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The partially spin-adapted coupled cluster method with the restricted open-shell Hartree-
Fock reference was applied to calculations of interaction energies between the helium atom
and the three radicals, CN (ZZ), NO (2I‘I), and O, (32’9). Basis set dependences with me-
dium-augmented correlation consistent basis sets were alleviated by using extrapolations to
the basis set limit which were based on aug-cc-pVTZ and aug-cc-pVQZ results. The two-
dimensional potential energy surfaces were fitted by exponential and polynomial functions.
Minima and transition states were located. Potential energy surfaces are very floppy, espe-
cially for HeCN. This complex exhibits the weakest van der Waals interaction, the electronic
interaction energy being 92 pE,. Interaction energy in HeNO is 122 pE,,, almost the same as
was found for HeO, (124 pE,). Considering zero-point-vibrational corrections, the dissocia-
tion energy of HeCN, HeNO, and HeO, is 4.6, 6.6, and 7.3 cm™, respectively. This sequence
of the magnitude of interaction energies and the structural data for global and local minima
and transition states were compared with available literature data. No simple link between
the magnitude of intermolecular forces and dipole moments and dipole polarizabilities of
CN, NO, and O, was found. The low-order long-range model based on the induction and
dispersion forces is completely useless in the assessment of the sequence of the size of
intermolecular interactions of the HeCN, HeNO, and HeO, complexes.

Keywords: Coupled cluster calculations; van der Waals complexes; Interaction energy; Po-
tential energy surface; HeCN; HeNO; HeO,; Ab initio calculations; CCSD(T).

Van der Waals intermolecular interactions between atoms and molecules
rank among the weakest interactions studied by chemists. Their tremen-
dous importance in many areas of physics, chemistry, and biology was
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stressed and summarized in a comprehensive book and in reviews'=3. Inter-
actions of noble gas atoms* are examples of very low van der Waals interac-
tion energies. The energy range of this phenomena sets high demands on
experimental techniques as well as on the accuracy of ab initio methods
used for their description.

Van der Waals complexes of the helium atom with small open-shell mol-
ecules were studied extensively by both experimental and theoretical chem-
ists. The experimental data are mostly coming from spectroscopic measure-
ments of bound states®® and scattering experiments®-13,

The ab initio interaction energy potential surface for the HeCN complex
was published by Werner et al.»* They analyzed the CN ground state (X2%)
and the A2 excited state surfaces obtained at the MCSCF-CI level from the
point of view of intermolecular collisions. Among the experimentalists,
Halpern and Huang'® studied the collisional fluorescence quenching of the
A2M -, X23* transfer for the He, Ne, and Ar.

Concerning the HeNO complex, its dissociation energy is known to be a
part of an experimental program devoted to the NO complexes with noble
gas atoms!6:17, Experimental results for HeNO were obtained by Howard
et al.’® using the radio-frequency and the microwave spectroscopy. The
ground state of NO is the 2 state and can be split into two states due to
the interaction with the helium atom. Thus, the two states of the HeNO
complex may emerge, namely the 2A’ and the A" state, depending on
whether the interacting helium atom approaches NO in the in-plane direc-
tion of the open-shell telectron or in the out-of-plane direction. A study of
both states was theoretically carried out by Yang and Alexander!® using the
CEPA approximation. Different results, even different energy ordering of
the states follows from the MP4/MP2 results of Zolotoukhina and Kotake?”.
More recently, rigorous ab initio calculations of the HeNO system were per-
formed by Lee and Wright?° and by Klos, Chalasiniski et al.?!

Most attractive for both experimentalists and theoreticians has been the
HeO, complex. Early studies of the two-dimensional HeO, surface were per-
formed by van Lenthe et al.??2 and by Jaquet and Staemmler?3. A more re-
cent results of Cybulski et al.?* were already in good agreement with the
empirical surfaces obtained by Keil et al.?>, Faubel et al.?®, and Beneventi
et al.?” These empirical potentials were obtained by fitting the scattering
data?>-27 and also second virial data?’. Among the most recent works con-
cerning HeO,, one can mention the cooling in the seeded supersonic ex-
pansions of, among others, O, in He 2839 along with the computational
studies of this effect?%30, the three-dimensional ab initio potential energy
surface by Groenenboom and Struniewicz3! and the perturbative formula-
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tion of dispersion contribution to the interaction energy done by Luke$ et
al.®?

An important part contributing to the strength of van der Waals interac-
tions is determined by electric properties of interacting compounds.
According to the long-range model, the interaction energy can be decom-
posed into several terms. The most important attractive terms that deter-
mine the longe-range parts of the interaction energy potential surface are
induction term and the dispersion term, which both decrease with the
intermolecular distance as R%. The induction term can be physically inter-
preted as the interaction of the permanent dipole moment with the in-
duced dipole moment of interacting partner compound. The induction (E'")
and the dispersion (EP) terms for the case when the polarizability tensor of
compound A is isotropic (typically atom), and B is a molecule with a per-
manent dipole moment , are given by the formulae

E' = —%aAug(s cos? 0 + DR (1)

N
E% =~ A0 fa,a, +Za,6 afCeost - IR, (@)

I, +15

where a,, 0g are mean polarizabilities of the subsystems A and B, respec-
tively, and a”B, a’ are parallel and perpendicular components of the
polarizability tensor with respect to the dipole moment direction of com-
pound B. R is the intermolecular distance and 0 is the angle between the di-
pole moment direction and the position vector of interacting compound A.
In this formulation are both compounds treated as being composed of
point charge distributions, but for large R this is a reasonable approxima-
tiont33.

