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Electronic states and nature of bonding in the molecule MoC
by all electron ab initio calculations
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(Received 22 November 1996; accepted 10 February)1997

In the present work all electroab initio multiconfiguration self-consistent-fieldCASSCH and
multireference configuration interactigMRCI) calculations have been carried out to determine the
low-lying electronic states of the molecule MoC. The relativistic corrections for the one electron
Darwin contact term and the relativistic mass-velocity correction have been determined in
perturbation calculations. The electronic ground state is predictettas The spectroscopic
constants for thé3 ~ electronic ground state and eight low-lying excited states have been derived
by solving the Schidinger equation for the nuclear motion numerically. Based on the results of the
CASSCF calculations théS ™~ ground state of MoC is separated from the excited stifes
557,11, 1A, OII, 'S, and®ll by transition energies of 4500, 6178, 7207, 9312, 10 228, 11 639,
and 16 864 cm?, respectively. The transition energy between t8e ground state and th&81

state as derived in the MRCI calculations is 15 484 &nfror the®S. ~ ground state the equilibrium
distance has been determined as 1.688 A, and the vibrational frequency as 99Thmchemical

bond in the’S, ~ electronic ground state has triple bond character due to the formation of delocalized
bonding 7 and ¢ orbitals. The chemical bond in the MoC molecule is polar with charge transfer
from Mo to C, giving rise to a dipole moment of 6.15 D at 3.15 a.u. in 18é ground state.

© 1997 American Institute of Physids$0021-960807)00219-3

I. INTRODUCTION Il. BASIS SETS AND HF CALCULATIONS ON MoC

With the present investigation of the MoC molecule we  The basis sets consisted of contracted Gaussian type
are continuing our systematic study of the electronic strucfunctions. For the Mo atom we have used Huzinaga's
ture and nature of bonding in the diatomic transition metal(17s,11p,8d) basis set? but it has been extended by addi-
carbides-™® tion of two p functions with exponents 0.1496 and 0.0620.

The only experimental result reported for the MoC mol- These functions are needed to represent theofbitals. In
ecule is its dissociation energy obtained from equilibriumaddition, the most diffuss functions have been contracted
mass spectrometric measureméhtss 114.2-3.8 kcal/mol  slightly by altering the exponents from 0.084 897 748 and
=4.95+0.16 eV. Using the results of the present investiga-0.032 362 164 to 0.0945 and 0.0408, respectively. Finally an
tion the dissociation energy of MoC has been re-evaluated aspolarization function with exponent 0.692 has been added.
5.01+0.13 eV. The primitive basis set (5/13p,8d,1f ) has been contracted

In the present investigation we report resultsabfinitio  to (10s,8p,5d,1f ) using a segmented contraction scheme. In
calculations. The low-lying states of the MoC molecule havethe contracted basis thed4orbitals are represented by a
been studied by performing all electr@b initio calcula- triple zeta function while all other orbitals including the un-
tions. The methods employed are Hartree—F@dk), and occupied  orbitals are represented by double zeta func-
multiconfiguration self-consistent-fielfMCSCBH calcula- tions. For the C atom we have used Huzinaga’ss(Gj)
tions within the complete active space self-consistent-fielasis** but it has been augmented hyd polarization func-
approachCASSCH. The HF calculations have been carried tion with exponent 0.75. The basis set for the C atom has
out in the Hartree—Fock—Roothaan formali§iThe pro-  been contracted to &3p,1d) resulting in double zeta rep-
gram systemMoLcAs, version 32 has been used for carrying resentation of the functions, triple zeta representation of the
out the CASSCF calculations. The relativistic effects on the2p function, anda d polarization function.
low-lying electronic states have been considered by perform- The electronic ground term of the Mo atom is
ing perturbation calculations to determine the one electrodSy(4d)>(5s)* and that of the C atom i8P4(2s)?(2p)2.
Darwin contact term and the relativistic mass-velocity cor-According to our previous work on other second series tran-
rection. In addition, multireference configuration interactionsition metal carbides, Rh@,3), RuC (3,4), and PdC(1,3
calculations MRCI) have been performed to investigate fur- we expected that the electronic structure of MoC can be
ther the electronic ground state of the MoC molecule andationalized in a molecular orbital picture. Thus, the interac-
also the lowest lying excited state that can be reached frortion between the Mo 7Sg(4d)5(5$)l and the
the ground state by an allowed transition. C 3Pg(25)2(2p)2 should give rise to the molecular
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8094 I. Shim and K. A. Gingerich: Bonding in the MoC

