSI ones,?’ which employed a smaller basis set. Inter-
estingly, for HSr* and HBat, the agreement with the CIPSI
results?’ is slightly better for w, than the CCSD(T)/ANO-
RCC ones,”” although our R, values agree better with those
from the latter calculations. For the heavier species, gener-
ally the agreement for D, is better with the CCSD(T)/ANO-
RCC results.?” Our results for HRa* appear to be the first such
published.

There have been experimental values for D, reported
for MgH™, CaH™, SrH', and BaD* by Armentrout and co-
workers,*?> which we have corrected to D, values in Table I
by making use of our w, values (suitably adjusted in the case
of BaD™). As may be seen, within the sizeable error bars, the
agreement between the calculated values and the experimen-
tal ones is reasonably good.
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TABLE 1. Calculated parameters of the HMT molecules at the MP2/aQZ level of theory. See text for full de-

scriptions of basis sets.

Previous R, A) D, (cm™h) o, (cm™h)

HBet Present work 1.307 25550 2275
MR-ACPF/aug-cc-pV7Z(i)*° 1.310 25740 2222
Expt.!$ 1.310 26285 22222

HMg™ Present work 1.637 16 840 1789
CIPSI?’ 1.65 16380 1599
CCSD(T)/cc-pV5Z28 1.653 16 890 1706
Expt.?? 1.652 16900 1699
Expt.2* 16500 + 5002

HCat Present work 1.877 17830 1558
CIPSI?’ 1.87 17970 1453
CCSD(T)/cc-pV5Z28 1.896 18110 1503
Expt.? 16700 £ 1000°

HSr* Present work 2.020 17200 1448
CIPSI 1.97 18080 1429
CCSD(T)/ANO-RCC?8 2.041 17110 1409
Expt.2* 18200 + 500?

HBa™ Present work 2.123 20020 1350
CIPSI?’ 2.08 21600 1368
CCSD(T)/ANO-RCC?8 2.139 19760 1477
Expt.° 20600 + 800°

HRa™ 2.226 16390 1299

D, values obtained from experimental D, value from Ref. 24 and corrected to D, using our o, values.
bDe value obtained from experimental D, value from Ref. 23 and corrected to D_ using our w,_ value.
D, value obtained from experimental D value for BaD" from Ref. 25 and corrected to D, using appropriate scaling of our w,

value.

In summary, the agreement between our results and quite
high-level calculations (and limited experimental data) is very
satisfactory and suggests MP2/aug-cc-pVQZ calculations are
adequate for these species.

B. HM+-He

The calculated equilibrium geometries of the HM*—-He
complexes are reported in Table II. First we note that there is

very little difference between the geometries calculated using
the MP2 and QCISD methods for the lightest three species,
with the M—He bond length being slightly more sensitive than
the H-M one. As a consequence, for the heavier species we
are confident that the MP2 geometries are reliable. We im-
mediately see that the two lightest species, HBe™-He and
HMg+—He are calculated to be linear, and that the heavier
species are all calculated to be bent. This is consistent with
the linear geometries calculated for HBet—He and HMg™—He

TABLE II. Calculated equilibrium geometries, harmonic vibrational frequencies (cm~'), and HM™ ... He dissociation energies (cm~!) of the HM*—He com-
plexes at the MP2/aQZ and QCISD/aQZ levels of theory. See text for full descriptions of basis sets. Values in square brackets are calculated employing the same
basis sets, but at the QCISD level. D, values have been calculated at the CCSD(T) level of theory using the indicated basis sets, but at the MP2/aQZ optimized
geometry. The calculated R, values for the HM™ complexes from Table I have been included here for ease of comparison.

