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Abstract: Results of ab initio calculations are reported for HeBeO (l), NeBeO (2), ArBeO (3), HeLiF (4), ArLiF (9, HeBN 
(6), ArBN (7), and HeLiH (8). At the MP2/6-31G(d,p) level, the NGBeO structures 1-3 are predicted with rather short 
NG-Be distances, while for 4-8 significantly longer NG-X distances are found. Dissociation into the respective noble-gas 
atom NG and Be0 is calculated at the MP4(SDTQ)/6-311G(2df,2pd) level corrected by zero-point energies and basis set 
superposition error to be endothermic by 3.1 kcal/mol for 1, 2.2 kcal/mol for 2, and 7.0 kcal/mol for 3. For 4-8, dissociation 
energies Do I 0.1 kcal/mol are predicted. Interactions of NG with Be0 in 1-3 are investigated by analysis of the one-electron 
density distribution and compared with interactions between NG and Be in diatomic cations HeBen+, NeBen+, and ArBe"+ 
( n  = 1, 2). It is concluded that the stability of NGBeO can be explained on the basis of relatively strong charge-induced dipole 
interactions typical of van der Waals complexes. Vibrational frequencies and infrared intensities are reported for 1-3 to aid 
experimental identification. For HeBeO and HeBN CASSCF geometry optimizations have additionally been performed using 
the 6-3 lG(d,p) basis set and a full-valence active space. 

1. Introduction 
Bartlett? 26 years ago, synthesized the first neutral compound 

containing a noble-gas element by reacting xenon with platinum 
hexafluoride, PtF,. H e  had recognized that the first ionization 
energy of xenon was small enough to allow the formation of 
chemical bonds, a result which prior to Bartlett's discovery was 
believed to be impossible. In the following years noble-gas 
chemistry developed rapidly, and already in 1963 the first mon- 
ograph on noble-gas compounds was p~bl ished.~ In 1970 an entire 
volume of Gmelin's Handbuch der Anorganischen Chemie was 
devoted to this class of compounds! A 1978 bibliography contains 
1 192 theoretical and experimental references on this ~ u b j e c t . ~  
Noble-gas chemistry is now a standard part of inorganic text- 
books,6 and many ionic and covalent compounds containing no- 
ble-gas elements have been synthesized and studied. 

However, the key to noble-gas chemistry, Le., the ionization 
energy (IE) of the noble gas (NG), only unlocked the door to the 
chemistry of Kr, Xe, and Rn. The stability of the noble-gas 
compounds is mainly determined by (i) the IE value of N G  and 
(ii) the electronegativity x of the binding partner A. Stability 
toward dissociation decreases rapidly with increasing IE(NG) and 
decreasing electronegativity x of A. This explains why noble-gas 
chemistry to a large extent is synonymous with xenon chemistry, 
and that the most stable Xe bonds are formed with highly elec- 
tronegative elements such as fluorine, oxygen, nitrogen, and 
chlorine. The high IE values' of He (24.587 eV), N e  (21 .564 eV), 
and Ar (15.759 eV) prevent the formation of stable neutral 
compounds with highly electronegative binding partners. From 
the knowledge gained so far it has been concluded that the 
threshold of true chemical reactivity is reached with krypton.6 
However, it has recently been suggested8 that ArF+ may form 
a stable salt with a suitable YF6- anion, because ArF+ is theo- 
retically predicted to have a lZ+ ground state with a binding energy 
of ca. 50 kcal/mol. 

Electronegative elements attract electronic charge from other 
atoms via Coulombic forces. A different mechanism can be 
visualized when a group or atom provides empty orbitals and acts 
as a Lewis acid. Then, the noble gas as a Lewis base may donate 
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electronic charge possibly forming a semipolar bond. Such an 
approach has experimentally been tested as early as 1935 for the 
reaction of argon with BF3.9 Early ab initio investigations at the 
LCAO-SCF level calculated the interaction of He, Ne, and Ar 
with electropositive atoms and groups such as Li, Be, Na, LiH, 
BeH2, BeH, and other  specie^.^-'^*" HeLiH was predicted to be 
bound by 0.08 eV (1.8 kcal/mol),'08 and the existence of rare-gas 
complexes with light-weight electron-deficient hydrides was stated 
to be a distinct possibility.IO 

Weakly bound neutral complexes of the noble-gas elements, 
including He, Ne, and Ar, have long been With the 
advent of the supersonic nozzle,I2 detailed information concerning 
the structures, stabilities, and spectroscopic properties are known 
now for molecules such as NGNO, NGHF, NGHCl (NG = Ne, 
Ar), and  other^.'^.'^ However, the structural data obtained from 
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experimental results clearly indicate that these species are van 
der Waals complexes which are bound only by very weak (<1 .O 
kcal/mol) long-range Coulombic interaction between induced 
and/or permanent dipole m~ments . '~* '~  Thus, a neutral compound 
containing chemically bound He, Ne, or Ar has not been observed. 

Recently we reported theoretical studies of doubly charged 
cations containing helium which showed that H e  may form co- 
valent bonds with binding energies of more than 80 k c a l / m ~ l . ' ~ * ' ~  
Also in singly charged cations, helium may be bound with dis- 
sociation energies of >20 kcal/mol.I6 Investigation of the bonding 
features of the helium bonds with the aid of the one-electron 
density distribution revealed that it is the electronic structure of 
the electron acceptor, rather than its (positive) charge, that de- 
termines the bond strength of the helium bond. Only if a binding 
partner provides low-lying empty orbitals d m  the He atom donate 
electrons and form a semipolar, covalent bond.I6 The model of 
donor-acceptor interactions proved also to be very powerful in 
the explanation of the trends in bond lengths and binding energies 
of singly and doubly charged first-row diatomic cations Hex"+ 
(X = Li-Ne; n = 1, 2),17 which are very different compared to 
isoelectronic hydrogen compounds.18 A similar approach has 
successfully been used to analyze the attractive interactions in 
neon and argon cations NeX+ and ArX' (X = Li-Ne).8b A 
systematic search for a possible neutral acceptor which might 
attract helium was finally successful: HeBeO (1) was calculated 
to be stable in its ground state with a dissociation energy of ca. 
3 k ~ a l / m o l . ' ~ * ~ ~  

In this paper, we report a detailed study on the stabilities, 
bonding features, and IR spectra of 1 and the neon and argon 
analogues NeBeO (2) and ArBeO (3) at various levels of theory. 
The properties of 1-3 are compared with those of the isoelectronic 
HeLiF (4), ArLiF (5), HeBN (6) and ArBN (7). We also report 
our theoretical results on HeLiH (8), which has previously'& been 
predicted to be a stable molecule. In our investigation we have 
been concerned with the following questions. 

(a) How different and how reliable are the theoretical results 
a t  various levels of theory? How important are corrections with 
regard to basis-set superposition error? 

(b) What is the nature of the He-Be interactions in HeBeO? 
Should HeBeO be classified as a (covalently bonded) chemical 
compound or as a van der Waals complex? 

(c) What are the differences among the noble-gas interactions 
of HeBeO, NeBeO, and ArBeO? Do NG-Be interactions become 
stronger when going from H e  to N e  or Ar? 

(d) How do the NGBeO structures compare with isoelectronic 
NGLiF and NGBN? What determines the differences in the 
interactions between NG and BeO, N G  and LiF, and NG and 
BN? Is HeLiH a stable molecule as previouslyiob suggested? 

(e) How can an identification of NGBeO with the aid of IR 
spectroscopy be facilitated? 

