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ABSTRACT

THE ELECTRONIC AND GEOMETRIC STRUCTURES OF VARIOUS SMALL
TRANSITION METAL CONTAINING MOLECULES

By

Jesse Edwards II1

Earlier work on Scandium Nitride and Scandium Imide has prompted the study of
this unique class of compounds through ab-initio methods. Computationally, the
transition-metal nitrides have been studied in some detail. In these studies the ScN
molecule was found to possess a Iz ground state with a 3%t state lying only about 7 kcal
higher in energy. The triplet state comes about by decoupling the weak sigma bond in

the singlet state, leaving a diradical with the two remaining ®t bonds ("Sc=N"). The

relative ordering of the low lying states predicted by Harrison and Kunze agrees

extremely will with experiment. Coupling two of the diradicals leads to an alternating
doubly-bonded dimer, 'Sc=N=Sc=N" with a lone electron found in the ¢ symmetry

orbitals to the rear of the terminal Sc and N atoms. These lone electrons are left available
to form additional bonds. This work will cover the studies conducted investigating the
electronic structure of the scandium nitride dimer.

Ab-Initio studies of diatomic metal nitrides and phosphides provide a fundamental
tool in understanding the bonding between nitrogen and phosphorus atoms and metals.
The bond lengths, bond energies, dipole moments, and vibrational frequencies of the

ground and several low-lying states of the YN and YP molecules, calculated using GVB



(Generalized Valence Bond), GVB+1+2, MCSCF (Multiconfigurational Self-Consistent
Field), and MCSCF+1+2 techniques will be reported.

The basis sets used for the Y atom in the YN and YP calculations contained a
relativistic effective core potential (RECP) to account for the relativistic effects on Y.
There will be a comparison of the results of YP using two different all electron basis sets
on the phosphorus atom. The calculated ground states of YN, YP, and ScN"? and ScP’
are strongly bound 'E" states at each level of theory. The calculated bond length of YN is
1.8147 angstroms. The experimental value was reported as 1.8148 angstroms*. The
ordering of states for the YN molecule was in agreement with experiment at each level of
theory.

The early transition metal methylidynes provide another unique class of
compounds to study. The electronic structure of ScCH, TiCH, VCH, and CrCH, as well
as, their positive cations will be presented for the ground and selected excited states. The
geometries, energies, and dipole moments, and electron distributions (populations) were
calculated using RHF, MCSCF, and MRCI techniques. Density Functional Theory was
used to calculate the vibrational frequencies, along with the other properties mentioned
on the ground and selected excited states.

Our results are also in good agreement with the few experimental results

available. The vibrational frequencies and bond lengths of TiCH in the 2Z* ground state
are compared to experiment, along with the separation (energetically) between the 23
and [T states of the TiCH molecule. The vibrational frequencies and bond lengths of the

VCH molecule in the A state are also compared to our calculated results.
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Chapter 1

METHODS SUMMARY

Introduction

The methods used in this dissertation are derived from the time independent
Schroedinger equation, H¥=E'¥.’ These methods use the variation principle ' to
approach the exact wavefunction. This principle states that :

“Given a normalized wavefunction | W> that satisfies the appropriate boundary
conditions, then the expectation value of the Hamiltonian is an upper bound to the exact
ground state energy; i.e., <PIHI¥ > Ey.”' Therefore the energy calculated depends on
the wavefunction that is constructed. The wavefunction is a mathematical function that
depends on both spatial, and spin variables. The Hamiltonian is the operator for the
motion of the electrons and nuclei in the Coulomb field of the electrons and nuclei of the

system.



Hamiltonian

The Hamiltonian has the form,

ne--yivi-$-lvipsl.g gt $30
2 k=12M i=1j>iTyi  k=1p>k Rkp i=tk=1T

Here r; denotes the coordinates of the i electron, Ry the coordinates of the k* nucleus,
and Zj the charge of the k™ nucleus. The terms -1/2(Vi2) and (-1/2Mk)Vk2 represent the

kinetic energy of the i™ electron and k™ nucleus, respectively. The charges and masses are
in atomic units (au) with me= 1 au. The terms 1/r;;, (ZpZi)/Ryp, and Zy/ri represent the
electron-electron, nuclear-nuclear, and electron-nuclear Coulomb interactions. The
Hamiltonian as written excludes relativistic effects that can be accounted for by using
relativistic effective core potentials, which will be discussed later.