Obviously, Egs (1) and (2) are the low-order long-range formulae, which
are useful at most as a tool for the first estimate of the long-range inter-
molecular forces. For a closer insight, the more elaborated perturbation
theory of intermolecular forces3#3% is needed. Such analysis has been per-
formed for HeNO 2!, HeO, 2432 or for NeCN 3¢ which is related to our HeCN
complex. For obtaining interaction energies of weakly bound complexes,
more frequently used is the supermolecular approach. The interaction energy
is obtained as a difference between the energy of the complex (the super-
system) and the sum of energies of monomers. A highly sophisticated
method capable of recovering the intramolecular and the intermolecular
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correlation effects must be used for weak van der Waals intermolecular in-
teractions. A prerequisite is a capability of describing correctly electric prop-
erties of the monomers!. Highly accurate dipole moments and static dipole
polarizabilities of CN, NO, and O, radicals were calculated in our previous
works37-39,

The idea of this work is to analyze relative interaction energies of the
model systems composed of the helium atom interacting with CN, NO, and
O, radicals. Their electric properties differ quite significantly and thus it
was interesting to show how they affect the potential energy curves in their
long-range part and also whether they affect the relative magnitude of the
interaction of these radicals with the helium atom around the minima. We
want to compare the three systems, HeCN, HeNO, and HeO, by using the
same basis set and the same method. Calculations published so far and
cited above were made by different methods and basis sets which makes de-
tailed comparison of the magnitude of intermolecular forces of the three
systems and their physical background difficult. Another aspect of the pres-
ent work is the stability of results with respect to the basis set, which ranks
among the most critical aspects of calculations of weak interactions with
most standard methods.

THEORETICAL APPROACH AND COMPUTATIONAL DETAILS

The standard supermolecular approach was used for interaction energy cal-
culations, where the interaction energy is given as

EL) =EG —EL -EL. (3)

int

E, g is the energy of the supersystem and E, and Eg are energies of stand-
alone monomers A and B, respectively. Due to the incompleteness of basis
sets, the interaction energy as defined above includes the basis set superpo-
sition error (BSSE). The standard approach of eliminating BSSE is the use of
the counterpoise correction defined by Boys and Bernardi“®. Following their
prescription, the so called ghost basis set of monomer A (B) is added to ba-
sis set of monomer B (A). Energies of the monomers calculated with basis
sets extended with these ghost basis functions are used in Eq. (3) instead of
plain energies E, and Egz. The interaction energy is normally reduced when
BSSE correction is applied. The size of the basis set superposition error is a
parameter detecting completeness of the basis sets used. It is important that
basis sets that have BSSE not large in comparison with the plain interaction
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energy E{), Eq. (3), are used. This is another requirement imposed on the
selected basis sets, along with the ability of a correct description of electric
properties of the subsystems.

The superscript | in Eqg. (3) denotes the level of the theory and stands for
the SCF or for the selected correlated method, namely CCSD and
CCSD(T) 4142, CCSD is an iterative procedure for obtaining the single (t?)
and double (tij‘b) excitation amplitudes. Triples in CCSD(T) are approxi-
mated in a perturbative way by using the converged CC amplitudes. A sin-
gle determinant reference for CC methods is a restricted open-shell
Hartree-Fock wave function. An advantage of using the ROHF reference
rather than the conceptually more simple and more straightforward UHF
(unrestricted HF) wave function in open-shell systems is its more rigorous
physical meaning. Namely, the ROHF wave function is a proper eigen-
function of the spin operators while the UHF reference is not. Another ad-
vantage of the ROHF reference is a significantly better efficiency of the sub-
sequent CC code in which one can profit from the fact that the orbital
space of the ROHF reference is about half of that in the UHF reference. To
preserve the proper spin properties in the CC step, the CC excitation ampli-
tudes must be properly spin-adapted*3-46 even if the reference is a proper
eigenfunction of the spin operators. In our implementation, based primar-
ily on the formulation of Paldus et al.*5, see also ref.*”, we do it only par-
tially, like in an equivalent approach of Knowles, Hampel and Werner**. A
more rigorous spin-adapted CC method was defined and implemented by
Szalay and Gauss*®. An efficient and still sufficiently accurate implementa-
tion of the partially spin-adapted CCSD approach is represented by the al-
gorithm in which only dominating double excitation tfj‘b cluster amplitudes
are adapted (the DDVV approximation*®). This version of the ROHF-CCSD
was used in this work, followed by non-iterative triples to obtain the
CCSD(T) energy. All calculations were carried out by the MOLCAS program
package?®.

Standard aug-cc-pVTZ and aug-cc-pVQZ basis sets were used for interac-
tion energy calculations®®°1. Augmented basis functions in these basis sets
are essential for proper description of the diffuse part of the electron
distribution needed for correct calculations of atomic and molecular static
electric properties®2. They are also unavoidable in weak van der Waals inter-
actions®3. Dipole moments and dipole polarizabilities of interacting radicals
treated in this paper were sufficiently accurate®’-3% when basis sets of this
type were used within the partially spin-adapted ROHF CCSD(T). After ex-
trapolation to the complete basis set limit (CBS limit), these data may serve
as benchmark results®® for electric properties of these radicals.