(f) What is the chemical relevance of our theoretical results? 
We will answer these questions by analyzing the theoretically 

obtained equilibrium geometries, energies, vibrational frequencies, 
IR intensities, and the one-electron density distribution using 
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techniques that have been proven very useful in our previous study 
on helium chemistryI6 and dications.20 

2. Quantum Chemical Methods 
A major part of our theoretical results has been obtained using 

the CRAY version of GAUSSIAN As a standard, molecular 
geometries were optimized both at  the Hartree-Fock (HF) and 
the second-order Merller-Plesset (MP2) perturbation22 level em- 
ploying the 6-31G(d,p) basis set. These levels of theory are 
denoted by HF/6-3 1G(d,p) and MP2/6-31G(d,p). Geometry 
optimizations were carried out using analytical gradients which 
are a standard part of GAUSSIAN 8 z 2 I  For reasons which are 
outlined below, the geometries of BN, HeBN, and ArBN have 
additionally been calculated at  MP3/6-3 1G(d,p) using the 
Fletcher-Powell optimization algorithm.u Vibrational frequencies 
and zero-point energies (ZPE) are determined at  HF/6-3 lG(d,p) 
and MP2/6-31G(d,p). The ZPE values have been scaled uni- 
formly by a factor of 0.87 and 0.93 for the two levels of theory.24 
The scaling accounts for basis set and correlation errors and errors 
due to the harmonic approximation in the calculation of the 
vibrational frequencies. However, these scaling factors are not 
appropriate when multiple bonds between first-row atoms are 
involvedz4 such as in B e 0  and BN. While this does not affect 
ZPE corrections for the dissociation energies significantly, since 
similar errors are made for products and reactants, scaled fre- 
quencies may still differ significantly from experimental values. 
Therefore, the unscaled values are used as a basis for the discussion 
of the vibrational spectra. All reported structures are characterized 
as minima on the potential energy hypersurfaces by having only 
positive eigenvalues of the diagonalized force-constant matrix. 

The geometries of HeBeO, HeBN, BeO, and BN have also been 
optimized using full-valence CASSCF wave functions with a 
6-31G(d,p) basis set. The active space was 8 electrons in 8 orbitals 
for B e 0  and BN, which gives 1764 configurations, and the active 
space for HeBeO and HeBN consists of 10 electrons in 9 orbitals, 
which gives 5292 configurations. For the CASSCF studies, the 
program GAMESS" was employed which allows geometry opti- 
mizations using analytical first derivatives. In case of HeBN, the 
optimization was stopped at a He-B distance of 3.05 A. Although 
the gradient norm was rather small (O.OOOS), the calculated step 
size for the He-B distance was still large, indicating a further 
increase in the interatomic distance. 

Using the geometries obtained at  the correlated level, Le., 
MP3/6-3 lG(d,p) for BN, HeBN, and ArBN, and MP2/6-3 1G- 
(d,p) for the other molecules, single-point energies are calculated 
with a larger basis set and fourth-order Moller-Plesset pertur- 
bation theory.22 For the argon compounds, the theoretical level 
is MP4(SDTQ)/6-31 lG(d,p) and for the helium and neon species 
it is MP4(SDTQ)/6-3 1 1 G(2df,2pd). The basis-set superposition 
errors (BSSE) for the theoretically predicted dissociation energies 
are determined at all levels of theory using the counterpoise 
method;26 Le., the energies of the noble-gas atoms and of the 
binding fragments are calculated with the complete basis set of 
the respective noble-gas compound in its equilibrium geometry. 
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Figure 1. Theoretically predicted infrared spectra of HeBeO (1) and B e 0  at MP4(SDQ)/6-311G(2d,2p). 
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The use of the full counterpoise method for weakly bound com- 
pounds has recently been justified.26b*c 

As discussed below, the noble-gas structures HeBeO, NeBeO, 
and ArBeO are predicted by our results to be stable toward 
dissociation into N G  and BeO. To facilitate experimental iden- 
tification of the three species, we have calculated vibrational 
frequencies and infrared intensities of 1-3 using analytical de- 
rivatives of the total energies with respect to the nuclear coor- 
dinates and to the electric field at MP2/6-3lG(d,p)?'J7 Recently, 
analytical gradients to calculate geometries a t  the MP3 and 
MP4(SDQ) level of theory have been developed and coded for 
the program COLOGNE ~ 5 . ~ ~  These procedures are employed here 
for 1-3. 

The analysis of the total electron density distribution p(r) is 
based on the investigation of its critical (stationary) points r,, which 
are the sources and sinks of the gradient paths (trajectories) of 
the gradient vector field Vp(r).2* Of particular interest are the 
properties of p(r) at the critical point rb in the region between two 
bonded atoms A and B. The point rb corresponds to a minimum 
of p(r) along a path of maximum electron density (MED path) 
connecting the two atoms in question; i.e., p(rb) = pb is a saddle 
point of p(r) in three  dimension^.^^ The MED path can be 
considered as an image of the chemical bond. However, MED 
paths are also found in the case of van der Waals interactions 
between atoms or molecules with closed shells.30 In order to 
distinguish between interactions leading to covalent bonding and 
those in a van der Waals complex, an analysis of the electron 
density distribution H(r)30*31 was suggested. For all structures 
investigated so far, H(rb) = Hb has been found to be negative 
(positive) in case of covalent bonding (closed-shell interac- 
t i o n ~ ) . ~ ~ ~  This observation has been used to set up two conditions 
for covalent bonding, namely, (i) the existence of a critical point 
rb and its associated MED path linking the nuclei in question 
(necessary condition) and (ii) Hb < 0 indicating that the accu- 
mulation of negative charge in the internuclear region is stabilizing 
(sufficient condition). If (ii) is fulfilled, the MED path can be 
called a "bond path" and rb the "bond critical point". 

Information about bonding can be substantiated by analyzing 
the Laplace field of p(r), -V2p(r), which is indicative of con- 

v l ( H e B e 0 )  
v ( H e B e  0) 

I ,  
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centration (V2p(r) < 0) and depletion (V2p(r) > 0) of negative 
~ h a r g e . ~ ' , ~ ~  The Laplace distribution of an isolated atom reflects 
the shell structure of the electrons in the atom. Upon formation 
of a molecule or a van der Waals complex, distortions in the 
Laplace distribution are indicative of the nature of the atomatom 
interactions and concomitant changes in the electronic structure. 
The analysis of p(r) and its associated Laplace field has lead to 
useful descriptions of bonding in  hydrocarbon^,^^ small  ring^,^^.^^ 
r Be compounds,M Si charged species,2o 
and He-C compounds.16 

3. Structures and Stabilities 
The calculated energies a t  various levels of theory for 1-8 and 

the corresponding dissociation products are listed in Table I. Table 
I1 shows the optimized interatomic distances. Experimental bond 
lengths37 are also listed in Table 11. The calculated dissociation 
energies Do for 1-8 are shown in Table 111. 

HeBeO (1). At all levels of theory employed in our study, 1 
is predicted to be stable toward dissociation into H e  and B e 0  in 
its lZ+(4r) ground state. The predicted dissociation energies Do 
corrected by the BSSE vary between 2.3 and 3.7 kcal/mol (Table 

ZPE + BSSE, the stabilization energy is calculated as 2.6 
kcal/mo1.38 The CASSCF value of 3.5 kcal/mol for De is in the 
same range as the results obtained via perturbation theory. The 
data for 1 shown in Table I11 indicate that the calculated disso- 
ciation energies become lower when correlation corrections are 
improved, i.e., when going from H F  to MP2 and MP4. However, 
this result is only achieved when the error due to BSSE is ac- 
counted for. The data in Table I show that the BSSE values also 
increase with the sequence HF < MP2 < MP4. On the other 
hand, the dissociation energy increases when the basis set is im- 
proved. The H F  and MP2 values for Do obtained with the 6- 
31 lG(2df,2pd) basis set are larger than the respective results 
obtained with the 6-31G(d,p) basis set. 

