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The 'S* 23" vertical ionization potentials of BO~ and CN~ and the '3* —IT vertical ionization potential of
CN~ are reported for several internuclear distances. The estimated adiabatic electron affinities of BO (2.79

eV) and CN (3.69 eV) are in good agreement with experimental determinations. The 5o orbital electron
density in CN~ and BO™ is analyzed and compared to that in N, and CO. Curve crossing behavior in the

23* and 11 states of CN is discussed.

. INTRODUCTION

Although the cyanide anijon is an important species in
several areas of chemistry and in studies of the upper
atmosphere, surprisingly little theoretical work has
been done to investigate its electronic structure and
properties.! The intentions of this study are to use the
equations-of-motion (EOM) method developed by one of
us in Ref. 2 to obtain accurate values for the X !=*

-~ X?z* jonization potentials of CN” and the isoelectronic
BO™ ion, and to provide a qualitative description of the
bonding in these systems. The EOM method permits us
to obtain the ion~molecule energy differences through
third order in perturbation theory from a single calcu-
lation rather than from two separate variational calcu-
lations on the parent and the daughter, Ionization ener-
gies accurate to within 0.2 eV of known experimental
values have previously been obtained using this theory
for a variety of ion-molecule systems.?®

The basis sets used in the calculations reported here
are described in Sec. II along with a brief review of the
EOM method, Section III contains our results, includ-
ing ion—-molecule energy differences and a discussion of
the SCF-level potential curves obtained for the 25* and
%[l states of CN. The electron density in the highest oc-
cupied (5¢) orbitals of CN” and BO~ is described and re-
lated to the electron density in the corresponding 5¢
orbitals of the isoelectronic N, and CO molecules. Con-
cluding remarks are contained in Sec, IV.

Il. PROCEDURE
A. EOM method

In the theory of electron affinities ana 10nizaton pu-
tentials derived in Ref. 2, the excitation operator @,
which generates the eigenstate |u*!) of the neutral
molecule when operating on the true ground state of the
negative ion |g"), is approximated in terms of the sec-
ond-quantized Hartree—Fock creation (C;j) and annihila-
tion (C,) operators as follows*;

D Youm(W) C,CLC

mn, o

Q, =Z:X,(u) C,+

+ D YomslW)CQCoCs . )
aB,m
By assuming that lg") and | p¥?) are eigenfunctions
of the Born-Oppenheimer Hamiltonian, one obtains the
basic equation of motion,
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(H,Q,] 1gW=E-ENQ,|g" , (2)

which forms the basis for the derivation of the matrix
pseudoeigenvalue problem involving the ionization po-
tential, AE, =EY' —EY:

Z:H*,(AEM)X,(MFAEH X,(u) . (3)

This result is obtained by substituting in Eq. (2) the
approximation to £, given in Eq. (1) and the first order
Rayleigh—-Schridinger approximation to 1g");

N):N-1/2[0>+ _mnlap)
lgRS 0 l m<§x<£ ea + €B_ (m_gn

xCL CLCy C, |0>] . (4)

N, is a normalization constant, ¢; is the Hartree-Fock
energy of spin orbital ¢,, and the (mn |ap) are antisym-
metrized two-electron integrals over the spin orbitals
Dy Pny Pos Ps, Where greek indices a, 8 label “oc-
cupied” Hartree-Fock spin orbitals, m, n label “unoc-
cupied” orbitals, and i, j label either set. The Hartree—
Fock wavefunction of the negative ion parent is repre-
sented by 10), Explicit formulas giving the elements of
the H(AE,) matrix in terms of the orbital energies and
two-electron integrals are given in Ref, 2, This method
determines the ion-molecule energy difference from
only a single calculation due to the formal cancellation
of terms contributing equally to the energies of the par-
ent and the daughter, Changes in correlation energy as-
sociated with the ionization process as well as contribu-
tions to the energy difference resulting from the adjust-
ment of the Hartree—Fock orbitals of the parent (orbital
relaxation) are included in the theory so as to provide
second and third order corrections to the Koopmans’
theorem estimate of the parent—-daughter energy differ-
ence, The reader is referred to Ref. 2 for examples

of the application of this theory to other positive and
negative ions.