Collect. Czech. Chem. Commun. (Vol. 69) (2004)



194 Raab, Antusek, Biskupi¢, Urban:

RESULTS AND DISCUSSION

Two-dimensional potential energy surfaces of He---AB were computed.
Numerical results for all three complexes correspond to the spherical coor-
dinate system (R,08,@), where R is the distance between the He atom and geo-
metrical center of the radical, 6 is the angle between the He atom and the
positive part of the z-axis. The polar angle @ is kept zero. The geometrical
center of the radical was identical with the origin of the coordinate system
and the symmetry axis of the radical was identical with the z-axis. Inter-
atomic distances R,g of the CN, NO, and O, radicals were fixed at their ex-
perimental values® 1.1718, 1.1530, and 1.20752 A, respectively. Radical ge-
ometries were defined as follows: CN (z(N) = 0.5859 A, z(C) = -0.5859 A),
NO (z(N) = 0.5765 A; z(0) = -0.5765 A), and O, (z(O1) = 0.60376 A, z(02) =
-0.60376 A).

Most of the calculated data used in the numerical fitting of the potential
energy surface (see the next subsection) were obtained with the reasonably
extended aug-cc-pVTZ basis set. This basis is found to be the smallest basis
set capable of providing reasonable results for, e.g., HeNO ?°. Additional cal-
culations in the vicinity of the minima were obtained with the larger
aug-cc-pVQZ. The reduced number of points at the energy surface with the
larger basis set allows geometry optimization with slightly lower accuracy
but yet accurate enough for interaction energy considerations and for the
assessment of the basis set effects. BSSE-corrected interaction energies are
presented in Table | and compared with the selected literature data. The
ROHF, CCSD, and CCSD(T) potential energy curves with the aug-cc-pVTZ
basis are visualized in Figs 1, 2, and 3, respectively, for HeCN, HeNO, and
HeO,. The angle 6 for each complex in these figures was kept near its opti-
mal CCSD(T) value to allow a simple view of interaction curves in our three
systems.

Basis Set Effects in the Optimized T-Shape Minima and Linear Structures

The first insight into the strength of the interaction in the three systems is
provided by CCSD(T) results with the aug-cc-pVTZ basis set. The weakest
interaction energy at this level is found for HeCN with the interaction
energy E{S°P™ = 82.6 uE,. Interaction energies for HeNO and HeO, are sig-
nificantly larger. For HeNO and HeO, we found the E{{®*"™ 111.9 and
107.1 pE,, respectively. Potential energy curves have no minima at the SCF
level except a shallow long-range minimum of HeCN near 5 A. The interac-
tion of these systems is thus a purely electron correlation effect detected
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primarily by CCSD, with triples in CCSD(T) contributing by about 10-20%
to the total interaction energy.

The aug-cc-pVTZ basis set yields larger basis set superposition errors than
are interaction energies itself, see Table 1. With the aug-cc-pVQZ basis is

AE, pH

~100 1 | | | I 1 1
35 4.0 4.5 5.0 5.5 6.0 6.5 7.0
R, A
Fic. 1
HeCN BSSE-corrected CCSD(T) interaction energies for 6 = 63°. A ROHF, ® ROHF/SA CCSD,

B ROHF/SA CCSD(T)

I T T
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R, A
Fic. 2
HeNO BSSE-corrected CCSD(T) interaction energies for 6 = 100°. A ROHF, ® ROHF/SA CCSD,
B ROHF/SA CCSD(T)
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BSSE reduced by an order of magnitude in some cases, although it still re-
mains quite high. An alternative technique to treat the problem of the basis
set deficiencies in intermolecular interactions is based on the use of the
bond-centered basis functions®® (b.f.) that extend the routinely available
basis sets, like aug-cc-pVTZ. Their use improves the convergence to the
complete basis set (CBS) limit significantly, but it defines additional param-
eters that need to be considered, such as a point at which additional basis
functions should be centered. Also the extrapolation to the CBS limit
would appear to be less systematic, at least for interactions which involve
atoms and molecules. In simpler systems like He-He, is the extrapolation
technique with bond-centered basis functions highly successful®®. A com-
parison of our results with those obtained with basis sets supplemented by
bond-centered functions for individual interacting complexes will be pre-
sented later.

Instead of using bond-centered functions, we rather rely on available
extrapolation techniques using the two relatively satisfactory basis sets,
namely aug-cc-pVTZ and aug-cc-pVQZ. It would be tedious to go beyond
the aug-cc-pVQZ basis set for a sufficiently large portion of the energy
hypersurface. Extrapolations to the CBS limit>":58 proved to be a very useful
tool in various applications, including molecular electric properties®® and
intermolecular interactions®®°9:60, The most frequently used is a linear ex-
trapolation with respect to the inverse cube of the cardinal number X in

AE, pH

3.0 3.5 4.0 4.5 5.0 5.5 6.0 A 6.5 7.0
R,

Fic. 3
HeO, BSSE-corrected CCSD(T) interaction energies for 8 = 90°. A ROHF, ® ROHF/SA CCSD,
B ROHF/SA CCSD(T)
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TaBLE |
BSSE-corrected CCSD(T) interaction energies of HeCN, HeNO, and HeO, for selected geome-
tries. CBS extrapolation is based on aug-cc-pVTZ and aug-cc-pVQZ basis sets. Our data are
compared with the best data available from the literature