configurations  (2)2(57)%(100)%(110)%(120)*  and Energy (a.u.) +4012a.u.
(26)%(5m)*(100)?(110)}(120)*, where the single occu-

pied o orbitals are either of the Mo orbitals,dé or 5s. haal
However, the interaction could also result from Mo ,
S4(4d)>(5s)" and C in the excited terms,(2s)*(2p)°. //'/::————::—‘:::4
The resulting molecular configuration would then be 0701 2
(26)?(57)*(100)?(110)?. This configuration could also re- /

VA

sult from the interaction between the ions, M&Sy(4d)®
and C “S,(2s)?(2p)3. The formal bond order in the above- 075 -
mentioned configurations is the largest in the configuration
(26)%(5m)*(100)?(110)2. This configuration can give rise
to molecular states of the symmetri&s*, ", and33 .
Since the spins of the partly occupied @rbitals are anti
parallel coupled in the singlet states, the most likely ground-
state candidate for the MoC molecule®® . In this state
the two electrons in the orbitals have parallel coupled 9087
spins.

In order to get a first impression of the electronic states
of the MoC molecule, Hartree—Fock calculations have been -0.90 -
performed on the above-mention&~ state. The Mulliken
population analyses of this state shows a charge transfer of
0.43 from Mo to C at 3.1 a.u. Furthermore, thed 6rbital
is essentially a bonding combination of the € @bital and
a Mo sd-hybrid orbital. Likewise the 1& orbital is a bond-
ing combination of a Gp-hybrid and the Mo 4 orbitals.
The 5 orbital is the bonding combination of the @2 and -1.00
the Mo 4dw orbitals. Thus, the chemical bond in tAE ~
state of the MoC molecule as described in the HF approxi-
mation is formally a quadruple bond. In spite of this, the
Hartree—Fock calculations on tRE ~ state revealed that the FIG. 1. Potential energy curves of nine Iow-Iying electronic states of the

. . MoC molecule as derived from CASSCF calculations.

MoC molecule is bound by only 0.10 eV relative to the free
HF atoms.

It is well known that HF calculations do not give reliable electron Darwin contact term and for the relativistic correc-
results for molecules containing transition metal atoms. Injon due to the mass-velocity term. Since the stak&$s and
the case of the MoC molecule, this is confirmed with thell arise from almost identical configurations, the relativistic
present calculations, since the experimentally determinedorrections are assumed identical for these states.
dissociation energy of the MoC molecule amounts to 5.01  The CASSCF calculations have been performed as func-
*0.13 eV as compared to the calculated value of 0.10 eV. Ifions of the internuclear distance, i.e., for the distances 2.9,
order to investigate the electronic structure of the MoC mol-3 0, 3.15, 3.3, 3.6, 4.2, 5.0, 7.0, and 12.0 a.u. for the states
ecule further, MCSCF calculations within the CASSCF1yy, 1A, 335 311, 3A, 53—, and®Il. For the state&> * and
framework have been performed on the above mentioned[ the calculations have been performed for the internuclear
%3~ state of MoC as well as on states of other symmetriesgistances 2.9, 3.0, 3.15, 3.3, 3.6, 4.2, and 5.0 a.u. Figure 1
shows the resulting potential energy curves based on poten-
tial energies that do not include the relativistic corrections.
Figure 2 shows the potential energy curves obtained when

In the CASSCF calculations the core orbitals, i.e., thethe relativistic corrections have been included. Table | pre-
1s, 2s, 3s, 4s, 2p, 3p, 4p, and 3 of Mo and the B  sents the spectroscopic constants obtained by solving the
orbital of C, were kept fully occupied, while the valence Schralinger equation for the nuclear motion numerically us-
orbitals 5 and 4 of Mo and X and 2 of C, have been ing the potential energies derived in the CASSCF calcula-
included in the active space. The CASSCEF calculations havaons excluding and including the relativistic corrections, re-
been performed in the subgrouy, of the full symmetry spectively. The dissociation energies reported in Table | have
groupC,,, of the MoC molecule. The calculations have beenbeen derived by subtracting the total energy at the equilib-
carried out for singlet, triplet, and quintet states. The numberium distance from the total energy of each state at 12 a.u.,
of configurations included in the CASSCF calculationswhere available.
reached 4984 for the singlet states, 7476 for the triplet states, From Figs. 1 and 2, and also from Table | it is recog-
and 3135 for the quintet states. nized that the electronic ground state of the MoC molecule is