A simplification of the Hamiltonian is obtained by using the Born-Oppenheimer
(B.O.) approximation. In the B.O. approximation the nuclei are assumed to move much
slower than the lighter electrons and one considers the electrons to be moving in the field

of the fixed nuclei. > The Hamiltonian then takes on the form,

3

M
N

n=-3iw:+33 ]

rl/>||1 k=1 p>k

=1 k=1 Ty



The Hamiltonian can be divided into two parts, one being a one electron operator that

includes the kinetic energy of the electrons and the nuclear-electron attraction.

hG) = —%Vf—l iﬁ
Then,

H, = Z’h(i)

The remaining part is

$3L.55Lt

1
i=t >t B k=1 p>k

In this part, the first term describes the electron-electron repulsion of the system and the
second term describes the nuclear-nuclear repulsion, which is a constant for a particular
nuclear configuration. Commonly the two body electron-electron interaction term is

written as g(1,2)=1/r>.

Wavefunction

Having specified the Hamiltonian, we can turn our attention to the wavefunction. There
are various methods used to construct wavefunctions of atomic and molecular systems.
All of the wavefunctions must follow the Pauli exclusion principle, which requires that a
wavefunction must be antisymmetric with respect to the interchange of the coordinates of

both space and spin of any two electrons,

\P(Xl,XQ,...Xi,....Xj,...Xn)= ‘W(X],Xz,...Xj,....Xi,...Xn)



where X represents the space and spin coordinates of the i" electron. While the
nonrelativistic Hamiltonian does not include a contribution from the electron spin, the
wavefunction often does, and this is usually accomplished by using spin orbitals."** The

spin orbital is a product of a spatial function, ®,, describing the space in which the
electron moves, and a spin function, with either spin up (a) or spin down (B); e.g.,

$.() =P, ,(Hali).

One of the first wavefunctions to describe a system with this antisymmetric nature

was the Hartree-Fock wavefunction.' A Hartree-Fock wavefunction is described by a

1.9.10

Slater determinant of spin orbitals selected so as to minimize the energy of the

system.

¢|(l) ¢2(1) ¢n(1)
L¢|(2) ¢2(2) ¢n(2)
Jn!| N A C)
¢ (n) @,(n) - @,(n)

Yy =

The form of the orbitals is determined by varying the orbitals to minimize the energy

under the following constraints:

a. the set ¢, is orthonormal
b. and the variation in each orbital is orthogonal to variations in the other
orbitals.

This procedure leads to the Fock equation, 3¢, = €,4,, where 3 is the Fock operator.



The Fock operator has the form,

3=h+3J, -k
j=

where
h=-lyi_yZ

2 el
and

J = [0":1280,2)9,(2)d7(2)

is the Coulomb operator and

R, = [¢; 28(1.2)P,8,(2)d7(2)

is the exchange operator.

For a closed shell system the energy has the form,

E=zn:< h, >+ii(21u -K;)
i=|

i=l j>l



where <h;> is the one electron energy of the i electron, J ij is the coulombic repulsion

between electron i and j and K;; is the exchange energy between the two electrons.

Self-Consistent Field Procedure’

The unknown orbitals (spatial part) are expanded in a basis {x, } as

9,=X Cul,
u=1
where the C, is the expansion coefficient of the u™ basis function X, - The basis

functions used in this work are of the Gaussian type. These functions are of a form that is

11,12,13

easy to use in calculating the integrals needed in the following procedures. Upon

substitution into the Schroedinger equation and variation of the C, to minimize the

energy, the Roothaan equations3 are obtained as
FC|=EiSCi.
F=H“"+G

where F is the canonical Fock matrix whose elements are
F,= jz;vadT;

S is the overlap matrix, whose elements are



Sy = J X ZVdT and C;, is a column vector of coefficients ¢, , and &, is the energy of an

electron in orbital i. The G term is the two electron part of the Fock matrix.