System Basis set R, A 9, ° Eine MEn BSSE, HE,
HeCN aug-cc-pvTZz 4.01 0.0 -79.23 458.14
HeCN aug-cc-pvQZ 3.99 0.0 -84.87 45.18
HeCN CBS 3.98 0.0 -88.99 -
HeCN aug-cc-pVvTZ 3.65 63.0 -82.56 -
HeCN aug-cc-pvVQz 3.61 66.0 -89.45 -
HeCN CBS 3.58 68.2 -94.48 -
HeCN aug-cc-pVTZ 4.09 180.0 -70.03 404.45
HeCN aug-cc-pvQZ 4.06 180.0 -74.39 44.87
HeCN CBS 4.04 180.0 -77.57 -
HeNO aug-cc-pVTZ 3.93 0.0 ~77.89 199.27
HeNO aug-cc-pvQZ 3.92 0.0 -83.60 51.51
HeNO CBS 3.90 0.0 -87.77 -
HeNO 2! aug-cc-pVTZ + b.f. 3.93 0.0 -87.90 -
HeNO aug-cc-pVvTZ 3.72 180.0 -92.95 304.68
HeNO aug-cc-pvVQz 3.68 180.0 -99.70 48.34
HeNO CBS 3.64 180.0 -104.63 -
HeNO 2! aug-cc-pVTZ + b.f. 3.66 180.0 -104.34 -
HeNO aug-cc-pVTZ 3.27 A 97.5 -111.88 -
HeNO aug-cc-pvQZ 3.22 A 98.8 -117.77 -
HeNO CBS 3.18 A 99.7 -122.06 -
HeNO 2! aug-cc-pVTZ + b.f. 3.21 A 96.7 -133.04 -
HeNO 2° aug-cc-pVTZ 3.35 A’ 80.1 -106.97 -
HeNO aug-cc-pVTZ 3.23 A" 90.0 -88.453 -
HeNO 2! aug-cc-pVTZ + b.f. 3.32 A" 76.1 -115.28 -
HeNO 2° aug-cc-pVTZ 3.28 A" 79.9 -85.20 -
HeO, aug-cc-pVTZ 3.70 0.0 -101.15 201.37
HeO, aug-cc-pvQZ 3.67 0.0 -108.66 53.52
HeO, CBS 3.65 0.0 -114.14 -
HeO, 3! aug-cc-pVTZ + b.f. 3.65 0.0 -116.70 -
HeO, aug-cc-pvTZ 3.24 90.0 -107.12 60.22
HeO, aug-cc-pvVQZz 3.20 90.0 -116.95 38.31
HeO, CBS 3.17 90.0 -124.12 -
HeO, 3 aug-cc-pVTZ + b.f. 3.17 90.0 -127.10 -
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the series of cc-pVXZ basis sets®’. Quite efficient and generally applicable is
also a fit with respect to the inverse number of basis functions in a system-
atically extended series of basis sets39-58,

Interaction energies at the CBS limit, as presented in Table I, agree very
well with published data for linear structures of HeNO and HeO, com-
plexes. The same holds for the geometry parameters. No data using analo-
gous methods and basis sets for the HeCN complex are available in the lit-
erature. Linear structures of the two states of HeNO and the HeO, com-
plexes are just local minima, for HeCN it is a transition state. Clearly, the
interaction energy for linear structures is the strongest for HeO,. Our CBS
values for both linear structures of HeNO and for the HeO, complex differ
from the published data obtained with CCSD(T) and aug-cc-pVTZ + b.f. ba-
sis sets by 2.6 UE,, (0.6 cm™) or less?12431, Our results show that the differ-
ence between the two basis sets, aug-cc-pVTZ and aug-cc-pVQZ are larger
for HeO, than for HeCN and HeNO. Consequently, the CBS limit differs
from the directly calculated result for HeO, more than for the two remain-
ing complexes.

Concerning bent structures, which are absolute minima for all com-
plexes, it is clear that HeCN remains the least stable complex. It is less sta-
ble than HeNO and HeO, by about 30 pE,, (6.6 cm™) with all basis sets and
at the CBS limit. The agreement between our results and published
CCSD(T) results?1-31 with the aug-cc-pVTZ + b.f. basis set for the bent struc-
tures of HeNO and HeO, is less accurate than for linear structures. Namely,
relative stabilities of HeNO and HeO, from our results and from results with
aug-cc-pVTZ + b.f. basis sets differ. CCSD(T) with aug-cc-pVTZ + b.f. basis
sets results indicate that the bent structure of the A’ HeNO is by 6 pE,, more
stable than HeO,. Our CBS-extrapolated results indicate that the stability of
both complexes is about the same, HeO, being more stable than A" HeNO
by negligible 2 pE,, (less than 0.5 cm™). Directly calculated CCSD(T) values
with the aug-cc-pVQZ basis set show even less different stabilities of the
two complexes, supporting, however, larger stability of HeNO this time, as
was the case with the aug-cc-pVTZ basis set. The change of the sequence of
the stability of HeNO and HeO, with the CBS-extrapolated data results,
again, from larger sensitivity of the interaction energy to basis sets for HeO,
than for HeNO. This holds at all geometries. Thus, E;,; of HeO, is affected
by the extrapolation to the CBS limit more than the interaction energy of
HeNO. Differences between results with the larger aug-cc-pVQZ basis set
and the CBS limits are quite systematic, which gives some confidence to
our final results. The problem with comparisons of stabilities is that even if
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both HeNO 2% and HeO, 3! use CCSD(T) and quite similar (but not identical)
aug-cc-pVTZ + b.f. basis sets, the calculations did not follow entirely the
same routes. A tiny difference in creating bond functions is encountered in
calculations for both complexes. Along with differences in basis sets, results
may also be affected by using slightly different geometry optimization strat-
egies. Very floppy energy hypersurfaces prevent accurate optimizations.
Our results can be affected by the limited number of points calculated in
the aug-cc-pVQZ basis set. It is clear that HeCN remains the least stable
complex (less stable than HeNO and HeO, by about 30 uE, (6.6 cm™) with
all basis sets and at the CBS limit).