The relativistic effects have been considered by carryingredicted to béS, ~. Without considering the relativistic cor-
out perturbation calculations to derive values for the oneections the®S ™ ground state is separated from the higher

-0.80

-0.95 -

2 4 6 8 10 12
R(a.u.)

lll. RESULTS OF CASSCF CALCULATIONS
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Energy (a.u.) +4082a.u. electronic states. Thus, the lowest lying excited state not con-
sidering the relativistic corrections 1§, while the relativis-
tic corrections cause the statés and®3 ™ states to drop
———————————— . below thell" state. The resulting energy separation between
il the 33~ ground state and the staté4, 53—, and'I" are
0.40 - / 4500, 6178, and 7207 cm, respectively. By comparing
Figs. 1 and 2 with Table | it is noted that the states having
the largest relativistic corrections are those having the largest
occupation of the Mo § orbital.

The relativistic corrections vary with the internuclear
distances. From Table | it is noted that the relativistic cor-
rection cause the dissociation energies to increase. The posi-
tive charge associated with the Mo atom presumably causes
SRR S the relativistic corrections to be larger at distances close to
the equilibrium distance than at distances close to the disso-
ciation limit. Furthermore, the relativistic corrections causes
the equilibrium distances in the singlet and triplet states to
increase by approximately 0.005 A, while the equilibrium
distances decreases slightly in the quintet states. The vibra-
tional frequencies for all the states, except thE state, are
increased by between 7 and 32¢n

Spin—orbit coupling will cause splittings of states, and
also mixing of states with identicd) values. The mixing is
especially important, when the states cross each other. At
internuclear distances less than 4 a.u.3he ground state is
well separated from the higher lying states. Therefore, at the

070 . : : . . equilibrium internuclear distance the major effect of the
2 4 6 8 10 12 spin—orbit coupling on théS ~ ground state is to split the
R(a.u.) state into two states witlh=0 and(Q=1. However, at ap-
proximately 5 a.u. thé2 ~ state crosses the stat&s~ and
FIG. 2. Potential energy curves of eight low-lying electronic states of the’I1. Therefore, the lowest lying state with=0 will be
_l\/IQC molecyle as derived from CASSCF cqlculations including the relativ—mosﬂy?:zf at the equilibrium internuclear distance, while it
fé:gc?tc;rrti?rt:ﬁns for the one electron Darwin contact term and for mass—WiII be mostly 52_ at the dissociation limit. Likewise, the
lowest lying state withQ=1 will be mostly 33~ at the
equilibrium distance, and a mixture of primarii® ~ and
lying states,'T’, %A, 53—, 3%, 1A, 511, %M, andII, by  °II at the dissociation limit. The lowest lying state with
the calculated transition energies 7147, 8516, 10067, 11586;2 will resemble®A at small internuclear distances, but at
12642, 14201, 20 878, 27 565 cih respectively. It is noted the dissociation limit it will be a mixture of the statés ~
that the relativistic corrections cause the energy splittingsind °I1. The spin—orbit coupling will not cause significant
between some of the low-lying states to decrease significhanges of the spectroscopic constants for3fhe ground
cantly resulting in interchanges of some of the low-lying state as presented in Table I, but there will be changes for the

-0.35

-0.45

-0.50

-0.55 ~

-0.60 -

-0.65

TABLE |. Spectroscopic constants of the low-lying electronic states of the MoC molecule as derived from the results of CASSCF calculations.

Without relativistic corrections With relativistic corrections

Equilibrium Vibrational Transition Dissociation Population Equilibrium Vibrational Transition Dissociation

distance, frequency, energy, energy’ of Mo 5s distance, frequency, energy, energy?
State re (A) we (cm™Y) Te (cm™Y) D, (eV) at 3.15 a.u. re (&) we (cm™ 1Y) Te (cm™Y) D, (eV)
85,- 1.688 962 0 5.13 0.20 1.693 971 0 5.20
r 1.670 1035 7147 0.18 1.675 1042 7207
A 1.688 983 8516 5.48 0.80 1.692 1013 4500 581
53~ 1.771 859 10067 2.48 0.76 1.769 891 6178 2.80
s+ 1.671 1025 11580 1.676 1032 11639
1A 1.674 1012 12642 5.84 0.84 1.678 1026 9312 6.19
51 1.837 783 14201 1.97 0.80 1.836 807 10228 2.30
I 1.831 751 20878 2.55 0.77 1.838 721 16864 3.12
I 1.852 770 27565 4.02

@Derived as the difference between the total molecular energy at the equilibrium distance and at the internuclear distance 12 a.u. for each state.