N/2

G, = Y. [drg; (D[24,)- K, (D], (1)

a
Here the a corresponds to the a™ orbital.

The Roothaan equations are solved by an iterative procedure. First, the geometry
of the molecule is specified, a basis set is specified and the required integrals are
calculated. The overlap matrix is diagonalized and a transformation matrix is obtained to

transform the Fock matrix. One obtains a guess at the density matrix P

often from the eigenvectors of the one electron Hamiltonian in the selected basis. The G
matrix (obtained from the two electron intergrals) of the F matrix is calculated from the
density matrix and the two-electron integrals. The H™ or H, matrix is called the core-
Hamiltonian. The transformed Fock matrix is calculated and diagonalized to obtain a new
coefficient vector, C’, and orbital energy, €. The new coefficients are used to form a new
density matrix. This procedure is repeated until one obtains a solution that is consistent

within a specified criterion on the energy or density, thus the idea of self-consistency. The

field comes from the idea that there is an averaged field due to the electrons in the system.



Using this procedure it is possible to solve for a near Hartree-Fock wavefunction self-

consistently. With a complete basis set this solution is considered the Hartree-Fock limit.

Correlation

The Hartree-Fock description does not provide adequately for the correlated
motion of electrons in the system."® Therefore, this wavefunction description will not be
adequate for quantitative studies. Correlation energy is by definition the energy

difference between the exact energy and the Hartree-Fock energy.

Eexact'EHartree-Fock=Ecorrelation

This correlation energy may be (approximately) recovered by several methods
including Generalized Valence Bond (GVB) Theory, ®* ° Multiconfigurational Self-
Consistent Field (MCSCF)S'7 and Configuration Interaction (CI)3'7 techniques. In general,

the exact wavefunction can be written as:

¥Y=c,'¥, +c¥, +c,'¥, +--
where ‘¥, is a single determinant wavefunction (possibly the Hartree-Fock solution), ¥,
consists of all determinants obtained as single excitations from ¥y, ¥ consists of all
determinants obtained as double excitations from ¥y, etc. Note that this is exact only
when the expansion basis {),} is complete. In CI calculations only the coefficients are
permitted to vary; i.e., the orbitals {¢} are fixed at the SCF level. Practical considerations

limit most calculations to single, ¥, and double, ‘¥, excitations and also to a finite or



incomplete basis {x,}. Under these circumstances, a better approximation is to vary the

coefficients of the basis functions themselves, as well as the coefficients of the selected
determinants. This is the MCSCEF technique. In the MRCI or @ulti-reference
configuration interaction technique a MCSCF wavefunction is used as the reference space
from which excitations are made to describe the MRCI wavefunction. The GVB method
is just a special version of the MCSCF wavefunction. The MCSCF wavefunction is
constructed under the constraints of orthonormality between the orbitals being
constructed.

The final method to be discussed briefly is that of Density Functional Theory.”*
DFT is a development from the theory of Hohenberg and Kohn in 1963 which states that
all the ground-state properties of a system are functions of the charge density. The
Hohenberg-Kohn theorem thus enables us to write the total electronic energy as a

function of density:

(npr)

|I'I'

E(p) = ijz,(——)y/,dv+jvm,,,,,p(r)dv+ [[avav' BP0 4 B, [p(r)]

where E(p) is the energy as a function of the density, the first term is the kinetic
component of the energy, the second term is the nuclear attractive component of the
energy, the third term is the coulombic repulsive term, and the last term is the exchange-

correlation functional.

The '¥; are the Kohn-Sham orbitals,' defined so that the 2(F) =Y, ¥} and obtained

i=1

from a Hartee-Fock like eigenvalue problem.



Unfortunately, E,c, the exchange correlation energy is unknown and one is forced to use
various approximate forms. We will use the Becke-Lee-Yang-Parr hybrid exchange-

correlation functional called B3LYP.