Besides the optimizations at  HF/6-31G(d,p) and MP2/6- 
31G(d,p), the geometry of 1 has been calculated at  several levels 
of theory using analytical gradients" in order to study the influence 
of the theoretical level on the predicted bond lengths. Table IV 
shows the results for 1 and BeO. Since the experimentally de- 
termined equilibrium distance of B e 0  is known,37 the reliability 
of theoretical results can be tested. Table IV shows that the 
HF/6-3 lG(d,p) value of the B e 4  distance is too short by 0.026 
A, while the corresponding MP2/6-31(d,p) value is too long by 
0.025 A. It is gratifying that a t  the CAS/6-31G(d,p) and 
MP4(SDQ)/6-311G(2d,2p) levels of theory, the calculated re value 
for Be0 (1.336 and 1.333 A, Table IV) is close to the experimental 
value. At all correlated levels of theory shown in Table IV, the 

111). At MP4(SDTQ)/6-31 lG(2df,2pd)//MP2/6-31G(d,p) + 
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HeBeO at the MP4(SDTQ)/6-31 IG(2df,2pd)//MP2/6-3lG(d,p) + ZPE + 
BSSE level. The value reported here (2.6 kcal/mol) is slightly different, 
because in our earlier study the BSSE correction was carried out only for the 
energy calculation of He in the full HeBeO basis set, but not for BeO. 
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Table 111. Calculated Dissociation Energies Do Corrected by BSSE (in kcal/mol) 

6-31 lG((2df,2pd)' CAS/ 6-31G(d,p) 
H F/ MP2/ MP3/ H F/ MP2/ MP4/ 6-31G(d,p) 

HeBeO - He + Be0 2.8 2.3 3.7 3.3 2.6(3. l)d 3.56 
NeBeO - Ne + Be0 6.9 4.6 
ArBeO - Ar + Be0 1.9 7.8 
HeLiF - He + LiF 0.1 <O. 1 
ArLiF - Ar + LiF 0.7 0.3 
HeBN - He + BN 6.1 <o. 1 b  
ArBN - Ar + BN 14.2 -7.76 
HeLiH - He + LiH -0.1 -0.2 

. .  

3.5 3.2 2.2 
7.6 7.8 7.0 
<-0.1 <-0. 1 0.1 

-0.2 0.1 <0.1 
-1.2c 8.5' -14.4' -25.4' <O.lb 
8.9c 15.5c -5.1' -17.2' 

-0.2 -0.1 -0.1 
"At MP2/6-31G(d,p) optimized geometries. value (without ZPE correction). cUsing HF/6-31G(d,p) frequencies. dUsing ZPE and geom- 

etry optimized at MP4(SDQ)/6-31 1G(2d,2p) as shown in Table IV. 'Using HF/6-31G(d,p) frequencies and MP3/6-31G(d,p) optimized geome- 
tries. 

Table IV. Optimized Equilibrium Distances (in A) for HeBeO (1) 
and Be0 at Various Levels of Theory Using Analytical Gradients 

Eta, r m  rue& 
(a) HeBeO (1) 

HF/6-3 lG(d,p) -92.2710 
MP2/6-3 1G(d,p) -92.5428 
MP3/6-31G(d,p) -92.5318 
MP4(SDQ)/6-31G(d,p) -92.5488 
CASSCF/6-31G(d,p) -92.4252 
MP4(SDQ)/6-31 lG(2d,2p) -92.6525 

(b) Be0 
HF/6-31G(d,p) -89.409 1 
MP2/6-31G(d,p) -89.6547 
MP3/6-3 lG(d,p) 
MP4(SDQ)/6-3 lG(d,p) -89.6546 
CASSCF/6-3 lG(d,p) -89.5644 
MP4(SDQ)/6-3 1 lG(2d.2~) -89.7483 
exptl' 

1.296 1.571 
1.347 1.538 
1.314 1.536 
1.344 1.541 
1.332 1.577 
1.333 1.519 

1.295 
1.356 

1.358 
1.336 
1.341 
1.331 

' Reference 37. 

Be-0 distance is predicted to be shorter in 1 than in BeO. As 
for the He-Be distance in 1, CAS/6-31G(d,p) and MP4- 
(SDQ)/6-3 11G(2d,2p) differ considerably. The former method 
predicts a distance of 1.577 A, while the latter methods predicts 
a distance of 1.519 A (Table IV). Since MP4 accounts for a 
considerable part of correlation corrections and since the larger 
basis set was used at  this level of theory, we consider the MP4- 
(SDQ)/6-311G(2d,2p) result to be more reliable. When this 
geometry is used for the calculation of the dissociation energy at  
MP4(SDTQ)/6-31 lG(2df,2pd) and corrected for BSSE and ZPE 
effects, a value of 3.1 kcal/mol is obtained. 

In order to further characterize and aid in the identification 
of HeBeO, we calculated the infrared spectra of 1 and BeO. 
Unscaled (harmonic) vibrational frequencies and IR intensities 
are shown in Table V. The identification of 1 with the aid of 
infrared spectroscopy may be achieved by considering (i) that there 
are two additional frequencies in 1 and (ii) that the Be-0 
stretching mode in 1 is shifted relative to that of BeO. The 
theoretically predicted IR spectra for Be0 and HeBeO illustrate 
this (Figure 1). At the MP4(SDQ)/6-3llG(2d,2p) level, the 
frequency of the B e 4  stretching mode in isolated Be0 is cal- 
culated to be 1410 cm-', 54 cm-l lower than the experimental 
value37 of 1464 cm-'. The MP2/6-31G(d,p) value is 1400 cm-'. 
At both levels of theory listed in Table V, the frequency of the 
Be-0 stretching mode is predicted to shift to higher values by 
more than 100 cm-', Le., 114 cm-' a t  MP2/6-31G(d,p) and 124 
cm-I at  MP4(SDQ)/6-31 lG(2d,2p). With the experimental value 
for Be037 being 1464 cm-l, the Be-0 stretching frequency in 1 
should be close to 1585 cm-'. Its intensity should be one-third 
of that for Be0 (Table V and Figure 1). The lower-lying vi- 
brational frequencies of HeBeO, u2 and u3 ,  are calculated to be 
505 and 212 cm-' a t  MP4(SDQ)/6-311G(2d,2p) (Table V, Figure 
1). The corresponding values a t  MP2/6-31G(d,p) differ by ca. 
20 cm-I (Table V). The calculated intensities for the vibrational 
modes of 1 reveal that the *-symmetric mode q has the highest 
infrared intensity and that the low-lying a-symmetric mode v2 is 
hardly visible in the IR spectrum. 

Table V. Theoretically Predicted Vibrational Frequencies Y (in cm-') 
and Infrared Intensities I (in km/mol) for HeBeO, NeBeO, ArBeO, 
and Be0 

MP2/6-31G(d,p) 
MP4(SDQ)/6-311G- 1534(~) 505(~)  2 1 2 ( ~ )  6.9 0.4 66.3 

(2dJP) 
(b) NeBeO (2) 

MP2/6-3 lG(d,p) 1521(u) 314(a) 185(a) 9.7 2.4 89.7 

(c) ArBeO (3) 
MP2/6-3 lG(d,p) 1534(u) 296(u) 190(r) 35.9 4.9 73.7 

(d) Be0 
MP2/6-3G(d,p) 1400( a) 22.8 
MP4(SDQ)/6-311G- 1410(0) 23.5 

exptl' 1464(u) 
(2d92p) 

Reference 37. 