We note, finally, that our interaction energy for the T-shaped optimal
structure of HeNO agrees excellently with E;,; = 123.1 pE, of Lee and
Wright?® who used the aug-cc-pVQZ basis for energy calculation and the
aug-cc-pVTZ optimized geometry. We note, however, that their CCSD(T)
calculations follow from the unrestricted HF reference and have different
diffuse functions on He from those used by us. At both linear geometries,
the agreement between our and Lee and Wright?° results was less accurate
but still satisfactory considering differences in the reference and the flatness
of the hypersurface, which leads to some uncertainty in optimized geo-
metries. Their best interaction energies, 80 pE,, for 8 = 0° and 93 puE,, for 6 =
180° are close to our aug-cc-pVQZ values, 84 and 100 pE,, respectively.
Even more relevant is quite good agreement between our CBS extrapolated
results and aug-cc-pVTZ + b.f. calculations of Klos, Chalasinski et al.?! espe-
cially for linear geometries.

Analytical Form of the Potential Energy Surfaces

BSSE-corrected interaction energies (in pE,) obtained for the series of geom-
etries at the CCSD(T) level with the aug-cc-pVTZ basis set were used for fit-
ting the analytical potential energy surface (PES) of the form

Epe ) = Z;P (cos (n6)) Zat[exp(—bl(R ') (4)

where the exponential functions are used for fitting the radial part of the
potential and associated Legendre polynomials P’(cos(n8)) were used for
the description of the angular dependence of the potential. The factor n de-
pends on the system. We used n = 1 for fitting HeCN and HeNO data in
which the angle 6 lies in the interval 0-180°; n = 2 is used for HeO, data
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with 8 varying between 0 and 90°. R has values between 2.8 and 7.0 A.
Points with CCSD(T) interaction energies higher than +10 pE, were ex-
cluded from the fitting procedure to guarantee better description of minima
and long-range regions. Altogether, we considered 180, 173, and 77 points
for HeCN, HeNO (A’ state), and HeO,, respectively. No additional points
generated by the interpolation were needed for fitting procedures. The RMS
error was 0.099, 0.148 and 0.423 pE,, for HeCN, HeNO (A’ state) and HeO,,
respectively. All optimized parameters are presented in Tables II-1V. Mini-
ma and transition states that follow from the analysis of the analytical PESs
are presented in Table V. All analytical PESs provide good description of ab

TasLE Il
Fitting parameters of the PES for the HeCN system (a parameters are in E, x 1078, b, =

0.8728828 A%, b, = 6.82109561 A)

L

L

L

L

L

L & a a 2 &y

0 -0.0760231 -2.7160813 -0.2604274 —0.0299956 0.0025405
1 0.0998241 -0.1132750 0.0788458 —-0.0080603 0.0000429
2 -0.4359435 -0.4126404 -0.1366918 -0.0281098 0.0030534
3 —0.0007692 0.0617792 -0.0110042 -0.0018728 0.0000630
4 0.0300868 0.0375656 -0.0071034 -0.0054208 0.0007637
5 0.0095914 -0.1804167 0.0635529 -0.0061172 0.0001501
6 0.1090346 -0.1259522 0.0241507 -0.0019434 0.0001138
TasLE I

Fitting parameters of the PES for the HeNO system (a parameters are in E;, x 1076, b, =

0.986162181 A™, b, =3.81746751 A)

L

L

L

L

L & a & 2 &y

0 0.1862261 -39.1971390 -49.8317978 -8.3247488 37.6038506
1 0.0559062 -2.4431399 -17.4059274 24.4138448 12.2357865
2 0.0373799 -10.6104128 -18.8467825 -25.8898341 57.8540349
3 -0.0917286 0.2836150 1.7338588 -14.8984797 7.7667302
4 -0.1371992 -1.2267360 11.1951992 -41.8242663 11.6704022
5 -0.0827914 1.9116386 -5.6354483 1.8288363 -0.9423430
6 -0.2999121 2.4421956 -3.4879946 -4.1060717 0.8144566
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TABLE IV

Fitting parameters of the PES for the

1.34549202 A%, b, = 3.80448160 A)

HeO, system (a parameters are in E, x 107° b, =

L

L

L

L

L

L 8 a & 8 a
0 -1.1826052 —77.1444263 -14.8182597 11.9128311 7.2578282
1 —-0.7544552 -5.7672131 -53.5988810 51.6159883 -6.2580883
2 -0.1107221 -4.4675158 3.1790539 -12.0705174 5.0073488
3 0.0996326 -4.0543043 5.9253488 —-7.6097606 3.2665685
4 -0.2922018 3.8066551 -25.5053983 28.4913520 -8.2923654
5 0.2918023 -3.6688998 19.3183005  -20.9355541 5.4096163
6 -0.0450041 9.2489363 -7.2543190 2.8846134 -1.2869635
TABLE V
Stationary points of PESs for the ground states of HeCN, 2A’ HeNO, and HeO,
Stationary point?® R, A 0, ° Eint MEp, AE;.., WE, (cm‘l)b
HeCN PES
T1 4.0106 0.00 -79.17 3.32 (0.7)
M 3.6461 64.87 -82.49 0
T2 4.0948 180.00 -70.07 12.42 (2.7)
2A" HeNO PES
M1 3.9395 0.00 -77.79 34.09 (7.5)
T1 4.0087 51.38 -44.52 67.36 (14.8)
M2 3.2697 97.48 -111.88 0
T2 3.7458 136.41 -64.98 46.89 (10.3)
M3 3.7293 180.00 -92.93 18.95 (4.2)
HeO, PES
M1 3.6946 0.00 -101.09 6.04 (1.3)
T 3.6285 51.83 -73.57 33.54 (7.4)
M2 3.2339 90.00 -107.13 0