Relativistic Effective Core Potentials

The Hamiltonian described earlier did not include relativistic effects; however, for
atoms heavier than Al relativistic effects come into play. In the case of YN and YP
discussed in a later chapter the relativistic effects are accounted for by using Relativistic
Effective Core Potentials (RECP’s).15 16

The Effective Core Potential, ECP is also used in computational studies to
provide computational savings. The number of integrals that need to be calculated in
these systems scale on the order of M* where M is the number of basis functions. By
using effective core potentials the core electrons on individual atoms are represented by a

potential Vefreciive OF Vegr and are eliminated. The potential takes the form:

10



Lor o
z, _1(1+1)+(§V ~Va)Z,

r 2r? X

i
V¥ =€ +

Here, €, is the atomic orbital energy, Z is the effective nuclear charge due to screening,
and the third term represents the orbital kinetic energy. The last term consists of the

kinetic energy of the electron in the orbital, Vo represents the Coulomb and exchange

potentials due to the other valence electrons, and Z; represents the pseudo-orbital

constructed from the Hartree-Fock orbitals that would see the potential due to the core

electrons. Each valence orbital, Z,, with a given angular momentum generates a unique
potential. This decreases the number of integral calculations significantly because fewer
basis functions are necessary to describe the system.

Relativistic Effective Core Potentials are generated in a similar manner, except the
Dirac-Fock relativistic equations are solved and new relativistic pseudo-orbitals are
generated with the relativistic effects already incorporated. These new pseudo-orbitals

will then have an / and j dependence.

11
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CHAPTER 2

THE ELECTRONIC STRUCTURE OF YN AND YP

This chapter contains a detailed study of the electronic structure and various
properties of YN and YP. Two of the central purposes of this work are to gain an
understanding of the nature of the bonding between transition metals and main group
elements and to characterize the effect of electronic structure on the properties of these
compounds. This knowledge is important in the areas of astrophysics, organometallics,
solid state chemistry, gas-phase spectroscopy, surface chemistry, and catalysis.

Yttrium nitride and phosphide have a variety of low-lying electronic states with an
assortment of bonding possibilities. As has been seen in various studies of metal-main
group diatomics, there are several bound éinglc, double, and triply bonded states. It is our
intention to investigate seven of the low-lying states of YN and YP. We will compare
and contrast these two compounds and other first and second row transition metal

diatomics

Background

There have been numerous experimental® and theoretical studies" > completed on
the first row transition metals bonded to main group elements. Harrison and Kunze
published ab-initio studies on several bound states of scandium nitride along with a
significant compilation of work on transition metals bonded to other main group

elements, including studies on TiN, VN, CrN and their mono and dipositive ions.! Other

15



researchers have produced work on the positive cations and also the dipositive ions of
some of these unique metal-main group element diatomics.”> Very little has been done
on the metal-phosphides. The ScN molecule was observed by Ram and Bemath by using
Fourier transform emission spectroscopy,4 and they found the ground state of ScN to be

'* in keeping with the theoretical prediction. The experimental bond length of 1.654 A *

is in reasonable agreement with a predicted bondlength of 1.768 A by Harrison and
Kunze'™. Titanium nitride’s electronic emissions were analyzed by Dunn, Hanson, and
Rubinson and they observed a bondlength of 1.583 A for the lowest energy state.’
Harrison and Kunze reported the bond length to be 1.613 A, in reasonable agreement.'?
Vanadium nitride was generated and observed by Dunn and Peter by way of
electronic emission studies and they determined that it had the shortest bond length
(1.566 A ) of any observed transition metal diatomic.® Theoretical calculations have
predicted it be 1.588 A.'’ The term symbols of the ground states of TiN and VN, 2",
and A, respectively, were the results found in both experiment and in theory. Theoretical
calculations predict the ground state of CrN to be a *Z” with a bondlength of 1.597 A.'0
The second row transition metal nitrides have been studied to a lesser extent
theoretically, although significant work has been compiled in the experimental regime.
Some of the earliest work was done on MoN and NbN in the 1960s.”® Since then there
has been Fourier transform emission spectroscopy on YN,*” electronic emission
spectroscopy on ZrN° and vibrational absorption spectrum observations on tantulum
nitride'® isolated in an argon matrix. Studies of MoN and Mo atoms in neon, argon, and