Table VI. Results of the Electron Density Analysis Calculated at 
MP2/6-3 lG(d.D)" 

Pb v2Pb 
(a) HeBeO (1) 

HeBe 1.538 0.171 6.67 +0.100 
Be0 1.347 1.145 41.62 -0.165 

(b) NeBeO (2) 
NeB 1.758 0.175 6.84 +0.075 
Be0 1.347 1.144 41.46 -0.168 

(c) ArBeO (3) 
ArBe 2.036 0.237 5.61 +0.020 
Be0 1.347 1.150 41.04 -0.173 

(d) Be0 
Be0 1.356 1.105 40.60 -0.136 

(e) HeBeZ+ 
HeBe 1.453 0.284 9.06 +0.120 

( f )  NeBez+ 
NeBe 1.619 0.333 11.56 +0.102 

(g) ArBe' 
ArBe 2.045 0.270 4.88 -0,005 

(h) ArBe2+ 
ArBe 1.857 0.504 9.09 -0.082 

'Interatomic distances re (in A), electron density Pb (in e A)), La- 
placian V2pb (in e/A'), and energy density Hb (in hartrees/ d: ') at the 
critical point rb. 

We investigated the electronic structure of 1 in comparison with 
that of B e 0  by analyzing the electron density distribution p(r) 
and its associated Laplace distribution V2p(r) of both compounds 
at  their MP2/6-3 lG(d,p) geometries. Table VI summarizes the 
results of the one-electron density analysis. Figure 2 depicts 
contour line diagrams of the Laplace distribution of 1 and BeO. 
They suggest a strong charge transfer from Be to 0 both in 1 and 
BeO. The Laplace distribution is no longer spheric but indicates 
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Figure 2. Contour line diagrams of the Laplace concentration -VZp(r) 
of (a) B e 0  and (b) HeBeO (1) a t  MP2/6-31G(d,p). Dashed contour 
lines are in regions of charge concentration and solid lines in regions of 
charge depletion. Inner-shell concentrations are not shown. 

a large buildup of negative charge in front of the 0 atom. The 
computed Hb values are <O but rather small, similar to the values 
found for Be-C bonds in C2Be, CzBe2, and related compounds.34 
We conclude that the B e 0  bond in 1 and BeO, although covalent, 
possesses partial ionic character. 

The Laplace field of H e  in 1 is almost identical with that of 
isolated H e  (Figure 2). Inspection of the (solid) contour lines 
in Figure 2, however, suggests that the electron density of He is 
polarized toward BeO, indicative of dipole-induced dipole inter- 
actions. This is confirmed by the value of Hb(HeBe) > 0, which 
is typical of electrostatic interactions (Table VI). The analysis 
of the electron density distribution of HeBeO suggests that there 
i s  no covalent bond between H e  and Be. 

NeBeO (2) and ArBeO (3). What changes can be expected 
when He in 1 is replaced by the heavier noble-gas elements neon 
or argon, Le., when NeBeO (2) and ArBeO (3) are formed? Since 
the polarizabilities increase39 in the order H e  < N e  < Ar, the 
stabilities of the respective NGBeO structures toward dissociation 
may be expected to follow the same trend, Le., 1 < 2 < 3. As 
for donor-acceptor interactions16 between N G  and BeO, one has 
to consider that the energy of the highest occupied orbital 
(HOMO) rises from H e  to Ne and Ar, thus inducing larger 
stabilizing HOMO-LUMO interactions with the acceptor BeO. 
However, N e  and Ar possess (filled) p orbitals in their valence 
shells which are absent for He. Therefore, repulsive p r  inter- 
actions involving the occupied 1~ MOs of B e 0  are possible in 2 
and 3, but not in 1. 

The calculated dissociation energies Do shown in Table I1 in- 
dicate that both 2 and 3 are stable toward dissociation just like 
1. At the highest level of theory listed in Table 11, 2 is stable by 

Figure 3. Contour line diagrams of the Laplace concentration -V2p(r) 
of NeBeO (2) at MP2/6-31G(d,p). See also caption to Figure 2. 

2.2 kcal/mol and 3 by 7.0 kcal/mol. The Do value for 2 is slightly 
smaller than that for 1. However, BSSE corrections for 2 and 
3 are much higher than for 1 (Table I) .  In case of 2, the disso- 
ciation energy of 2.2 kcal/mol results from a BSSE correction 
of 5.8 kcal/mol. While the use of the full counterpoise method 
to correct for the BSSE has been justified,%& there are arguments 
which suggest that the BSSE might be overestimated by this 
procedure.40 This is because the counterpoise method uses the 
f i l l  basis set of the complete molecule XY rather than just the 
basis set of X augmented by the virtual orbitals of Y26,ao to 
calculate the energy of the respective fragment X. In the particular 
case considered here, the outer basis functions of Y ,  Le., those 
of Be and 0, are of the right size to describe the valence region 
of Ne but not that of He or Ar. As a consequence, the coun- 
terpoise method leads to a larger BSSE correction for N e  than 
for H e  and Ar. 

The dissociation energies Do calculated here should therefore 
be considered as lower bounds to the true Do values. The difference 
in the calculated stabilities for 1 and 2 is not sufficient to safely 
conclude which of the two compounds is more stable. But con- 
sidering calculated BSSE values we believe that NeBeO is more 
stable than HeBeO. However, the much larger value predicted 
for 3 (Do = 7.0 kcal/mol) establishes that ArBeO is more stable 
than both HeBeO and NeBeO. It is gratifying that the calculated 
stability of 3 changes very little a t  all levels of theory shown in 
Table 111. 

Except for the NG-Be distance, the calculated properties for 
2 and 3 are similar to 1. The Be-0 distance is predicted to be 
the same for the three compounds, Le., 1.347 A (Table 11). The 
B e 0  stretching frequency u1 is calculated to be (unscaled) 1521 
cm-' for 2 and 1534 cm-' for 3 (Table V), in line with an upfield 
shift of ca. 120 cm-' relative to BeO. Interestingly, the infrared 
intensity of this mode Il is calculated to be lower for 1 and 2, but 
higher for 3 compared with isolated Be0 (Table V). The sequence 
I ,  < I, < I, corresponds to an increase in the dipole moments 1 
(p(1) = 5.40; ~ ( 2 )  = 6.49; 4 3 )  = 7.43 D at  MP2/6-31G(d,p)) 
which indicates an increase in charge transfer N G  - Be - 0 
in NGBeO. The frequencies of v2 and v, are lower for 2 and 3 
than for 1. For all three compounds the computed IR intensity 
of u2 is very small, but rather large for u3. 

The analysis of the one-electron density distribution reveals that 
the electronic structures of 1, 2, and 3 are very similar. The 
calculated electron density Pb suggests a n  increase in NG-Be 
interactions in the order 1 < 2 < 3 (Table VI), which is also 
reflected by the corresponding energy density Hb that approaches 
zero, indicating a change possibly toward beginning covalency. 
In agreement with these data, the contour levels of the Laplacian 
distribution for 2 and 3 reveal an increasing deformation of the 
valence sphere of the noblegas atom toward BeO when going from 
1 to 3 (Figure 2-4) typical of the onset of covalent bonding. 

(39) Miller, T. M.; Bederson, B. Advances in Atomic and Molecular 
Physics; Bates, D. R., Bederson, B., Eds.; Academic Press: New York, 1977; 
Vol. 13, p I f .  

(40) (a) Johansson, A.; Kollman, P.; Rothenberg, S. Theor. Chim. Acta 
1973,29,167. (b) Senff, U. E.; Burton, P. G. J.  Phys. Chem. 1985,89,797. 
Further references are found in ref 26a. 
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the D, value is still positive, Do is -1.2 kcal/mol (Table 111). 
Single-point calculations at MP4(SDTQ)/6-3 1 lG(2df,2pd) even 
predict dissociation of 6 into He and BN to be exothermic by 25.4 
kcal/mol. Thus, 6 is not a stable species. 