a8 M, minimum; T, transition state. b Relative to the
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initio data. This is demonstrated by rather small differences between PESs
and ab initio points which are below 0.5% for all significant points. The
PESs for HeCN, HeNO, and HeO, are visualized in Figs 4-6. The basis set ef-
fects on the relative positions of the T-shaped minima with respect to the
linear conformations of all complexes were analysed in the previous subsec-
tion. We note that the maximum deviations between the values presented
in Table V and the CBS limit values for HeCN, HeNO, and HeO, were 2.3,
1.4, and 4.0 pE,, respectively, i.e. always less than 1 cm™. The similarity of

a2y
41
4.0
L 39

3.8 =

80 100 120 140 160 180
6

Fic. 4
HeCN CCSD(T) contour plot. The contour lines are separated by 10 pE,

4.2 N T T X

0 50 100 150

Fic. 5
A’ HeNO CCSD(T) contour plot. The contour lines are separated by 10 pE,
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the basis set effects in the part of the PES at which important points are lo-
cated gives us some idea about the accuracy of barriers to which we will re-
fer below.

The HeCN Complex

The potential energy surface for HeCN (Fig. 4) is simple, revealing only one
T-shaped minimum, as is the case with NeCN, see ref.2 It is located at the
nitrogen side, with 8 = 64.9° (Table V). We note that with the enlargement
of the basis set the angle 0 slightly rises. Both linear structures, with He on
the nitrogen side or on the carbon side, are transition states, which separate
this minimum from the equivalent minimum localized symmetrically with
respect to the CN bond axis. The barrier height is only 3 pE,, on the nitro-
gen side (6 = 0°) and about 12 pE;, on the carbon side (6 = 180°) of the sur-
face. The HeCN PES is almost isotropic and flat. This isotropy explains why
the difference between ab initio minima and PES minima is about 2° (Tables
I and V), which is considered to be large taking into account the high accu-
racy of the fit.

The ?A’ HeNO Complex

Since a detailed discussion on the relative stability of the A’ and A" states of
HeNO has been published recently (see refs?%2! and references therein), we
will pay attention to the more stable A’ state only. The A" HeNO PES accom-

4.2

0 20 40 60 80 100

Fic. 6
HeO, CCSD(T) contour plot. The contour lines are separated by 5 PE,,
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modates three minima (see Table V). The global T-shaped minimum is lo-
calized at ® = 97.5°. The barrier, 67 pE, (14.8 cm™) high, separates the
global minimum from the linear local minimum at 6 = 0° (nitrogen side).
The barrier between the global minimum and the second minimum that
corresponds to the linear geometry with 6 = 180° (oxygen side) is 47 pE,
(10.3 cm™). It agrees well with the barrier calculated by Lee and Wright?©
(9.3 cm™). Their barrier on the nitrogen side, however, is reported to be
much lower than ours, only 6.5 cm™. We have no reasonable explanation
of this discrepancy in light of the fact that other characteristics of the PES
agree very well.

The HeO, Complex

The HeO, PES has two minima. The barrier, which separates the global
minimum represented by the T-shaped structure (8 = 90°) from the local
minimum, and which corresponds to the linear configuration, is about 34 pE,
high (the same as that reported by Cybulski et al.?4). The saddle point is
located at 6 = 51.8°. Groenenboom and Struniewicz®' obtained with the
aug-cc-pVTZ basis supplemented by bond functions quite a similar angular
location of the barrier (8 = 49°) as well as its height (36.8 pE,). The barrier
for the movement of the He atom from its linear position to the T-shaped
structure is 27.5 pE,, high.

The Long-Range Interaction Model

In this part we pay attention to the long-range region of PESs, where induc-
tion and dispersion terms dominate. Figure 7 shows the angular depend-
ence of the CCSD(T) interaction energy for all systems and comparisons
with the dominating lowest-order long-range terms, E' + EP, as calculated
from Eqgs (1) and (2). The cross-section over PESs corresponds to one se-
lected distance between He and the bond center of the radical, R = 7.0 A,
the same for all complexes. This distance is supposed to be large enough to
allow a comparison of the long-range E' + EP terms and CCSD(T) interac-
tion energies calculated with the aug-cc-pVTZ basis set. At larger R, interac-
tion energies are too small to guarantee sufficient accuracy needed for com-
parisons. Long-range terms are based on atomic and molecular properties
collected in Table VI.

General features of the angular dependence of ab initio data and the de-
pendence that follows from the leading induction and dispersion terms are
similar. Linear structures of all complexes (including HeCN) are minima, as
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it follows from other studies of the long-range forces and perturbative ana-
lyses for systems under study?*. Although E' + EP interaction energies are
systematically less attractive than are ab initio data for all three systems, the
sequence of the interaction strength following from ab initio data and
long-range contributions remains the same over the large portion of the
surface. Slightly different is the shape of the two curves for HeO, at angles
around 6 = 90°. We attribute a flat shape of the CCSD(T) curve around 6 =
90° and the existence of the two maxima at 6 = 65 and 115° to the
TABLE VI
lonization potentials (Ip), dipole moments (u), and static dipole polarizabilities (a) for He,

CN, NO, and O, from CCSD(T) aug-cc-pVTZ calculations (see also refsas'sg). All values are in
a.u.

System Ip 1l ay apg [ad
He 0.902 - 1.38 1.38 1.38
CN 0.505 0.550 25.41 16.19 19.27
NO 0.353 0.066 15.03 9.12 11.35
0o, 0.461 0.000 15.01 8.02 10.35
1 T T T T T T T
0 i
-1
I
=1
4

-3

-4 | | | | | | | |
0 20 40 60 80 100 120 140 160 180
0, deg

Fic. 7
CCSD(T) interaction energy compared with the E' + EP interaction energy at R = 7.0 A.
B CCSD(T) HeCN, ® CCSD(T) HeNO, A CCSD(T) HeO,, 0 E' + EP HeCN, O E' + EP HeNO,
A E' + EP HeO,
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residuum of the transition state that separates the two minima with 6 = 90
and 0°, respectively.