D, (HM™...He)
Ry y A Ry e A 6 (deg) Opend OMHe Ovn aQZ a5Z a5Z+CP

HBe™* 1307 2275

HBet-He 1.299 [1.304] 1.523[1.527] 180 [180] 2324 611 2343 2971 2971 2964
HMg* 1.637 1789

HMg*-He 1.635 [1.648] 2.132 [2.154] 180 [180] 80° 233 1808 689 686 676
HCat 1.877 1558

HCa*-He 1.876 [1.894] 2.553 [2.566] 110 [113] 111 162 1567 394 399 391
HSrt 2.020 1448

HSrt-He 2.020 2757 102 83 138 1466 322 325 318
HBat 2.123 1350

HBat-He 2.124 2.988 87 55 122 1392 276 274 267
HRat 2.226 1299

HRa'-He 2226 3.139 91 92 109 1350 224 223 217

Doubly degenerate.
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FIG. 1. Plots of the equilibrium bond length for MT—He, HM*-He, and
M2*_He. See text.

by Nagy-Felsobuki and co-workers*® and the bent geome-
try calculated for HCa*—He; the results for the three heav-
iest species appear to be the first published, to our knowl-
edge. In Figure 1 we show the trend of the HM™—He bond
length in these complexes, which can be seen to be monoton-
ically increasing with the atomic number of the metal, in line
with general expectations. In Figure 1 we also show the corre-
sponding values for the MT—He and M?>*—He complexes; as
may be seen, the HM'—He values lie in between these, with
the values being significantly closer to the dication values than
the monocation ones—see Sec. IV A. It can also be noted that
the R, values for the HM™ complexes are very close to those
of the hydrogen-metal bond lengths in the HM*-He com-
plexes, suggesting that the interaction of HM™ with He does
not perturb the electronic structure of HM™ significantly. This
observation is supported by the w, values, where the @, values
of the HM™ species are very close to the highest frequency
vibration in the complex, which is largely associated with a
metal-hydrogen stretching motion. The magnitude of the w,
values in the complexes that correspond mostly to a metal—
helium stretch indicate that the interaction is sizeable, partic-
ularly for HBe*—~He. The trend in this vibration is also mono-
tonically decreasing with the atomic number of the metal cen-
tre, in line with expectations based on reduced mass, but also
in line with the decreasing M. .. He interaction energies, dis-
cussed in Sec. IV C. The trend in the bending vibration is not
so clear cut, with a sharp drop from HBe*—He to HMg*—He
(with the bending mode being doubly degenerate for these
two linear complexes); the small rise between HMg*™-He
and HCa™—He can be attributed to a change in the mode
of interaction (cf. the change in equilibrium geometry)—see
Sec. IV A. There is then a fall through HCa™—He to HBat—He
in line with reduced mass and decreasing strength of interac-
tion and then a final rise when moving to HRa*-He, likely at-
tributable to a combination of relativistic and lanthanide con-
traction effects.

In Figure 2, the trends in D, for the binding of He to
HM™ are shown, which exhibit a monotonically decreasing
trend with the atomic number of M. This is straightforwardly
attributed to the increasing size of M with atomic number,
despite the changing nature of the interaction. As with the R,

J. Chem. Phys. 141, 094306 (2014)

8000+
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FIG. 2. Plots of the dissociation energy for Mt—He, HM+-He, and M>*—
He. See text.

values, we find the HM+—He values lie between those of MT—
He and M*t—He, but being closer to those of the dication. See
Sec. IV A for further discussion.

IV. DISCUSSION

A. Equilibrium geometries and rationalization
of bonding motifs

In order to understand the equilibrium bond angles bet-
ter, it is first necessary to look at contour plots of the highest
occupied molecular orbitals (HOMOs) in the HM™—He com-
plexes; here we employ the QCISD natural orbital density.
These are presented in Figure 3 for M* = Be and Mg, and in
Figure 4 for M*™ = Ca™-Ra'; in addition, we show the corre-
sponding plots for the HM™ diatomics in the same figures. It
is clear that there is very little difference observed in the elec-
tron density on the metal centre between corresponding HM™
and HM™—He species, and that for the HM™—He complexes,
there is very little involvement of the He 1s orbital—this sug-
gests there is little covalency in these systems. For HBe™—He
and HMg"—He (see Figure 3), we see that the He atom is in-
teracting with the M core along the same direction as the
HM™ internuclear axis. In the cases of the heavier complexes
from HCa*t-He to HRa™-He (Figure 4), we see that the He
atom is now interacting in a position that is just skewed away
from perpendicular to the HM™ internuclear axis. Addition-
ally, it is clear that the form of the HOMOs in Figure 4 is
different to those in Figure 3.