In order to verify this result, we performed full-valence 
CASSCF calculations using the 6-31G(d,p) basis set. At this level 
of theory, the He-B distance is >3.05 A (not fully optimized) and 
the corresponding dissociation energy only 0.1 kcal/mol. In- 
spection of the coefficients for the dominant configurations of the 
MCSCF wave function for BN ('2') showed that besides the 
leading configuration (c = 0.901) there are four other terms with 
coefficients >0.10. The insufficient description of the IZ+ state 
of BN by a single-determinant approach is probably the reason 
why the perturbational treatment of BN and NGBN structures 
leads to conflicting results. In a recent CI  study by Karna and 
Grein43a of the low-lying states of BN, it has been noted that the 
CI  wave function of ('2') BN consists only of 71% of the Har- 
tree-Fock configuration. 

The calculation of ArBN (7) posed similar problem. Geometry 
optimizations at  HF/6-3 lG(d,p) and MP2/6-31G(d,p) predict 
rather short Ar-B distances of 1.858 and 1.900 A, respectively 
(Table 11). Both values are smaller than the Ar-Be distance in 
3 (Table 11). At the MP2/6-31G(d,p) level, dissociation of 7 is 
calculated to be exothermic by 7.7 kcal/mol (Table 111). A very 
small barrier (< 1 kcal/mol) was calculated at MP2/6-3 lG(d,p), 
which is probably a computational artifact without physical 
meaning. 

The geometry optimization of 7 at  the MP3/6-31G(d,p) level 
also yields a geometry with a rather short (1.847 A) Ar-B distance. 
At the same level, 7 is predicted to be stable toward dissociation 
by 8.9 kcal/mol (Table 111). Single-point energy calculations at  
MP4(SDTQ)/6-31 lG(d,p) using the MP3/6-31G(d,p) optimized 
structure predict that 7 is by 17.2 kcal/mol unstable. Unlike 6, 
which is calculated as unstable a t  all correlated levels, no definite 
conclusion concerning the stability of 7 can be drawn from our 
calculations. However, the comparison of HeBeO (1) and HeBN 
(6) at  the CASSCF level indicates that BN ('2+) is not as strong 
a Lewis acid as B e 0  ('Z+). 

HeLN (8). We also included 8 in our study of neutral systems 
containing a light noble-gas atom because 8 had previously'" been 
predicted to be a stable structure with a He-Li equilibrium 
distance of 1.60 A and a stabilization energy of 1.6 kcal/mol. 
However, the corresponding calculations'& had been performed 
at  the H F  level without corrections for BSSE and ZPE. The 
calculated data shown in Tables 1-111 indicate that 8 possesses 
a long He-Li equilibrium distance (2.208 A at  MP2/6-31G(d,p)) 
and a stabilization energy which, after correction for BSSE and 
ZPE, becomes even slightly negative (Table 111). LiH interacts 
with H e  much less than B e 0  and is comparable in strength with 
those in HeLiF and HeBN. 

4. Nature of Atom-Atom Interactions in Noble-Gas 
Structures 1-8 

After presenting our results for structures 1-8, the remaining 
question to be answered concerns the type of interaction which 
prevails in these systems. Is the stability of 1-8 solely caused by 
dipole-induced dipole interactions26b*c which classifies these 
structures as van der Waals (vdW) complexes, or is there a need 
to invoke orbital effects indicating truly chemical bonding? We 
will discuss this question in some detail because the answer to it 
provides important information as to whether there are neutral, 
chemically bound compounds of the light noble-gas elements which 
are stable in their ground state. However, it should be pointed 
out that such a discussion concerns chemical models rather than 
physical realities. Covalency is not an observable quantity, and 
while the underlying physical laws of chemical bonding are known 
from molecular quantum mechanics, there is no clear definition 
which allows one to  distinguish uniquely between a weakly bound 
(chemical) molecule and a vdW complex. 

Figure 4. Contour line diagrams of the Laplace concentration -V2p(r) 
of ArBeO (3) at  MP2/6-31G(d,p). See also caption to Figure 2. 

However, Hb is positive for both 1, 2, and 3 (Table VI), thus 
suggesting a predominance of electrostatic bonding forces even 
for the heavier N G  atoms N e  and Ar. 

HeLiF (4) and ArLiF (5). In search of molecules other than 
Be0 possibly capable of binding the light noble-gas elements, we 
investigated the isoelectronic LiF in its lZ+ ground state.37 We 
optimized HeLiF (4) and ArLiF (5) at  HF/6-31G(d,p) and 
MP2/6-31G(d,p). The results shown in Table I1 reveal that both 
levels of theory predict significantly longer distances NG-Li in 
4 and 5 compared to NG-Be distances in 1 and 3. At MP2/6- 
31G(d,p), the He-Li distance is calculated as 2.1 10 A, and the 
Ar-Li distance as 2.467 A (Table II), ca. 0.5 A longer than the 
corresponding He-Be and Ar-Be distances in 1 (1.538 A) and 
3 (2.036 A). As a consequence, the calculated dissociation energies 
for 4 and 5 are vanishingly small (0.1 and <0.1 kcal/mol, Table 
111). The LiF bond length is calculated the same in 4 and 5, and 
in isolated LiF. It is obvious that LiF does not interact with He 
and Ar as strongly as B e 0  does, and the same can be expected 
for NeLiF. Possible reasons for the differences in the interactions 
of B e 0  and LiF with the noble-gas atoms are discussed below. 

HeBN (6) and ArBN (7). Another potential binding partner 
for the light noble-gas elements which is isoelectronic to B e 0  and 
LiF is boron nitride, BN. Therefore, we have investigated the 
interactions between He and Ar and the lZ+ state41 of BN in the 
adducts HeBN (6) and ArBN (7). 

The investigation of 6 and 7 exhibited some computational 
problems which did not allow a straightforward theoretical 
treatment analogous to 1-5. The data in Tables I1 and 111 show 
that HF/6-3 lG(d,p) predicts a rather short (1.267 A) He-B 
distance for 6 with a Do value of 6.1 kcal/mol, while MP2/6- 
31G(d,p) suggests a much larger (3.509 A) He-B distance and 
Do < 0.1 kcal/mo1.42 Qualitatively different results are predicted 
for the stability and geometry of HeBN at  these two levels of 
sophistication. However, both methods describe the bond length 
of isolated BN poorly. While the experimental value3' is 1.283 
A, the B-N distance is calculated significantly too short (1.239 
A) at HF/6-31G(d,p) and too long (1.325 A) at MP2/6-31G(d,p). 

Better agreement with experiment is obtained at  MP3/6- 
31G(d,p), which leads to a B-N distance of 1.276 A (Table 11) 
close to the experimental value of 1.283 A. Optimization of 6 
at  MP3/6-31G(d,p) yielded a structure with a very short He-B 
distance (1.279 A) similar to the value found at HF/6-31G(d,p). 
However, the calculated dissociation energy Do for 6 at MP3/ 
6-31G(d,p) indicates that HeBN is not a stable molecule. While 

(41) Unlike isoclectronic Be0 and LiF, BN has a )II ground state.".') 
Because we are concerned with the interactions of the light noble-gas atoms 
(NG) with diatomics AB in their '2' state, it is irrelevant for our theoretical 
study if the '2+ state is the ground or excited state. The ,II state is a weaker 
Lewis acid than the I P  state, because the former has one more electron in 
a u orbital. 

(42) Because of convergence failure, the vibrational frequencies and, 
consequently, ZPE values for BN and HeBN at MP2/6-31G(d,p) could not 
be calculated. 