The most strongly interacting system in the long-range region is HeCN.
This clearly follows from the fact that the CN radical has much larger
polarizability than NO and O,. The dispersion term, a pure electron correla-
tion effect, is driven by polarizabilities. Although the CN radical has also a
large dipole moment, this fact does not play any important role because the
induction term (which depends on the dipole moment) contributes more
than twenty times less than the dispersion term. The induction term plays
a role at the SCF level. This explains a shallow long-range SCF minimum
about at R = 5 A on the potential energy curve for HeCN, even though it is
not visible in Fig. 1. No such minimum is observed for the remaining com-
plexes that have very low (HeNO) or zero (HeO,) dipole moments. Since
the induction contribution is largest at the linear configuration, the stron-
gest interaction energy results from E' + EP for 8 = 0 and 180°. The
dispersion contribution, Eq. (2), has its isotropic and anisotropic part. The iso-
tropic part dominates, but the anisotropic part, which prefers linear struc-
tures, is also quite important at angles approaching 6 = 0 and 180°, repre-
senting about one quarter of the total EP.

Another point that should be mentioned is that the dipole moment of
CN is known to be sensitive to the spin contamination of the CCSD wave
function37-3%. The dipole moment of CN, calculated by the CCSD(T)
method, in which CCSD amplitudes are not-spin adapted, increases by
0.043 D after considering the spin adaptation. However, due to the small
contribution of the induction term, no effect of the spin adaptation is ob-
served. We note that the CCSD(T) polarizability of CN is affected by the
spin adaptation much less3® than the dipole moment. The insensitivity of
the CCSD(T) interaction energies to the spin adaptation applies to the
whole energy potential surface, not only in the long-range region.

The leading dispersion and induction terms describe qualitative features
in the long-range region of the potential energy surface quite well. How-
ever, at shorter distances between He and the radical, other physical effects,
including higher-order dispersion terms contribute significantly?®-34.3561.62
and thus the simple long-range model is completely unsatisfactory here.
The importance of higher order dispersion terms for HeO, was stressed re-
cently®2, The angular dependence of the repulsive second-order exchange
energy in HeNO was analysed in detail by Klos, Chalasinski et al.?* Its be-
haviour was rationalized by the inspection of the interaction of He with the
1 antibonding orbital of NO.
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An oversimplified estimate of the order of stabilities in the series HeCN,
HeNO, and HeO,, based on the low-order dispersion and induction terms
alone, would lead to the expectation that HeCN is the most stable species.
This follows from its largest dipole moment, dipole polarizability and the
dipole polarizability anisotropy. In fact, CCSD(T) calculations show that
HeCN is the least stable complex. Also, the linear conformations are pre-
ferred by the dispersion and induction terms. However, CCSD(T) data show
that the global minima of all the three systems have T-shaped configura-
tions. The stability of the three complexes is essentially governed by the be-
haviour of the electron correlation contribution considered by CCSD(T),
which is counterbalanced by the exchange repulsion. Its principal part is
included in the SCF part of the interaction energy. One can easily see from
Figs 1-3 that even at relatively short selected bond distance of 4 A is the
CCSD(T) electron correlation contribution to the interaction energy much
larger in HeCN (-85 pE,,) than in HeNO and HeO, (-53 and -52 pE,,, respec-
tively). Around the minima the situation is changed, the electron correla-
tion contributions are -144, -170, and -199 pE, for HeCN, HeNO, and
HeO,, respectively. Note, that the optimum R for HeCN is about 0.4 A
larger than that of HeNO and HeO,, as can be expected from the larger van
der Waals radius of carbon than of both nitrogen and oxygen elements.
The decomposition of the interaction energies around the global minimum
based on the symmetry adapted perturbation theory leads to qualitatively
similar results (the dispersion energy, EZ , is -142, 193, and -193 WE,, for
HeCN, HeNO, and HeO,, respectively). The exchange repulsion for HeCN at
the equilibrium geometry is lower than that for HeNO and HeO, (the re-
spective values are 97, 145, and 137 pE,). It is obvious, that for shorter dis-
tances between He and CN the exchange repulsion contribution would in-
crease rapidly, making HeCN less stable. More detailed decomposition of
the interaction energy in HeO, was published by Klos, Chalasiniski et al.?*

Vibrational Correction and Stability of the Complexes

Vibrational and rotational analysis for HeCN 4, HeNO 2!, and HeO, 3! was
not the aim of this work. Yet the vibrational stability is very important in
these weakly interacting systems. For this purpose, we have used the har-
monic approximation for the estimation of zero-point vibrational levels,
which are the upper boundary of exact zero-point vibrational levels calcu-
lated by exact vibrational analysis of given potentials. The analytical forms
of PESs were transformed to the cartesian coordinate system and matrices
of second derivatives were calculated for all minima. Then standard GF
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analysis was used for calculation of frequencies of vibrational modes, where
we used reduced masses p(HeCN) = 3.4667, u(HeNO) = 3.5294, u(HeO,) =
3.5556 (in atom mass units). We used an approximation where the radicals
are treated as a single atom with the appropriate mass. The results of these
calculations are collected in Table VII. Since the optimum geometries are
linear or have quasi-T-shape, we can make a correspondence between the
w; mode and the radial vibration, and between w, and the angular vibra-
tion. Using these frequencies, the zero-point energy defined as (w; + w,)/2
was evaluated for every local minimum. It appears that our approximate
approach is quite realistic. Jung and Sun®® used the three-dimensional PES
calculated by Groenenboom and Struniewicz®! in their vibrational structure
calculation on HeO,. Their ZPE is 21.1 cm™, in good agreement with our
value, 20.0 cm™, as presented in Table VII. When combined with the elec-
tronic well depth from ref.3! (27.9 cm™), they arrived at the dissociation
energy 6.8 cm™, again in good agreement with our final estimate of D, (see
Table VII), 7.3 cm™.