HM* HM*—He

FIG. 3. Contour plots of the QCISD/aTZ natural orbital density for HM™
and HM*-He (M = Be, Mg).
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FIG. 4. Contour plots of the QCISD/aTZ natural orbital density for HM™
and HM*-He (M = Ca-Ra).
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In Table III we show the results of NBO analyses of the
QCISD density for both HM* and HM*—-He. These clearly
show that the lightest two pairs of species have small amounts
of sp hybridization on the M centre, while all of the heavier
ones have more significant amounts of sd hybridization, with
a very small amount of p character. For M = Be and Mg, it is
clear that the majority of the o HOMO is formed between the
H 1s orbital and the outermost s orbital on the metal centre;
however, the small amounts of sp hybridization are enough to
locate the He in its observed position. The more significant
amounts of sd hybridization for the heavier metals is evident
from the population analyses and is seen clearly in the contour
plots (see Figures 3 and 4). It is noteworthy that for HBa*,

J. Chem. Phys. 141, 094306 (2014)

although the HOMO is predominantly H 1s in nature, the
largest contribution from barium is that of the SdZ2 orbital,
rather than the 6s orbital into contrast to the HOMOs of the
other heavy species where the contribution from the outer-
most s orbital is the larger. Since the He atom is so weakly
bound, it is an extremely sensitive probe of the electron den-
sity, and its equilibrium position is strongly influenced by
the form of the electron density. Essentially, the hybridiza-
tion occurs as a result of the formation of the HM™ bond,
with only very minor modifications made by the He atom,
which just experiences the form of the HM™ electron density.
Thus, this is in line with the conclusions from the contour
plots described above, that there is essentially no covalency in
the HM™. .. He interactions—even for HBeT—He, which has
a substantial binding energy. We can also see that the predom-
inant contribution from the hydrogens is the 1s orbital, with
small contributions from other orbitals.

If we now look at the population analyses in Table IV, we
see that the Mulliken analysis gives a charge of only 4-0.75e
on the Be centre in HBet—He, while the NPA and AIM ap-
proaches give higher charges, with a value of +1.75¢ using
AIM; similar comments apply to HMg"™—He. These differ-
ences are still present for the heavier species, HM*t-He (M™
= Ca*—Ra™) but become less pronounced; additionally, we
note that the charges on the metal centre have plateaued for
these heavier species. In Figure 1, we show the calculated
H-MT"-He internuclear separations, alongside those for the
M*-He and M?*—He complexes, calculated in our previous
work.>~!! From these it is clear that the calculated separations
in HM*—He are much closer to those of the dications than
the monocations, in line with the calculated NPA and AIM
charges, with the AIM ones being most in line. We also note
that the NPA charge of +0.06¢ on the He atom in HBet—He
is not in line with the contour plots, and so we conclude that
the AIM analysis appears to be the most reliable of the three

TABLE III. NBO data for the H-M* HOMO bonding orbital calculated from the QCISD/aTZ natural orbital density for the HM* and HM*-He series. In
cases where the totals of the shown numbers are slightly less than 100%, there are small contributions from higher angular momentum functions.

Overall atomic

Contributions from

Contributions from

contributions H orbitals M orbitals
% H % M % H s % H p % M s % M p % M d
HBe* 73.7 26.3 97.1 2.8 91.1 8.8 0.1
HBet-He 74.5 25.5 97.0 3.0 90.5 9.4 0.1
HMg* 74.4 25.6 98.0 2.0 98.3 1.5 0.2
HMg"-He 75.9 24.1 97.7 2.2 98.1 1.7 0.2
HCa®t 86.0 14.0 98.5 1.5 69.8 0.4 29.6
HCa*-He 86.3 13.7 98.4 1.6 69.0 0.4 30.5
HSrt 87.6 12.4 98.8 1.2 63.1 0.3 36.4
HSr™-He 87.8 12.3 98.7 1.3 62.7 0.3 36.8
HBat 88.8 11.2 98.9 1.1 28.4 0.6 70.0
HBa*-He 88.8 11.2 98.8 1.2 29.2 1.0 68.7
HRa* 88.7 11.3 98.9 1.1 54.9 1.0 42.7
HRa*-He 88.8 11.2 98.8 1.2 55.0 1.5 42.1
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TABLE IV. Calculated atomic charges and H(R) values at the QCISD/aTZ//MP2/aQZ level—see text for full basis sets and details.