(43) (a) Karna, S. P.; Grein, F. Chem. Phys. 1985, 98, 207. (b) Karna, 
S. P.; Grein, F. Mol. Phys. 1985, 56, 641. 
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Table VII. Calculated Total Energies E,,, (in hartrees), Electron Affinities EA (in eV), and Dipole Moments I.L (in Debye) in Comparison with 
Other Experimental/Calculated Results 

H F  MP2 MP3 exptl calcd 
struct. E."," EA' ub E,"," EA" ub E,",' EA" Ub EA U 

LiF 
L i F  
B e 0  
BeO- 
BN 
BN- 
LiH 
LiH- 

-106.9462 0.31 6.22 
-106.9575 

-89.4160 2.01 6.78 
-89.4898 
-78.8875 4.33 4.39 
-79.0465 

-7.9815 0.21 5.95 
-7.9893 

-107.1512 0.33 5.85 O.3 lc  6.33d 
-1 07.1632 

-89.6648 1.98 5.40 2.15c 7.1' 
-89.7376 
-79.1957 1.85 1.34 -79.1458 3.33 2.81 2.03' 
-79.2636 -79.2683 

-8.0018 0.23 5.79 0.38 5.88* 
-8.01 01 

'6-31+G(d,p) basis set. b6-31G(d,p) basis set. CASCF value taken from ref 57. "Experimental value from ref 47. 'Experimental value from ref 
49. fCalculated (CI) value from ref 43a. 'Calculated value from ref 46b. *Experimental value from ref 48. 

Many examples of vdW complexes containing light noble-gas 
atoms are k n ~ w n , ' ~ * ' ~  and the experimental information concerning 
their stabilities is similar to what is calculated here for structures 
4-8. For example, the dissociation energy Do of ArNO in its X211 
ground state was experimentally determined as 87 cm-' (0.25 
k ~ a l / m o l ) . ' ~ ~  Based on this result and the atomic polari~abilities,~~ 
Do values for HeNO and NeNO have been estimated as 8.5 cm-' 
(0.02 kcal/mol) and 20 cm-' (0.06 k ~ a l / m o l ) . ' ~ ~  For NeHCl and 
ArHCl, experimental results of 68 cm-' (0.19 kcal/mol) and 180 
cm-I (0.51 kcal/mol), respectively, have been reported.14 A Do 
value of 214 cm-' (0.61 kcal/mol) has experimentally been ob- 
tained for ArHF.lM 

Also the interatomic distances found for many vdW complexes 
are comparable to those calculated for 4-8. ArNO has a "T"- 
shaped geometry with an intranuclear distance of 3.65 A and an 
angle of 95' to the N O  NeHCl and ArHCl possess both 
a linear geometry with experimentally determined distances be- 
tween the noble-gas atom and the center of mass of HCI of 3.764 
A for NeHCl and 4.009 A for ArHC1.I4' This corresponds to 
interatomic distances of -2.55 A (NeH) and -2.80 A (ArH). 
An extensive theoretical treatment of NeHF predicts also a linear 
geometry with a Ne-H distance of -2.92 A and a well depth of - 11.4 cm-I (0.03 kcal/m01).~~ Our calculated results for 
structures 4-8 point to a similar range of stabilities and interatomic 
distances. The stabilization energies calculated for 4-8 can be 
explained in terms of long-range interactions which classify them 
as vdW complexes. 

But what about the NGBeO systems 1, 2, and 3? The theo- 
retical results presented here indicate substantially shorter no- 
ble-gas distances and higher dissociation energies for 1-3 than 
for 4-8. The Do value of 7.0 kcal/mol predicted for ArBeO is 
much higher than what is found for any Ar-containing vdW 
complex. 

Chemical bonds with dissociation energies of less than 10 
kcal/mol are discussed in the literature. For example, the NO- 
NOz dissociation energy Do is only 9.5 k c a l / m ~ l . ~ ~ "  The diatomic 
molecules XeO, XeN, and XeF are considered as chemical com- 
pounds although their Do values are only 8.7, 5.5, and 4.0 
k ~ a l / m o l . ~ ~  A thorough discussion of bonding features in these 
compounds is missing up to date and, therefore, their classification 
is somewhat arbitrary. On the other hand, one cannot exclude 
that the classification is correct, which means that the designation 
of weak interactions ( < l o  kcal/mol) if they are chemical, Le., 
covalent, or not, cannot be based on dissociation energies alone. 

Chemical interactions in helium compounds have successfully 
been rationalized using the model of donor-acceptor interac- 
tions,16-18 and it also seems to be a valuable model for the 
chemistry of neon and argon.8b If applied here, the acceptor ability 
of B e 0  toward He, Ne, and Ar should be stronger than the 
acceptor ability of LiF, BN, and LiH. The relative electron 
affinities (EA) of the four diatomics might be used as a measure 

(44) Fowler, P. W.; Buckingham, A. D. Mol. Phys. 1983, 50, 1349. 
(45) (a) Kerr, J .  A. Chem. Reu. 1966,66,465. (b) Herman, R.; Herman, 

L. J .  Phys. Radium 1963, 24, 73. (c) Kondratiev, V. N. Bond Dissociation 
Energies, ionization Potentials and Electron Affinities; Mauka Publishing 
House: Moscow, 1974. (d) Aquilanti, V.; Luzzatti, E.; Pirani, F.; Volpi, G. 
G. Chem. Phys. Lett. 1982, 90, 382. 

for their different affinities toward a Lewis base. Table VI1 shows 
the calculated vertical EA values at the same level of theory used 
for the geometry optimizations but with inclusion of diffuse or- 
bitals, which is necessary for an adequate theoretical treatment 
of anions.& If long-range forces are dominant in structures 1-8, 
the dipole moments of BeO, LiF, BN, and LiH should account 
for the calculated differences. Table VI1 shows our theoretically 
predicted dipole moments of the diatomic molecules together with 
the results of earlier calculations and experimentally observed data 
as far as available. 

At MP2/6-31G(d,p), LiF (5.85 D) and LiH (5.79 D) have 
larger dipole moments than Be0 (5.40 D) and especially BN (1.34 
D). Experimental values for LiF (6.33 D)47 and LiH (5.88 D)48 
are in satisfactory agreement with our calculated results. For BeO, 
the theoretically predicted dipole moment a t  MP2/6-3 lG(d,p) 
is lower than the experimentally obtained49 value of 7.1 f 0.3 D. 
There is no experimental value available for the dipole moment 
of BN ('Z+). Our calculated dipole moment for BN is smaller 
than the previously reported43a value of 2.03 D estimated at  SCF 
+ CI. The theoretically predicted electron affinities a t  MP2/6- 
31+G(d,p) are in case of LiF (0.33 eV), Be0  (1.98 eV), and LiH 
(0.23 eV) in very good agreement with previous theoretical 
treatments (Table VII). Concerning the electron affinity of BN 
(lZ+), no value was found in the l i t e r a t ~ r e . ~ ~  

It was pointed out by one referee that the calculated dipole 
moment and electron affinity obtained for BN at  the MP2 level 
are not reliable because a one-determinant description of BN is 
not appropriate. We agree with this, but our theoretical prediction 
that BN has a much smaller dipole moment than BeO, LiF, and 
LiH is supported by the experimental results (Table VII). The 
reason that we present the calculated dipole moments and electron 
affinities using one-determinant methods also for BN is to show 
the correlation between calculated electron affinity and dipole 
moments and the predicted geometries for NGBN at  the same 
level of theory. This is discussed in detail below. 