TasLE VII
Vibrational frequencies, zero-point energies, and dissociation energies in harmonic approxi-
mation. Optimized geometries and energies (aug-cc-pVTZ basis) from Table V

w,cm?  w,cm?t  ZPE,cm™  ZPE, pE, Do, HEp, Dy, cm™*

HeCN

M1 32.24 0.04 16.14 73.54 8.95 1.96
M1 corr.? 4.60
HeNO

M1 32.63 0.11 16.37 74.59 3.20 0.70
M2 40.14 0.26 20.20 92.04 19.84 4.35
M2 corr.? 6.59
M3 37.87 0.11 18.99 86.52 6.41 1.41
HeO,

M1 39.28 0.30 19.79 90.17 10.92 2.40
M2 39.92 0.05 19.98 91.03 16.10 3.53
M2 corr.? 7.26

@ Considering ESS*®™ from the CBS limit (Table 1).

int
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ZPE reduces binding energies considerably, but the dissociation energies
Dy = Emin + ZPE show (Table VII) that all three complexes may exist. We
note, however, that the aug-cc-pVTZ PES can safely accommodate just the
lowest vibrational states and thus all complexes may easily dissociate to
their components. The hypersurface for HeCN is especially flat. With ZPE
this complex is close to a free rotor. Since PESs around important points are
not too much basis-set-dependent, we have substituted the aug-cc-pVTZ
electronic interaction energies by their CBS limit values and estimated D, as
the sum of these energies with vibrational corrections from the
aug-cc-pVTZ PES. The obtained dissociation energies, 4.6, 6.6, and 7.3 cm™
for HeCN, HeNO, and HeO,, respectively, are considered as our best esti-
mates of dissociation energies at zero temperature.

CONCLUSIONS

We have compared the CCSD(T) potential energy surfaces and relative sta-
bilities of the three radicals, 22 CN, 21 NO, and 3% O,, with the He atom. In
the analytical fit over 180, 173, and 77 points of PESs for HeCN, HeNO, and
HeO,, respectively, we have exploited the exponential functions and associ-
ated Legendre polynomials. The minima and transition states were local-
ized and analyzed.

The T-shaped structure is common for the global minima of all com-
plexes. HeNO and HeO, complexes have additional minima in their linear
conformations. For HeCN the linear conformation represents a transition
state between the two equivalent T-shaped minima. All PESs are very flat.
The HeCN complex is characterized by almost completely isotropic PES.
With ZPE this complex is close to a free rotor. The electronic interaction en-
ergy in HeCN is 94.5 pE,, (20.7 cm™). The barrier to rotation of the He atom
is very low, 3.3 UE, (0.7 cm™) at the nitrogen side and 12.4 pg,, (2.7 cm™)
on the carbon side. The bonding in HeNO and HeO, is significantly stron-
ger than it is in HeCN, even if the difference is somewhat reduced when vi-
brational corrections are considered. Interaction energies of HeNO and
HeO, are practically the same as it follows from our most sophisticated CBS
limit values, which are based on the extrapolation of interaction energies
with the aug-cc-pVTZ and aug-cc-pVQZ basis sets. The electronic interac-
tion energy in the 2A’ state of HeNO in its T-shaped structure is 122.1 pE,
(26.8 cm™). This global minimum is separated from the local linear minima
by the barrier 67 puE,, (He on the N-atom side) and the barrier 47 pE,, (He on
the O-atom side). The electronic interaction energy of HeO, in its T-shaped
structure is 124.1 pE,, (27.2 cm™), practically identical with that for HeNO.
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This global minimum is separated from the local linear minima by the bar-
rier 34 pE,. Thus, the order of stabilities increases from HeCN to HeNO and
HeO,. With the zero-point-vibrational corrections, all three complexes are
very weak. Dy is 4.6, 6.6, and 7.3 cm™, for HeCN, HeNO, and HeO,, respec-
tively.

The order of the interaction energies for HeNO and HeO, differs from the
literature data, which are based on CCSD(T) calculations and aug-cc-pVTZ
basis sets supplemented with bond functions. We attribute this discrepancy
to the fact that the last two complexes were calculated by different authors
who used methods which differ in the detailed construction of bond func-
tions and geometry optimization strategy.

The leading long-range induction and dispersion interactions follow the
CCSD(T) data at long distances between He and the interacting radical. For
a selected large distance, 7.0 A, between He and the midpoint of the radical,
the strongest interaction is calculated for He interacting with CN. This is re-
lated to the fact, that the dipole moment, dipole polarizability and its
anisotropy are much higher for CN that for NO or O,. The dispersion contri-
bution strongly dominates in the long-range forces. At distances around
global and local minima, the values of electric properties play no role.
Low-order long-range terms are useless even in qualitative estimates of the
order of the interaction forces. This is demonstrated by the fact that
E{CSPM) s the weakest for HeCN in spite of the fact that the CN radical has
a far larger dipole moment than NO and larger polarizability than both NO
and O,.
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