HBet-He BeH' HMg*-He MgH™ HCat-He CaH* HSr*-He SrHT HBa™-He BaHt HRat-He RaH"

Mulliken M 0.75 0.72 0.97 0.96 1.29 1.27 1.46 1.45 1.54 1.54 1.51 1.51
H 0.26 0.28 0.08 0.04 —0.27 —-0.27 — 045 —045 —0.54 —0.54 —-0.51 —0.51
He —0.01 —0.05 —0.02 —0.01 —0.01 0.00

NPA M 1.43 1.46 1.49 1.47 1.71 1.71 1.74 1.74 1.76 1.76 1.76 1.76
H —0.49 —0.46 —0.50 —0.47 —0.71 —-0.71 —0.74 —-0.74 —-0.76 —-0.76 —-0.76 —-0.76
He 0.06 0.02 0.01 0.00 0.00 0.00

AIM
M 1.75 1.72 1.56 1.53 1.65 1.65 1.67 1.66 1.64 1.64 1.67 1.67
H —-0.76 —-0.72 —0.56 —-0.53 —0.66 —0.65 —0.67 —0.66 —-0.65 —0.64 —0.68 —0.67
He 0.01 0.00 0.00 0.00 0.00 0.00

H(R) Mt...H -0056 -0.050 -0012 -0012 -0020 -0.020 -0.019 -0.019 -0.022 -0023 -0.017 -—0.017

M*-He 0.012 0.005 0.003 0.003 0.002 0.002

methods employed here—a result in line with our conclu-
sions in work on the Be™-RG, and Mg*-RG, complexes,*®
and also work on the MH™ species.*’” We can also see that
a charge close to 2¢ on the M centre is more reasonable for
the calculated D, values and their comparison to those for
M*-He and M?*"—He presented in Figure 2; as with the R,
values, these are much closer to the values obtained for M2*—
He, than they are for MT—He. Thus, in line with the conclu-
sions of other workers,"® the charge on the binding site of the
helium is a dominant parameter in providing high interaction
energies.

In the contour plots in Figure 3, we can see that for the
beryllium- and magnesium-containing species, the s orbital
(containing a small amount of sp hybridization) on the M cen-
tre overlaps with the 1s orbital on H to form a o bond. This
gives a covalent H-M™ bond, as may be seen from the neg-
ative value of the total local energy density, H(R),*® reported
in Table IV; in contrast, the positive values of H(R) are con-
sistent with the non-covalent nature of the interaction with
the He atom, as concluded above. Upon formation of the o
bond, the electron density is reduced on the side opposite the
H atom, favouring an approach by the He atom in this loca-
tion, as observed (see Figure 3). These ideas are related to the
donor-acceptor ideas discussed in Ref. 1.

For the heavier species, the formally unoccupied d or-
bitals on the M centre are significantly lower in energy, and
small amounts of sd rather than sp hybridization is the main
observation (see Table III). The sd hybrid is formed with the
d_? orbital, and in a fashion such that the lobes of the d,? or-
bital have the same phase as the s orbital and this leads to a
build-up of electron density in the lobal regions. One of the
sd hybrid orbital lobes then interacts with the H 1s orbital to
form the covalent H-M o bond, with the covalency indicated
by the negative values of H(R)—see last rows of Table IV;
the positive values of H(R) for the M...He region indicate
no such covalency. Concomitant with the build-up of electron
density in the global regions, there is an out-of-phase interac-
tion of the central “torus” of the dz2 orbital, which leads to a
reduction in electron density perpendicular to the H-M inter-
nuclear axis. Because of the isotropic nature of the s electronic
wavefunction and the form of the dz2 orbital, there are curved
nodal surfaces formed upon hybridization along paths where

the s and d electron density just cancel: effectively the torus
becomes distorted, and this is exacerbated by repulsion from
the hydrogen—metal o bond electron density.