krypton matrices using a hollow cathode ion sputter source for electron spin resonance
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experiments followed some of this earlier work.'' MoN has a ground state of ‘X" Also,

the compound yttrium imide has been studied by using jet-cooled spectroscopy. '2
Theoretical studies have often provided valuable information relating experiment
to theory. Balasubramanian'? performed calculations on the yttrium imide molecule and

found that the ground state was *Z", which Simard et al. were unable to confirm
f:xpc:rimentally.l3 Gingerich calculated the dissociation energy of YN, LaN, HfN, NbN,
TaN, MoN, WN, and several other first row transition metal nitrides using the
experimental results of ZrN and UN.>® Gingerich and Shim*® performed calculations
on YN to aid in the understanding of the bonding of this gaseous compound studied
experimentally by Bernath and Ram.* The molecule ZrN has also been examined
experimentally and theoretically.” **’ The experimental ground state detected was >% .

In YN, the ground state has been found by Gingerich and ourselves to be the 'Z*

state.”” There are some differences in the bonding and other physical properties between
Gingerich’s results and ours. In the case of MoN the ground state was found theoretically
by Goddard to be of sigma symmetry with a triple bond.? This coincides with the

2(a. b.c, 1)

chromium nitride *X ground state. The ScN ground state possesses a weak

sigma bond. Daoudi et. al. calculated similar results for ScN using the CIPSI method, "
however, they suggested that the ground state, 'E*, does not posses the weak sigma bond

as suggested by Harrison.”™?

Harrison and Kunze calculate that the ground state lies
only 7 kcal below that of the doubly bonded 3%* first excited state."” 2°P This unique

situation perseveres in the YN ground state, as will be discussed. This brings us to the

significance of this work. As mentioned earlier, this work has import in areas of
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catalysis, and organometallics and other areas where the question of bonding is
important. Mulliken population® analysis and contour plots have been effective methods
of examining the character and visualizing the structure of the bonding in this work, as
has been noted by Goddard et al. in their examination of the electronic structure of
MoN.2® <D The triple bonded species might form the bonds using pure atomic orbitals
on Mo or hybrid orbitals, which would affect the bond length, bond energy, dipole
moment, and an assortment of other physical properties.

The difference in the bond length affects the Coulombic interaction, electron
distribution, and in turn the entire physical nature of these diatomic molecules. Referring
back to MoN in the Goddard study and several triple-bonded metal nitride systems, the
character of the sigma bond changes between the extensive valence s orbital character and

the do character depending on the exchange energy and the ability of the orbital forming

the bond to hybridize. In the case of catalysis and vapor deposition the ability of the
metal nitride moieties to form stable bonds, affecting the surfaces in these systems, can be
determined by the characteristics that have been cited. In the yttrium imide molecule

2to

Simard'? and coworkers turned to theoretical calculations of Balasubramanian'
interpret their results.

Another factor that this type of study aids in disclosing is the nature and location
of excited states and the relative ordering of these states. It is often difficult for a
spectroscopist to examine some of the excited states in these systems because of the small
1¢h)

separations in energy found between the states. Harrison and Kunze examined sixteen

significant low-lying bound states relative to the separated ground state atoms. The
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energy separations between states in these systems is sometimes as low as a few kcal/mol.

This would be difficult for some spectroscopic techniques to uncover.