J. Chem. Phys., Vol. 106, No. 19, 15 May 1997
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8096 I. Shim and K. A. Gingerich: Bonding in the MoC

states, where crossings occur close to equilibrium internuderived in the MRCI calculations without the relativistic cor-
clear distances. rections givesw,=990 cm ! andr,=1.683 A. When the

The MoC molecule is polar. In all the low-lying states relativistic corrections are includeé,=997 cm* and r,
there is charge transfer from the Mo to the C atom resulting=1.688 A. Correspondingly, the spectroscopic constants for
in positive gross atomic charges on Mo of (229.24, the 31 state without the relativistic corrections are derived
0.3(, 0.28, 0.28, 0.27%, and 0.3@ at 3.15 a.u. in the as, w,=844cm ! andr,=1.807 A. When the relativistic
states®> ", I, 3A, 537, A, °II, and?II, respectively. corrections are included,=848 cmi! and r,=1.819 A.
The calculated dipole moment obtained amounts to 6.15The transition energy between tAE ~ ground state and the
6.14, 2.16, and 1.44 D, for the staf&~, T", A and!A at Il state is 20 050 cmt without considering the relativistic
3.15 a.u., which is close to the equilibrium internuclear dis-corrections. The relativistic corrections cause the transition
tances for these states. At the internuclear distance 3.3 a.anergy to reduce to 15 484 crh
the dipole moments of the stateX ~, °II, and®II, amount It is noted that the equilibrium distance for tH& ~
to 1.73, 2.06, and 1.54 D. ground state derived in the MRCI calculations including the
relativistic corrections is identical to that derived in the
CASSCF calculations. The changes that occurs in’fie
state when performing MRCI relative to CASSCF calcula-
tions are not only due to the change of calculational method,

In the CASSCF calculations reported above, the populabut also to the inclusion of the additional points. Altogether
tions of the two lowest lying valence orbitals, 1 and  the MRCI calculations do not result in major changes as
120, are close to two at internuclear distances close to theompared to the results of the CASSCF calculations. There-
equilibrium distance of the molecule. These findings havéore, the discussion of the low-lying electronic states in Sec.
been utilized to determine molecular orbitals appropriate foV! is based on the results obtained in the CASSCF calcula-
use in the MRCI calculations. The molecular orbitals used irfions described in Sec. Ill.
the MRCI calculations have been optimized in CASSCF cal-
culations where the Id and 12r orbitals were kept fully
occupied. The 1& orbital is essentially the C2orbital, and V. THE DISSOCIATION ENERGY OF MoC
the 12r orbital is the bondingr orbital composed of the C The experimental value of the dissociation energy for
2po and the Mo 4lo. The reference configurations used in MoC  from the mass spectroscopic  equilibrium
the MRCI calculations were required to have two electronsmeasurement has been re-evaluated using the values of
in the 25 orbitals, and the orbitals Hland 12r were kept r. andw, obtained in the MRCI calculations combined with
fully occupied. This resulted in 37, respectively 36, referencghe transition energies obtained in the CASSCF calculations,
configurations for the state¥ ~ and 3I1. All single and both including the relativistic corrections. The values for the
double excitations from the valence orbitals of the referenceevised Gibbs energy functions,—(G?— H8)/T, in
configurations have been included in the MRCI calculationsJ K"*mol™* and enthalpy increments,Hr—Hg,, in
This resulted in a total of 507 055 configurations f&~ kJ mol%, are for: 298.15 K, 205.0 and 8.774; 2200 K, 270.4
and 508 231 configurations fdf]I in the final MRCI calcu- and 84.90; 2400 K, 273.8 and 94.70; 2600 K, 277.0 and
lations. 104.7; 2800 K, 280.0 and 114.7; 3000 K, 282.8 and 124.8;

The MRCI calculations have been performed for the in-3200 K, 285.5 and 134.9. With these values the third law
ternuclear distances 2.9, 3.0, 3.15, 3.3, and 3.6 a.u. Howevesnthalpy for the reaction Mg() + C(graph)=MoC(g) be-
to get an improved description of the potential around thecomes 228.2 2.7 (S.D.) or 22& 13 kJ mol'%, when all er-
equilibrium distance for the’Il state MRCI calculations rors are considered. The dissociation ener@ﬁ, of MoC
have also been performed at 3.45 and 3.8 a.u. for this statbecomes 48313 kJ mol'! or 5.01+0.13 eV.