The helium atom will be positioned such that it benefits
from the most energetically favourable balance of attractive
and repulsive effects. The attractive energy is expected to be
dominated by charge-induced dipole interactions, and so the
He atom is expected to try and locate itself as radially close
to the metal nucleus as possible to maximize this, but also
at an angular position that facilitates its exposure to the par-
tially exposed M?* core. The counterbalance to this will be
electron repulsion interactions, which will be particularly pro-
nounced in linear orientations, but with non-equal repulsions
from the two regions of high electron density, owing to the
formation of the H-M o bond. These considerations explain
why the He atom is located in a position close to perpendic-
ular for the heavier species (see Figure 4) but is slightly dis-
placed away from this position in HCa™—He and in the heav-
ier species. Note that the He atom will also have an attractive
charge/induced-dipole interaction with the negative H part of
the HM* molecule, but the magnitude of this interaction will
be much smaller, both due to the large distance R from the
hydrogen, and the fact that the magnitude of the charge on H
is smaller than e, while for the metal it close to +2e (with the
terms being proportional to square of the charge).

B. Angular plots

We now discuss the angular plots presented in Figure 5,
where we have selected two systems: HBet—He and HBa™—
He, as the “most sp hybridized” and the “most sd hybridized,”
respectively. The left-hand plots (a)—(c) show the energy rela-
tive to the HM ™. .. He dissociation asymptote, where the bond
lengths have been optimized at each angle, and so these curves
represent a minimum-energy path of the helium atom around
the HM™ cation. The plot in Fig. 5(c) is a zoomed-in region
of the relative energy plot for HBa™He shown in Fig. 5(b).

From Fig. 5(a) it can be seen that the potential energy sur-
face for HBet—He is close to isotropic around the H end (0°)
of the HBe*, with a steep minimum as the He atom moves
towards linearity on the M' end of the molecule (180°).
Somewhat similarly, in HBa™—He, see Fig. 5(b), there is a
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FIG. 5. Angular potential plots for HBe*—He and HBa*—He. The left-hand
plots show the energy relative to the appropriate HM™ + He dissociation
asymptote; at each angle the bond lengths have been optimized. The right-
hand plots show the optimized value of the metal-helium bond distance at
each angle (the metal-hydrogen bond distance has also been optimized). The
bottom two traces are expanded views of the middle two traces.

region that is close to isotropic on the H end of HBa™, but
this is much narrower than in HBet—He, which is due to the
nonlinear minimum. There is then a very steep drop to the
minimum close to 90°, before another steep rise (but not quite
as steep as the initial drop) to the local maximum at 180°. The
unusually shaped well is attributable to the form of the elec-
tron density of the distorted torus in the region close to 90°,
coupled with the asymmetry in the heights of the maxima;
the zoomed-in region in Fig. 5(c) shows this asymmetry more
clearly.

In the right-hand graphs (Figs. 5(d)-5(f)), we have plot-
ted the optimized value of R(M™—He), Ropl, against bond an-
gle. For HBet—He (Fig. 5(d)) the plot shows that this dis-
tance falls sharply from 0° (corresponding to He...HBe"),
as the He atom becomes able to interact more strongly with
the beryllium centre; it is interesting to note that the bond
length then remains close to constant, albeit dropping slowly
as linearity (HBe™...He) is approached. Similar behaviour
is seen for the small angles for HBat—He (Fig. 5(e)), with
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again the sharp fall in this distance from the maximum at
0° (He...HBa™") as the H atom is navigated. The minimum
R, value now occurs at an angle close to perpendicular,
with a subsequent rise until bond angles close to 120°, when
there is then a sharper rise, before a slight plateau at 180°
(HBa™....He). In Fig. 5(f) we show an expanded view of the
region close to the potential energy minimum; as expected,
this region of strongest interaction yields the shortest R, val-
ues. It is interesting to note that the lowest R, value is at
~75°, while the potential minimum is at 87°, which is initially
surprising; however, the explanation lies in the minimum be-
ing determined by a balance between attractive and repulsive
effects, which each have different R dependences. As a con-
sequence, there is no reason for the global potential energy
minimum to correspond to the lowest value of R,

We note that in Ref. 31, the barrier to linearity for the
HCat—He complex was calculated as 115 cm™!, while in the
present work a value of 172.7 cm ™! from RCCSD(T)/a5Z cal-
culations was obtained. As may be seen, our value is signif-
icantly different to that in Ref. 31, which also employed the
CCSD(T) method; however, we note that although similar ba-
sis sets were employed for H and He in that work, for calcium
a smaller, non-ECP, basis set was employed, and this may be
the source of the discrepancy.