B. Basis sets

The starting point for the construction of the double
zeta basis sets used in these calculations was Roetti and
Clementi’s excellent set of double zeta functions® for the
component atoms, To better describe the charge dis-
tribution in the resultant negative molecular ions, the
orbital exponents of the functions with large expansion coef-
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TABLE 1. Basis sets (STO’s) for CN~ and BO".
CN"™ BO~

o orbitals  orbitals o orbitals 7 orbitals
center nl Y center nl 4 center nl 4 center nl I3
C 1s 5,1231 C 2p 1. 2566 B 1s 4,2493 B 2p 0. 9500
C 1s 7.5223 (o} 2p 2,7304 B 1s 6.5666 B 2p 2,2173
C 2s 0, 9750 N 2p 1.3380 B 2s 0.8250 (o] 2p 1.5200
C 2g 1.9400 N 2p 3.2493 B 2s 1.6500 O 2p 3.6944
c 2p  1,2566 B 2p  0.8500
(o} 2p 2,8700 B 2p 2,2173
N 1s 5, 9864 (0] 1s 6. 8377
N 1s 8. 4960 (0] 1s 9. 4663
N 2s 2.3500 O 2s 2, 8200
N 2s 1.3750 (6] 2s 1.6754
N 2p  1,4992 0 2p  1.6586
N 2p 3,2493 0] 2p 3.6944

ficients in the highest occupied molecular orbital (HOMO)
of CN"and of BO™ were varied to maximize the ionization
energies. The greatest changes in each case were pro-
duced by modifying the exponents of the 2s and 2p¢ func~
tions on the less electronegative atom in the ion.

Since little is known about the geometry of BO", its
basis set was optimized at R =2, 278 bohr, which corre-
sponds to the equilibrium separation of the neutral BO
molecule.® The total energy before optimization was
- 99.550 hartree and the corresponding X'=*—Xx23*
ionization potential was 2,16 eV. The final basis gave
a slightly lower SCF energy, —99.554 hartree, and a
vertical ionization potential of 2,81 eV.

The CN~ basis set optimizations were performed at
R =2,2 bohr, the internuclear separation corresponding
to the lowest energy found after a few preliminary SCF
calculations on CN™ with the starting basis. The injtial
energy at 2,2 bohr was — 92,2634 hartree, and the ver-
ticalionization energy for the starting basis was 3. 04eV.

After optimization of 2s and 2p¢ functions on carbon
and 2s functions on nitrogen, the total energy was

- 92,2645 hartree and the X!5*~ X23* vertical ioniza-
tionenergy was 3,69eV. Thediffuse 2p7 functionon nitro-

genwas varied slightly in anattempt to obtain a reasonable

!> -~ 2II jonizationpotential. However, the Il state of CN is
not expected tobe well described in our basis since the opti-
mization of the pi functions was not extensive. The final
optimized CN~ and BO~ basis sets shown in Table I were

used to compute ion-molecule energy differences at
several internuclear separations; these differences were
added to the total SCF energies at corresponding R val-
ues of the negative ions to generate SCF-level potential
curves for BO and CN.

Hl. RESULTS

Examination of the ground state potential curves for
BO, BO", CN, and CN~ allows us to determine the adia-
batic electron affinities of BO and CN, which we can
compare with existing experimental data. Our predicted
electron affinity for BO, 2.79+0.2 eV, is within the
range of experimental estimates® which vary from 2.4
eV t0 3,11+0.1 eV. Experimental studies of CN have
yielded more precise results. Chupka et al.® have re-
ported an electron affinity of 3.82+0,02 eV, which was
obtained from photodissociation measurements on HCN,
Our calculated electron affinity, 3,70+0.02 eV, is in
good agreement with this value.