For the3% ™ ground state the contribution of the major The 33~ ground state does not dissociate into fl%
configuration, (16)2(110)%(5m)%(25)%, amounts to 84% ground term of the Mo atom, but rather into &, term. As
when derived in the CASSCF calculations, and to 80% whemeported in Table |, the adiabatic dissociation enefdjy of
derived in the MRCI calculations at 3.15 a.u. Furthermorethe s~ ground state of the MoC molecule has been derived
all the configurations that have coefficients numericallyas 5.13 eV without relativistic correction and as 5.20 eV
larger than 0.05 in the MRCI calculations are all included inincluding the relativistic corrections. Taking into account the
the CASSCF calculations. The gross atomic charge on Maero-point vibrational energy, the corresponding values of
amounts to 0.28 and the dipole moment to 6.15 D at 3.15 D8 amount to 5.07 eV, respectively 5.14 eV. However, it is
a.u. For thée’ll state the contribution of the major configu- the diabatic value of the dissociation energy that should be
ration, (10r)?(110)%(120)*(57)3(26)2, amounts to 81% compared to the experimental value of 500.13 eV. The
when derived in MRCI calculations at 3.45 a.u. At 3.45 a.u.state®, ~ dissociates into ground term atoms, and therefore
the gross atomic charge on Mo amounts to 6.3hd the an approximate value for the diabatic dissociation energy has
dipole moment to 2.74 D in th31 state. been obtained by subtracting the transition energy of the

The spectroscopic constants have been obtained by solvS, ~ state at 12 a.u. from the adiabatic value of the dissocia-
ing the Schrdinger equation for the nuclear motion numeri- tion energy. Thus, the diabatic value of the dissociation en-
cally. Using the potential energies for tAB ~ ground state ergy, DY is derived as 3.66 and 3.50 eV, excluding and in-

IV. MRCI CALCULATIONS ON THE 33~ GROUND
STATE AND THE °Il1 EXCITED STATE

J. Chem. Phys., Vol. 106, No. 19, 15 May 1997
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I. Shim and K. A. Gingerich: Bonding in the MoC 8097

TABLE II. The contributions of the major configurations to the CASSCF wave functions describirig. thground state and the low-lying excited states,
r, 3A, 537, 13+, 1A, S, 311, and*I of the MoC molecule as functions of the internuclear distance.

Valence shell Contribution of valence
configuration shell configuration%)

Internuclear distancé.u)

State 100 110 120 130 5 67 20 2.9 3.0 3.15 3.3 3.6 4.2
85, - 2 2 0 0 4 0 2 89 87 84 81 70 35
r 2 2 0 0 4 0 2 91 90 88 87 82 70
A 2 2 1 0 4 0 1 91 89 87 85 78 57
53 - 2 1 1 0 4 0 2 90 89 86 83 73 33
i3+ 2 2 0 0 4 0 2 90 89 88 86 81 68
A 2 2 1 0 4 0 1 91 90 88 85 79 58
I 2 2 1 0 3 0 2 92 91 89 87 82 65
M 2 2 1 0 3 0 2 91 90 88 85 79 57
I 2 2 1 0 3 0 2 89 87 84 81 7 58

cluding relativistic corrections, respectively. Thus, theatomic charge of 0.89on C at 5.0 a.u. As the internuclear
calculated dissociation energy accounts for 73% or 70% oflistance is further decreased, bonding molecular orbitals are
the experimental value, excluding or including relativistic formed between the C@2r and Mo 4= as well as in be-
corrections, respectively. tween the C po and the Mo 4lo. This results in the for-
mation of the triple bond in th&S ~ ground state. Formally

VI. THE LOW-LYING ELECTRONIC STATES OF MoC

Table 1l shows the contributions of the major configura-
tions in the CASSCF wave functions for the electronic Population
ground state®3. ~, and for the low-lying excited electronic 3
states as functions of the internuclear distance.