Methods

The computational work was completed using the COLUMBUS suite of
programs.'* There were two types of wavefunctions generated as references to the MRCI
wavefunctions. Both sets of calculations were at the multiconfigurational self-consistent
field (MCSCEF) level; one set used the generalized valence bond (GVB) perfect pairing
technique. The significance of near degeneracy in the Sc atom was noted by Harrison,
Dunning and Botch.'> It was not accounted for in either of the reference wavefunctions
generated by these two techniques, but the single and double excitations out of the
reference spaces in the (CI) calculations included the effect. The importance of the near
degeneracy arises in that it affects the calculated dissociation energy. In the case of ScN
including near degeneracy in the MCSCF wavefunction of Harrison and Kunze drops the
ground state energy by 2-4 kcal/mol.'®™
The MCSCF wavefunctions of YN and YP are described below:
N=nitrogen or phosphorus p,or p_=2p or 3p of N or P, respectively.
'T* ~ [6(Y)O(N) + SN)G(Y)] [y (V)T N+, (N)TE (V)] [ (Y )T (N)+TE(N)T(Y)]
T~ [y (DR N+, (NI, ()] [TV T((N)+L(N)(Y)] Y55 Npo

on ~ [6(Y)o(N) + s(N)o(V)]I[ =(Y)r(N)+r(N)r(Y)] Y5s Npy

(0. %)
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M, ~ [N+ (N (V)] [R(Y) (N )+ (N)T(Y)] YSpy Npo

(n, m)

m, -~ [6(Y)o(N) + o(N)S(Y)][ x(Y)m(N)+m(N)1x(Y)] Y5py Npo (singlet coupled)

A~ [y (VT (N4, (N (D] (Y T(N)+1(N)T(Y)] Y3+ Npo

A ~ [, (Y)my(N)+mty (NI ()] [ (V)T (N)+7: (N)7(Y)] Y+ Npo (singlet coupled)

In the MCSCF wavefunction the electrons are correlated without the pairwise constraint.
Due to symmetry constraints the wavefunctions employed using the MCSCF and GVB
techniques will not be significantly different, but the small difference in applying the
perfect pairing has an effect on the manner in which the atoms separate. The GVB
technique does not allow for the atoms to separate to the correct atom states and only the
MCSCF and MCSCF+1+2 potential curves will be presented. However, the results of the
GVB and GVB+1+2 calculations on the YN and YP molecules are presented in Tables 5a
and 5b.

The calculations were performed using Hay and Wadt’s relativistic effective core
potentials (RECP’s) with accompanying basis functions on the yttrium atom.'® The
Dunning double-zeta basis set was used on N.'” The phosphorus basis set consisted of
(16s10p3d2f)/[6s5p3d2f]."” The yttrium basis was augmented according to Bauschlicher
and Langhoff et. al. with polarization functions and a set of three uncontracted f-
functions.'® ' In order to test the reliability of the Y basis, a comparison was made with
the work of Bauschlicher and Langhoff et. al.'® on the Y atom and the YH molecule. The
Y atom was compared at the following levels of theory: RHF, SCP>, single-reference

SDCI"*, coupled-pair functional®, and modified coupled-pair functional®. Table 1
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displays the relative energy (eV) of three states of the Y atom relative to the >D ground
state using the methods mentioned above, and compares them to the experimental results.
In comparing the 2P and the “F states at the SCF level our results are 0.02 and 0.04 eV
lower in energy relative to the ground state of the atom. In the single-reference CI the
difference increases to -0.05 and 0.08 eV for the two states. The differences can be
attributed to symmetry and equivalence constraints placed on the orbitals in the Y atom
by Langhoff et al.'® Our calculations have no such constraints. Therefore, despite using
the same basis sets with the same contraction schemes the resulting energies are different.

SCFE a

MH LPB EH LPB EH
State Occupation RHF* SCF® SCF° SDCI® SDCI® Expt.*

D ss4d! 0.00 000 000 000 000 0.00
’p 5s%5p’ 1.19 141 139 1.08 1.13 133
*E 4d*sp' 075 069 065 136 144 136

°R. L. Martin and P.J. Hay, J. Chem. Phys. 75, 4539 (1981).
®S. R. Langhoff, L. G. M. Pettersson, and C. W. Bauschlicher, J. Chem. Phys. 86, 268 (1986).
‘J. F. Harrison and J. Edwards, Department of Chemistry, Michigan State University.