The results of our EOM calculations and Koopmans’
theorem estimates for vertical ionization potentials of
CN” and BO™ are shown in Table II for selected internu-
clear geparations. The Koopmans’ theorem values de-
viate congiderably from EOM results for the 'z*~2%5*
ionization of CN", less so for the !=*-%%* BO" ioniza-
tion, and are actually very close to EOM results for the
'5* 21 ionization of CN",

The large difference between Koopmans’ theorem and

TABLE II. Selected CH™ and BO™ ionization potentials.
CN” BO~

IE’—-ZE’ 1}:0__21-[ 120__22#
R(a.u.) LP.(eV) —€xpleV) LP.(eV) -€4,(eV) Rla.u) LP.(eV) —e5(eV)
2,75 3.74 4.62 3.60 3.53 2.80 3.10 3.56
2.70 3.74 4.70 3.76 3.70 2,352 2,88 3.23
2.35° 3.7 5.14 4,93 5,01 2,278° 2,81 3.14
2.30 3.70 5,18 5.11 5,21 2.20 2,72 3.04
2,25%¢ 3,69 5.21 5.29 5.43
2.00 3.65 5,23 6.28 6.60

2R, of the ion.
PR, of Il state of the neutral,

°R, of %&* state of the neutral.
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the equations of motion results for the !=*—2%2* ioniza-
tion of CN" indicates that orbital relaxation and electron
correlation effects are important in the process of re~
moving an electron from the 50 orbital of CN™. Analo-
gously, relaxationand correlation effects appear to be
less important in the ionization of BO™, The electron
densities in the highest occupied 50 orbitals of BO™ and
CN-, shown in Figs. 1 and 2, suggest a possible inter-
pretation of this trend. The 5¢ orbital of BO™ is com~
posed primarily of diffuse 2s and diffuse 2p¢ functions
on boron combined to form an sp- hybrid lobe directed
away from the more electronegative oxygen nucleus.
The electrons therefore reside primarily at the boron
end of the diatomic system, with little electron density
in the internuclear region, creating a nonbonding or
slightly antibonding orbital. In the case of CN", though,
the electronegativity difference between the constituent
atoms is not as great as the corresponding difference for
BO". The 50 orbital of CN~ contains diffuse 2s and 2p,
functions on carbon as well as a diffuse 2p, nitrogen
function, which results in the electron density being dis-
tributed on both ends of the molecule, with slightly
more density on the carbon and a small amount in the
internuclear region. The electrons in the HOMOQ of
CN™ thus are seen to exist in regions of the molecule
where there is high probability of interaction with the
other electrons in the molecule. Electrons in the 5o
orbital of BO", however, reside primarily in a region
of space essentially unoccupied by other electrons, The
electron correlation effects associated with the loss of
an electron in the 50 orbital are therefore expected to
be larger in CN~ compared to BO".

Another consequence of the nature of the electron den-
sity in the HOMO’s is the relative ease of ionization for
electrons in the 50 orbital of CN™ and BO~, Consider
that the electrons in the BO” HOMO are most likely to
be found at the boron end of the diatom in a lone pair
type orbital whereas the electrons in the HOMO of CN~
are distributed near both the carbon and the nitrogen
nuclei, Boron is less electronegative than either car-
bon or nitrogen, so the electrons in the BO™ HOMO feel
a smaller effective nuclear charge than those in the
HOMO of CN~. Thus it should be easier to remove an
electron from the 5¢ orbital of BO™ than from the 5¢
orbital of CN~, Our: vertical ionization energies, 2,88
eV for BO™ and 3,69 eV for CN", do show this behavior.