From Table Il it is recognized that the low-lying elec-
tronic states of the MoC molecule at the respective equilib-
rium distances essentially arise from the following configu-
rations: (1@)2(110)?(57)*(26)?, for the statess ~, T,

IS+, (100)?%(110)?(120)Y(5m)4(26)*, for the states’A Moddr
and 'A, and (10)?(110)?(120)Y(5m)%(26)?, for the I1 .-N\\)Q
states, i.e 311, 311, T1. The®S ~ state has the configuration Modds .

(100)?(110)}(120) 1 (57)*(26)?. Except for the configura-
tions (1r)%(110)?(120)Y(57)*(26)* the above mentioned
configurations are those expected when the Mo
(4do) (4dm)?(4d8)%(5s)t interacts with the C atom in
either of the configurations (27)? or (2po)(2pm)t.
The configuration (168)%(110)?(120)Y(5m)*(26)* can
be considered as arising when an electron in the
nonbonding & orbitals in the  configuration
(100)?(110)%(120) 1 (57)3(26)? is transferred into the 7
bonding 5r orbitals. This is expected to strengthen the
chemical bond, and it is consistent with the findings that both
states3A and!A, have lower energies than the lowest lying C2ps
state oflI symmetry,°II.

Figures 3 and 4 present the populations of the individual
atomic orbitals of Mo and C as functions of the internuclear

distance for the’S ~ ground state and for the lowest lying MoSps Mo5pn

excited state3A. 0 —m ’
Figure 3 shows that the interaction resulting in a MoC 2 /I\ 4 6 8 10 12

molecule in the 33~ ground state is due to Mo - R (a.u.)

(4do) (4dm)?(4d6)?(5s)! and C (&)?(2po)i(2pm)t. As
the atoms approach each other the conflguratlon of the g’IG. 3. Populations associated with the valence orbitals of the atoms Mo

2 2 i
atom changes .tO @“(2pm)*, anq charge. IS FranSferred and C in the®>, ~ electronic ground state of MoC as derived from CASSCF
from the Mo 5 into the C Zoo orbital resulting in a gross  wave functions. The equilibrium distance of the state is indicated,py

J. Chem. Phys., Vol. 106, No. 19, 15 May 1997
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8098 I. Shim and K. A. Gingerich: Bonding in the MoC

Population Dipole moment (Debye)

3 - 10 -

Moédn 8 A

0 R(a.u.)
2
R(a.u.) FIG. 5. Dipole moments of th& ~ ground state and of four excited elec-

tronic states®A, 537, 1A, and®Il, of the MoC molecule as derived from

. . . . CASSCF wave functions.
FIG. 4. Populations associated with the valence orbitals of the atoms Mo

and C in thé’A low-lying electronic state of MoC as derived from CASSCF
wave functions. The equilibrium distance of the state is indicated.fy

bonds and oner bond. The singly occupied orbital is

essentially the nonbonding Mos5orbital.
the configuration (18)?(110)%(5m)*(26)? accounts for a Considering the results presented in Table Il it is not
guadruple bond between the atoms Mo and C, but it is notedurprising that the HF calculations are not sufficient to de-
from Fig. 3 that the population of the Cs2rbital is quite  scribe the electronic wave functions of MoC. It is noted that
close to two, and therefore, this orbital cannot be appreciablthe major configuration (18)%(110)2(5m7)*(26)? contrib-
bonding. The chemical bond in tH& ~ ground state of the utes less than 90% to the wave function of # ground
MoC molecule should thus be described as a triple bond dustate at internuclear distances close to the equilibrium dis-
to the formation one bonding and two bondingr orbitals, tance. Similar trends are recognized for the other low-lying
which are approximately fully occupied at the equilibrium states. The remaining weights are distributed among many

internuclear distance. configurations. Thus, the wave functions for the low-lying
In the 3A state, Fig. 4, the interaction also occurs be-states of the MoC molecule are truly multi configurational.
tween the Mo (4o)'(4dw)2(4d8)%(5s)! and C Figure 5 shows the dipole moments of tAB~ elec-