If only dipole-induced dipole forces are considered to be re- 
sponsible for the attractive NG-AB interactions in 1-8, NGLiF 
and NGLiH should exhibit the largest dissociation energies in 
contradiction to the calculated results shown in Table 111. 
However, as discussed below when applying formula 1 for the 
calculation of the interaction energies, this is only valid for ideal 
dipoles. An incoming NG atom not only the dipole moment 
of AB but also the positive charge at  atom A. The larger the 
charge at these atoms is, the larger are interactions between N G  
and A. For Li, the maximal charge in LiF and LiH is + 1. For 
Be, however, the positive charge in B e 0  may be larger than + l .  
The discussion above suggests5' that it is larger than in NGBe+ 

(46) (a) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P.v.R. 
J.  Comput. Chem. 1983,4,294. (b) Frenking, G.; Koch, W. J.  Chem. Phys. 

(47) Stogryn, D. E.; Stogryn, A. P. Mol. Phys. 1966, I I ,  371. 
(48) Wharton, A,; Gold, L. P.; Klemperer, W. J .  Chem. Phys. 1960, 33, 

(49) Yoshimine, M. J .  Phys. SOC. Jpn. 1968, 25, 1100. 
(50) For the X311 state of BN the calculated electron affinity has been 

1986,84,3224. 
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Stabilities of Noble-Gas Compounds 

Table VIII. Calculated Interatomic Distances re (in A), Total Energies E,,, (in hartrees), ZPE and BSSE Corrections and Dissociation Energies 
Do (in kcal/mol) for Diatomic Cations XBe* (X  = He, N e ,  Ar; n = 1 ,  2) in Their Electronic Ground States. Inductive Interaction Eind  
Calculated via eq 2 (in kcal/mol) 

J .  Am. Chem. SOC.. Vol. 110, No. 24, 1988 8015 

MP2/6-31G(d,p) MP4/6-31 lG(2df,2pd)' 

struct symm re 4 0 ,  ZPE El01 BSSE D,b D,6 Eind 

HeBe+ X2Z+ 3.132 -17.1597 0.1 -1 7.1740 0.1 0.3 0.2 0.4 
HeBe2+ X'Z+ 1.453 -16.5241 1.2 -1 6.5400 0.2 20.1 18.9 30.5 
NeBe+ X22+ 1.856 -1 42.9 140 0.4 -143.0694 4.2 - 0 . 1  -0 .5  5.5 
NeBe2+ X'Z+ 1.619 -142.2977 1 .o -1 52.2401 5 .1  28.7 27.7 38.2 
ArBe' X2Z+ 2.045 -541.21 54 0.5 -541.3271 1.6 10.7 10.2 15.6 
ArBe2+ X'Z+ 1.857 -540.6426 1 .o -540.7525 1.9 67.6 66.6 91.5 
Be+ 2s -14.2786 -14.2762 
Be2+ IS -1 3.61 27 -13.6104 
He IS -2.8806 -2.8972 
N e  ' S  -128.6262 -128.7867 
Ar IS -526.9200 -527.0313 

Full fourth-order (SDTQ) at MP2/6-31G(d.p) optimized geometries. *Calculated for the dissociation reactions NGBen+ - NG + Be"+. 

and lower than in NGBeZ+. Accordingly, electrostatic interactions 
should be much stronger in the case of B e 0  than for either LiF 
or LiH.52 

However, we cannot exclude that donor-acceptor interactions 
enhance the stability of some of these structures. Be0  differs from 
LiF and LiH not only by a higher positive charge at  Be than at  
Li, but it also has a significantly higher electron affinity (Table 
VII). This is due to the LUMO of BeO, the low-lying 50  M O  
in the l2+ state which possesses distinct Be,O bonding character. 
Any HOMO-LUMO interactions involving the occupied p(a) 
orbitals of N G  (1s A 0  for He) would lead to a charge transfer 
from N G  to O(Be0) which should result in a shortening of the 
Be-0 distance in 1-3 relative to isolated BeO. This is, indeed, 
found for 1-3 at  the correlated levels of theory (Tables I1 and 
IV). The calculated electron affinities for BN may also explain 
the dramatic differences found for HeBN at  HF/6-31G(d,p) and 
MP2/6-31G(d,p). Both methods predict the lowest dipole moment 
for BN of the four diatomics AB (Table VII). The calculated 
electron affinity, however, is much higher a t  HF/6-3 1 +G(d,p) 
(3.71 eV) than for B e 0  (1.51 eV) while a t  MP2/6-31+G(d,p) 
it is lower (1.85 eV) than for B e 0  (1.98 eV). At the MP3/6- 
31+G(d,p) level, the electron affinity of BN is significantly higher 
(3.33 eV) than at MP2/6-31+G(d,p). The oscillating EA values 
for BN run parallel to the calculated He-B distances (Table 11). 

There are some characteristics of long-range (vdW) forces 
which help to analyze weakly interacting systems. Long-range 
interactions between neutral or charged atoms or molecules are 
caused by permanent or induced electric dipole moments and may 
be described by the equations of classical  electrostatic^.^^ The 
interaction energy Eid between a neutral atom X and a molecule 
AB which has a permanent dipole moment /LAB is given by? 

Here, ax is the electric dipole polarizability of atom X, co is 
the dielectric constant, rX,AB is the distance between X and AB, 
and 0 is the angle between the direction of the dipole moment p 
and the axis X-AB. In case of the linear NGBeO species, 8 is 
0. Thus, the interaction between X and AB is proportional to 
rXhB4. The recommended values39 for the atomic polarizabilities 
of the noble-gas atoms are a(He) = 0.205 A3, a(Ne) = 0.395 A3, 
and a(Ar) = 1.64 A3. The calculated dipole moment of B e 0  at  
MP2/6-31G(d,p) is 5.40 D (Table VII). Using the MP2/6- 
3 lG(d,p) optimized distances rxhB between the noble-gas atoms 
and the midpoint of the B e 0  bond in structures 1-3, the theo- 
retically predicted interaction energies Eind via eq 1 are 1.5 

(51) We do not use partial charges calculated by the Mulliken partitioning 
scheme because of the well-known deficiency especially for electronegative 
elements: Bachrach, S. M.; Streitwieser, A. J .  Am.  Chem. Soc. 1984, 206, 
2283. For BeO, the partical atomic charge predicted by the Mulliken popu- 
lation analysis at MP2/6-31G(d,p) is only +0.47 for Be. 

(52) For a more quantitative description of the electrostatic interactions, 
one has also to consider the atomic dipole and quadrupole moments. 

(53) Hirschfelder, J.  0.; Curtiu, C. F.; Bird, R. B. Molecular Theory of 
Gases and Liquids; Wiley: New York, 1964. 

kcal/mol for 1, 1.6 kcal/mol for 2, and 3.5 kcal/mol for 3. The 
Eind values are lower than the calculated dissociation energies. 

However, objections can be raised against using (1) for 
structures 1-3 because formula 1 is only valid for ideal dipoles 
and rx,AB being larger than r,,,, in 1-3. Therefore, the result 
Ea C De does not necessarily indicate covalent character for the 
Ng-Be interactions. Nevertheless, it is interesting that Eind de- 
viates from De by more than 3 kcal/mol for 3 but just l kcal/mol 
for 1 and 2. 

A common feature of long-range interactions is that they are 
rather isotropic. Therefore, vdW complexes are usually very 
flexible structures, triatomic species often have T-shaped struc- 
tures, and the potential around the minimum is rather flat.13J4 
This is in contrast to chemical compounds which are most often 
rather rigid because of an anisotropic distribution of the electron 
density of molecules. We calculated the structure and energy of 
1 as a function of the bending angle T.  With T = 120°, the H e B e  
equilibrium distance becomes very long (3.519 A) with an in- 
teraction energy De of CO.l kcal/mol (MP2/6-31G(d,p)), which 
is similar to what is calculated for HeLiF and HeBN in their 
equilibrium geometry. This might point to a qualitatively different 
interaction in linear and bent HeBeO. However, when using 
formula 1, which is appropriate for longer He-Be distances, the 
interaction energy Eind for the MP2/6-3 lG(d,p) optimized ge- 
ometry at T = 120' is calculated to be 0.02 kcal/mol which agrees 
with the predicted De result. 