This discussion of the nature of the highest occupied
molecular orbitals in CN~ and BO~ can be extended to in-
clude a comparison with the 5¢ orbitals in the isoelec-
tronic molecules N, and CO. The 50 molecular orbital
of N, is totally symmetric, being a combination of 2s
and 2po functions on each center, The overlap of the sp
hybrids which point away from the internculear region
results in little bonding, so this molecular orbital is
mostly a nonbonding or “lone pair” orbital,

The 50 orbital of CO is similar to the corresponding
N, orbital, but it is strongly polarized toward the car-
bon center, It is a 2s—2p hybrid lobe whose dominant
component is on the less electronegative atom, which
contributes very little to the bonding. Thus we can see
a trend as we move along the isoelectronic series from
N,, CN-, CO to BOT; the electronegativity difference
between the constituent atoms increases and the elec-

J. Chem. Phys., Vol. 64, No. 9, 1 May 1976

Downloaded 23 Mar 2004 to 155.101.19.17. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



K. M. Griffing and J. Simons: {onization potentials of CN™ and BO-

3613

FIG. 2, A plot along the in-
ternuclear axis of the square
of the CN ~ wavefunction (4
carbon center; ¢ nitrogen cen-
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tron density in the 50 molecular orbital becomes more
strongly polarized toward the less electronegative atom,

Unlike the case for the 50 orbital of CN”, electron
correlation and orbital relaxation effects do not provide
significant corrections to Koopmans’ theorem in ioniza-
tion from the CN~ 17 orbital, This causes an interest-
ing behavior as the internuclear separation of CN™ in-
creases. The energy of the 17 orbital approaches that
of the 50 orbital; however, due to different magnitudes
of correlation and relaxation effects for the 2=* and 21
ionizations, the energy of the %I state of CN approaches
that of the 2T state at a different R value, That is, the
%1 state of CN is found to lie higher in energy than the
23* state at all R values up to 2,75 bohr, whereas the
ordering of the 50 and 17 orbital energies of CN™ indi-
cates that the 2] state of CN should be the lower state
at all R values greater than 2,35 bohr, The situation
in the region from 2,35 to 2,75 bohr is similar to that
encountered in the nitrogen molecule.!® Calculations
on N, place the 50 orbital lower in energy than the 17,
so the highest occupied molecular orbital is 17, How-
ever, when N, is ionized, the ground state of N is
found to be ?Z;; that is, the electron is more easily re-
moved from the 50 orbital even though that orbital is
lower in energy than the 17 orbital. This situation is
found for CN~ only over a short range of internuclear
distances and is not found at all for BO",

IV. CONCLUSION

We have used the equations of motion method to study
the stability of BO™ and CN”~ and to investigate the nature

of the highest occupied molecular orbital in each of these
species. Our calculations show a !'%*—~?Z* ionization
energy of 2.88 eV for BO™ at 2. 35 bohr, the equilibrium
internuclear separation (R,) of the ion, and an ioniza-
tion potential of 2,81 eV at the R, of BO, 2.278 bohr.
The resulting adiabatic electron affinity of BO, 2.79 eV,
falls within the range of experimental values obtained
for this quantity, The EOM ionization potential (!z*
-25%) of CN” was found to be 3,69 eV at R =2, 25 bohr,
the equilibrium separation of both the ion and the mole-
cule. This result is very close to the experimental
electron affinity of CN determined from photodissocia-
tion experiments,

In each of these ions, the electron is ionized out of a
nonbonding 5o molecular orbital consisting mainly of
diffuse 2s and 2p, functions on the less electronegative
atom in the ion. For CN’, there is also some contribu-
tion from the diffuse 2p, nitrogen function, The char-
acter of the 5o orbital in the isoelectronic sequence,
N,, CN°, CO, BO~ changes in a regular fashion; the
electron density in the 5¢ orbital becomes more polar-
ized toward the less electronegative atom as the elec-
tronegativity difference between the constituent atoms
increases.

The 2Z* and %Il states of CN were found to cross at
about 2.75 bohr, whereas the Koopmans’ theorem ion-
ization energies predict the crossing at 2,35 bohr, The
situation in the region from 2, 35-2, 75 bohr is analogous
to the observed energy ordering of N, orbitals and Nj
states, and is interpreted in terms of the larger corre-
lation energy correction to Koopmans’ theorem for ion-
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ization from the 5¢ orbital of CN” than from the 17 or-
bital.
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