We now consider these angular potential plots and the
contour plots shown in Fig. 4. It may be seen that in the bot-
tom plot in Fig. 5, there is an initial clear rise in the ROpl value,
but then there is a lessening of the gradient before it begins to
rise more steeply again. Looking at the contour plots in Fig. 4,
for HBa™—He, it may be seen that this region close to perpen-
dicular is where the He atom is moving across the electron
density of HBa™t associated with the torus region of the sd
hybrid.

Overall, the plots in Fig. 5 confirm that the interaction
with He is a sensitive probe of the shape of the electron den-
sity around the HM™ molecule.

C. Magnitude of binding energies

In Table V, we have tabulated both the equilibrium
M...He bond lengths and the binding energies of the HM*—
He complexes from the present work and those for the
M*-He and M?*-He complexes from our previous work;
these are the data that are plotted in Figures 1 and 2.
We have also calculated two ratios: D,(HM*-He)/D (M*-
He), which we have denoted by D, ratio™ in Table V; and

TABLE V. Calculated equilibrium bond lengths (A) and dissociation energies (cm_') and ratios for MT—He, HM*-He, and M2+—He, as used in Figures 1
and 2. See text for references of values not calculated in the present work. Dissociation energy ratios are defined in the table footnote.?

R,(M*-He) R,(M**—He) R,(HM*-He) D, (MT-He) D,(HM*-He) D, ratio™ D, (M**—He) D, ratio**
Be 2.924 1.428 1.527 133 2964 223 7575 0.39
Mg 3.482 1.885 2.154 73 676 93 2753 0.25
Ca 4.259 2.351 2.566 36 391 10.9 1240 0.31
Sr 4.547 2.565 2757 29 318 11.0 914 0.35
Ba 4.950 2.842 2.988 22 267 12.1 638 0.42
Ra 4.885 2.947 3.139 23 217 9.4 562 0.39

D, ratio™ is the ratio D (HM*-He)/D, (M*—He). D, ratio®" is the ratio D (HM*-He)/D (M**—He).
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D,(HM*-He)/D,(M>*-He), which we have denoted D,
ratio>". Looking first at the D, ratio™ values, we see that the
values are remarkably stable with a value around 10, except
for HBet—He, where the ratio is about twice the other values.
In contrast, the D, ratio®* values are much closer, with val-
ues around 0.3-0.4, although the HMg"™—He value is a little
lower than the others. Although we have not presented any
ratios, it is clear that for the R, values, those for HM*-He are
each closer to the corresponding M?*—He values than for the
MT—He values, as noted above (see Fig. 1).

To rationalize the sets of D, ratio values, we first note that
the close-to-constant values for D, ratio?* suggest that, even
though two different hybridization schemes are present, the
hybridization and subsequent o bonding for all of the HM™
species leads to a close-to-constant exposure of the M>* core
on the side opposite to H. Since we expect charge-induced
dipole terms to dominate the attractive interactions, this would
suggest that the effective charge of the M centre should be
about constant, and the values in Table IV indicate that this
is the case, with all values in the approximate range 1.6 e—
1.7e. If we now look back at the D, ratio™ values, we might
expect a similar constancy as for the D, ratio?* values, but as
noted, the value for HBe*—He is significantly higher. This is
mostly due to the R, values, with the relevant R?* ratios also
showing the same anomaly for beryllium. A reasonable expla-
nation for this is that in Be?t—He and HBeT—He, where there
is little 2s electron density, the He atom can get close to the
(hard) beryllium cation; in Be*—He the 2s electron density
prevents the He from approaching as closely. The He atom
cannot get as close for the other metals considered here, as
there are occupied p orbitals in the dication, which serve to
increase the electron repulsion, since there is electron density
in the highest occupied p, orbital.