It may be argued that because of the rather short NG-Be 
distance in 1-3, a more appropriate treatment would be to consider 
the interaction between the positively charged Be atom and the 
induced dipole moment in NG. In this context, it is illuminating 
to compare the dissociation energies calculated for 1-3 with the 
De values predicted for singly and doubly charged HeBe"+, NeBe"t, 
and ArBe"+ (n = 1, 2) for the dissociations4 into N G  + Ben+ at 
the same level of sophistication. The calculated dissociation 
energies for the six diatomic ~ a t i o n s ~ ~ J ~  are shown in Table VIII. 

The very low De value for (X2Z+) HeBe+ (0.3 kcal/mol) in- 
dicates that HeBe+ is a vdW complex. In contrast, HeBe2+ is 
much stronger bound (De = 20.1 kcal/mol). Obviously, He-Be 
interactions in 1 are significantly stronger than in HeBe+ but much 
weaker than in HeBeZ+. The same holds for 2 when compared 
with the respective diatomic cations NeBe"+.s5 However, ArBe+ 
has a calculated dissociation energy De of 10.7 kcal/mol, which 
is larger than De (3). For ArBeZ+, De is even 68 kcal/mol (Table 
VIII), but the magnitude of De does not necessarily imply that 
interactions between N G  and Be are covalent. If one estimates 
the electrostatic attraction due to charge-induced dipole inter- 
actions between an atom X and an ion A which possesses the 

(54) In case of ArB$+(X'Z+), the lowest lying dissociation reaction yields 
Ar+(2P) + Be+(2S). 

(55) The negative dissociation energies calculated for NeBe+ are caused 
by using different theoretical levels for the energy calculations (MP4- 
(SDTQ)/6-31 lG(2df,2pd)) than for the optimizations of the atomic distances 
(MP2/6-31G(d,~)) .*~ 
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charge qA with the aid of the formula,s3 

Eind = -0.5 axqA2 / rXA4 (2) 

attraction energies 3040% larger than calculated D, values are 
found (Table VIII). This means that (i) the strength of the 
NG-Be interactions does not necessarily invoke other than 
electrostatic forces to explain the stability of NGBe* and (ii) for 
the calculated NG-Be distances of NGBe"+, formula 2, which 
is only valid for point charges, provides no longer a quantitative 
description of interaction energies. 

A necessary condition for the validity of the above discussion 
is that the atomic polarizabilities a of the noble gas atoms are 
calculated correctly at the theoretical level employed in the in- 
vestigation. It has been found that a t  the MP4(SDTQ)6/3 11G- 
(2df,2pd) level the calculated a values for He, Ne, and Ar deviate 
less than 10% from experimental results if the complete basis set 
of the NGX"' cation is employed.s6 

The discussion of NG-Be0 interactions using the experimental 
and theoretical results of the dipole moment and electron affinity 
of Be0 points toward electrostatic interactions, although covalent 
contributions cannot completely be dismissed. Analysis of p(r) 
and V2p(r) for HeBe2+, NeBe2+, ArBe+, and ArBeZ+ (Table VI) 
reveals that there is more density in the internuclear region than 
found for 1-3. Nevertheless, Hb values are either positive or close 
to zero (Table VI). When going from He to Ar, Hb becomes 
smaller (more negative), as has been found for 1-3. But even for 
ArBe2+, the calculated Hb result is far from the typical value found 
for a covalent NG-X bond (e.g., -1.0 for some HeC bond@). 
We conclude that despite the large De values (20-68 kcal/mol, 
Table VIII) all interactions in NGBe2+ are essentially electrostatic. 
Since the partial charge of Be in NGBeO is definitely lower than 

(56) Collins, J. R.; Frenking. G.. to be published. 
( 5 7 )  (a) Yashioka, Y.; Jordan, K. D. J.  Chem. Phys. 1980, 73,5899. (b) 

Yoshioka, Y.; Jordan, K. D. Chem. Phys. 1981,56, 303. 

2, it is reasonable to conclude that NG-Be interactions in 1-3 
are also electrostatic. 

5 .  Summary 
Our theoretical results predict that HeBeO ( l ) ,  NeBeO (Z), 

and ArBeO (3) are stable toward dissociation of the noble-gas 
atom. The calculated dissociation energies Do at  the highest level 
of theory used in our study and corrected by BSSE are 3.1 
kcal/mol for 1, 2.2 kcal/mol for 2, and 7.0 kcal/mol for 3. These 
values are lower bounds to the correct Do values because the BSSE 
is probably overestimated by the counterpoise method. In contrast 
to the NGBeO structures 1-3, the NGLiF, NGBN, and HeLiH 
species 4-8 are calculated with much weaker N G A B  interactions, 
10 .1  kcal/mol. 

The weakly interacting NG-AB systems 4-8 should be con- 
sidered as van der Waals complexes which are bound by di- 
pole-induced dipole forces. The electron density analysis of the 
NGBeO structures 1-3 reveals essentially charge-induced dipole 
interactions between the noble-gas atoms and B e 0  without any 
indication of covalent interaction. It cannot be excluded that 
attractive NG-Be interactions in 1-3 are partially enhanced by 
HOMO-LUMO interactions. However, all evidence points to- 
ward a classification of HeBeO, NeBeO, and ArBeO as unusually 
stable van der Waals complexes. 
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Abstract: RHF-plus-correlation calculations have been performed on the ground and a few excited states of the complex 
Co(foracim)2Li, chosen as a model of the Co(Schiff base)Li complexes. The wave functions thus obtained have been subjected 
to Mulliken population analysis and analyzed in terms of the orbitals of the separate constituent fragments to bring out effects 
of electronic o-donation and a-back-donation between the cobalt atom and the ligand. The ground state of the isolated complex 
corresponds to an open-shell configuration of the Co"/Li type and of AI symmetry, with the triplet and singlet components 
practically degenerate. A permanent magnetic moment of the order of at least 1.9 pB is predicted for the ground state of 
the complex. States corresponding to the configurations of the charge-transfer Col/Li+ type are higher in energy by more 
than 1 eV.  

The complexes of the transition-metal atoms with planar-tet- 
radentate Schiff bases (SB), like acacen, salen, and salophen, are 
of much interest from both theoretical and experimental points 
of view. 

Among the points of theoretical interest are the characterization 
of the particular effects related to the large numbers of electrons 
in these molecules, the analysis of the interaction between the d 
orbitals of the transition-metal atom and the delocalized r-system 

Scuola Normale Superiore. * lstituto di Chimica Quantistica ed Energetica Molecolare del CNR. 

0002-7863/88/1510-8016$01.50/0 

of the organic ligand, and the prediction of their spectroscopic 
properties. However, only a limited number of theoretical studies 
of this type of molecule can be found in the l i terat~re . l -~ Few 
Hartree-Fock (HF) calculations are available, essentially because 

(1) Sakaki, S.; Dedieu, A. J .  Orgummet. Chem. 1986, 314, C63. 
(2) Di Bella, S.; Fragala, I.; Granozzi, G. Inorg. Chem. 1986, 25, 3997. 
(3)  Fisher-Hjalmars, I.; Henriksson-Enflo, A. Ado. Quuntum Chem. 1982, 

(4) Fantucci, P.; Valenti, V. J. Am. Chem. SOC. 1976, 98, 3833. 
(5) Veillard, A.; Dedieu, A,; Rohmer, M. M .  J. Am. Chem. SOC. 1976, 98, 

16, 1. 

5789. 
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