Table 1. The relative energy (eV) of two states of the Y atom relative to the
’D ground state.

Next, several states of the YH molecule were contrasted to continue our
verification of the Y basis set. The same basis was used for the Y atom. The hydrogen
basis set used was a duplicate of the hydrogen basis used by Langhoff and co-workers.'?

The H basis set consisted of 7s and 4p functions contracted to 4s and 3p functions as

[4111/211], augmented with a diffuse function in an even-tempered manner.’ A (211)
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contraction of a Slater 2p function with an exponent of 1.0 was used for the p functions

on the H atom.

'3

Molecule State Level AE(eV) R4 (a.u)
YH Izt SDCI* 0.00 3.700
sDCP 0.00 3.700
CPP 0.00 3.706
MCPF 0.00 3.706
YH A SDCP* 0.78 3.843
SDCI® 0.86 3.842
CPF 0.86 3.842
MCPF 0.86 3.843
YH ’n sDCI* 0.94 3.826
SDCI® 1.01 3.824
CPF 1.01 3.825
MCPF 1.01 3.825

°S. R. Langhoff, L. G. M. Pettersson, and C. W. Bauschlicher, J. Chem. Phys. 86, 268 (1986).
®J. F. Harrison and J. Edwards, Department of Chemistry, Michigan State University.

Table 2. A comparison of various states of the YH molecule. The energy separation relative to the
ground state YH molecule and the equilibrium geometry is reported.

As can be seen from the data above our results at the SDCI agree extremely well with
those of Langhoff et. al. at the CPF and MCPF levels.'® It appears that the small
correlation energy difference evident in the atoms due to the symmetry and equivalence
constraints may be accounted for in the CPF and MCPF calculations.

The Y atom and the Sc atom are obvious places to begin our comparison of the

YN and ScN molecules. Figure 1 provides selected promotion energies of the Y
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and Sc atoms averaged over the J values of each state.”! The most striking difference in
the ordering of these states is that the first excited states of each atom is different, yet
similar in energy relative to the °D ground state. The P, in a 5s25p’ configuration, is the
first excited state of the Y atom followed closely by the *F , 3d%4s' configuration. On the
other hand the Sc atom’s first excited state is the *F , 4d%Ss' configuration. The
promotion energies of these three states are all within about 32 kcal/mol. The 4s%4p'
configuration in the °P state for the Sc atom has not yet been observed experimentally. It
was calculated using the basis set shown in Figure 1 at the SCF+1+2 level. The
promotion energy puts it highest in energy amongst the states shown, about 8 kcal/mol
higher than the ‘G, 3d24pl configuration. The isoelectronic configuration for Y is also a
2P state and lies about 30 kcal/mole above the ground state of the Y atom. The only
similarity displayed in Figure 1 between the atomic states of Y and Sc are the relative
separation of the “F states corresponding to the configurations d’s' and dsp

configurations.
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Promotion Energy (kcal/mol)

85.00 T:i pr oy
80.00- 4d25p! 240
5000 L oite—
70.004 Calculated relative to the ground state
: Sc atom using (14811p6d/5s4p3d) *
65.001 5424p1 4@ —
60.00
55.00 3B edF —
50.00+
45.0043d"4s'4p! 24F0— —a4d'5s15p1 24F
40.00+
35.00" 3d2451 a‘F _ * L “2531 a‘F'
30.004 — s5s25p1 22pP0
25.004
Selected E i tal Promotion
20.00- lgneecrgCies :I‘p:lri‘gnlllegpin S';ates of
the Sc and Y atoms
15.00- (Averaged Over Values for J States for Each Term)
10.00+
5001 4s23d! 2p ss24d! 2D
0.00
Sc Y

* SCF+142 calculation performed on the Sc atom 4s24p’

Figure 1. Selected experimental promotion energies of high spin states of the Sc and
Y atoms averaged over values for J states for each term. Values taken from
Moore (Reference 21) except for the calculated state shown above.
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