To consider these ratios further, we examined the charge/
induced-dipole interactions in the HM*™-He complexes in
more detail. For the two linear species, HBe™—He and HMg™—
He, this is relatively straightforward. The metal cation induces
a dipole on the He, with a magnitude dependent on the polar-
izability of He, the effective charge on the metal centre and
the inverse of the square of the distance of M from He; con-
temporaneously and with corresponding dependences, the H™
also induces a dipole, but in the opposite direction; these two
induced dipoles add vectorially to give the overall induced
dipole. To obtain the total charge/induced-dipole binding
energy, the interaction of the overall dipole with each of the

TABLE VI. Calculated charge/induced-dipole energies (cm™') for the
HM™-He complexes, calculated at the MP2/aQZ optimized geometries (see
Table II), and employing the AIM charges (see Table IV).

videM)  Vind(H)  Vind(sum) D (HM*-He) ViMd(M?**-He) Ratio?

Be 5929 —740 5189 2964 11450 0.45
Mg 1241 — 147 1098 676 3771 0.29
Ca 634  —100 534 391 1558 0.34
Sr 468 -79 389 318 1100 0.35
Ba 313 —58 255 267 730 0.34
Ra 268 -50 218 217 631 0.35

2Vind(sum)/Vind(M?* —He)—this is the equivalent of D, ratio**, as presented in
Table V. See text for further details.
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Bet—He

HBet*—He

FIG. 6. Contour plots of the QCISD/aTZ natural orbital density for Be*—He,
HBe*-He, and Be?*—He.

respective charged centres needs to be calculated, with the
sum giving the overall charge/induced-dipole interaction en-
ergy. For the nonlinear case a similar procedure is undertaken,
with the respective dipoles again being added vectorially. In
Table VI we tabulate these values. First, it can be seen that the
values of the ratios are very close to the D, ratio’" values in
Table V. This may at first be surprising, since the D, values
will contain higher-order attractive terms, as well as repulsion
terms. In addition, for the heavier species, the De(HM+—He)
values are very close to the V,  (sum) values, suggesting ei-
ther that the repulsion and higher-order terms are both small,
or that they fortuitously balance out. The fact that the agree-
ment is less good for the lighter complexes perhaps suggests
the latter, with the HBe™—He and HMg™—He species expected
to have less electron repulsion, since the negatively charged H
atom is much further away from the He atom than it is with
the bent species.

We emphasise that all of the above effects could be
deemed “‘physical,” in the sense that no significant charge
transfer or sharing of electron density is occurring, but not-
ing that the occurrence of hybridization could be deemed
a “chemical” effect. This hybridization and formation of
the M-H bond in the MH™ species leads to an increased
charge on the M centre, which dominates the interaction. In
Figure 6, we show contour plots of the key species for the case
of M = Be. It can be seen that the amount of He 1s character
involved in the bonding is rather small, and actually resem-
bles very closely the Bet—He contour; we refer the reader to
one of our previous papers where we explored the idea of us-
ing ion-helium complexes as a means of defining the “size” of
an ion.*? Even in Be**—He, the amount of involvement of the
He 1s orbital is small, despite the higher charge and smaller
size of the Be?* ion.

V. CONCLUSIONS

We have investigated the bonding in the HM'-He
species for the whole of the Group 2 metals. We have con-
firmed that the bonding in HBe™—He is surprisingly strong,
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and have rationalized this by the formation of the H-Be™ o
bond, which removes electron density from the “other” side of
Be. This then makes it favourable for the He atom to approach
on the side opposite to the hydrogen. Despite the magnitude of
the interaction, there is little evidence for chemical bond for-
mation, with the strength of interaction being attributable to
the exposure of the M?* core, giving a strong, mainly physi-
cal interaction, although it is arguable that hybridization itself
can be viewed as a chemical effect. Similar comments ap-
ply to HMg"-He, although the interactions are significantly
lower.

For the heavier species, there are formally unoccupied d
orbitals low in energy, particularly for barium, and this allows
the formation of sd hybrids, leading to the formation of the o
bond in HBa™. The form of the molecular orbital is such that
there is a small build-up of electron density on the intermolec-
ular axis on the side opposite to the hydrogen, but a reduction
in density along an angle close to 90°; this leads to more expo-
sure of the M?* core along this direction. The He atom is thus
located in the latter position, at an angle determined by the
optimal balance in repulsion and attraction, which is slightly
different for each of the heavier species. Various angular plots
have shown that the interaction with the He atom is very sen-
sitive to the form of the electron density distribution of HM™.
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