(2s)%(2po)i(2pm)? . At internuclear distances between 12 tronic ground state and of four low-lying electronic states of
and 7 a.u. the configuration of the C atom changes tdMoC, 3A, 53, 1A, and®Il as derived from the CASSCF
(2s)?(2pmr)2. As the internuclear distance is decreased to Svave functions and as functions of the internuclear distances.
a.u. charge is transferred especially from the Modsbital It is noted that the dipole moments for all the states consid-
into the C Do resulting in a gross atomic charge of 06650 ered are very sensitive functions of the internuclear dis-
on C at 5 a.u. However, significant changes of the configutances. The staté€ ~ and'I" have much larger dipole mo-
ration occur as the internuclear distance is decreased fromrents than the remaining states. This is presumably
to 4.2 a.u. The population of the Mod#4 orbitals is de- connected to the population of thes ®rbital of Mo, since
creased from approximately 2 to approximately 1, and thehis orbital is part of e p-hybrid that is polarized away from
population of the Mo 5 orbital is increased. The chemical the internuclear region. At the internuclear distance 3.15 a.u.
bond in the3A state is a triple bond consisting of twe  Table | shows that the population of the Brbital of Mo is
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0.18 and 0.2@ in the statess,~ andT", while it is inthe  CrC is due to the formation of a bonding orbital, but in
range 0.76—0.8% in the states’A, °3~, A, °[I, and addition, the localizedr orbitals on the Cr and C atoms are
STI. valence bond coupled, and likewise there is valence bond
The sequence of the low-lying electronic states of thecoupling between the Cpitr orbital and a 4,4p hybrid or-
MoC molecule is consistent with a qualitative molecular or-bital of Cr that is polarized away from the C atom. The four
bital diagram. In this diagram the lowest lying valence or-lowest lying electronic states of the CrC molecule are those
bital, 100, is essentially the nonbonding Gsdrbital, and expected, when the angular momenta of the i6&3§Cr+
this orbital is practically doubly occupied in all the statesand*S, C~ are coupled.
investigated. The next higher lying orbitals are the bonding
57 and 11 orbitals. Thereafter follows the nonbonding 2
orbitals, Mo 4 6. Higher in energy are the nonbondingad2
orbital and the anti-bonding76orbitals. The molecular or- In the present work we have reported the results of the
bital diagram described here is in agreement with our previtheoretical investigations performed for the MoC molecule.
ous results regarding the carbides PdC, RhC, and RuC.  The electronic structure and the nature of the chemical bond
The 33~ ground state and the low-lying staté§ in the MoC molecule have been elucidated by performing all
and 3%, all with the approximate configuration electronab initio MCSCF (CASSCH and MRCI calcula-
(100)?(110)%(5m)*(26)?, represent different couplings of tions.
the spin and space angular momenta. The stdtesand The electronic ground state of the MoC molecule has
A, arise from the’S ~ ground state by exciting one of the been predicted as beity ~ with the approximate orbital
28 electrons into the 12 orbital. In the state$A and*A the  configuration (16)2(110)2(57)%(25)2. Based on the re-
spins of the electrons in the singly occupiednd § orbitals  sults obtained in the MRCI calculations including the rela-
are coupled parallel and anti parallel, respectively. Corretivistic corrections, the spectroscopic constants of the MoC
spondingly, thell states arise from thd3~ ground state molecule in the’S ™ ground state have been determined as
when one &r electron is excited into the b2orbital. Like-  r,=1.688 A andw,=997 cm’. According to the results
wise, the®X~ state arises from thdX~ ground state by obtained in the CASSCF calculations including the relativis-
exciting one electron from the #linto the 12r orbital. tic corrections the’> ™ ground state is separated from the
next higher lying states’A, °3 7, T, A, °II, 3%, and
11 by 4500, 6178, 7207, 9312, 10228, 11639, and
16 864 cm!, respectively. The transition energy between
the 33~ ground state and thfll excited state is reduced to
The chemical bond and the low-lying electronic states ofL5 484 cm* in the MRCI calculations including the relativ-
the MoC molecule described above are consistent with ouistic corrections.
findings for other carbides of the second transition metal ~The chemical bond in th& ~ ground state of the MoC
series, especially RiGind RhC Thus, the low-lying states molecule has triple bond character due to the formation of
of the MoC molecule can be explained in terms of a molecuone bondingr and two bondingr molecular orbitals that are
lar orbital diagram that is identical to that of RuC and RhC.approximately fully occupied at the equilibrium internuclear
The 7 orbitals are the main bonding orbitals, the excess oflistance.
electrons in bonding relative to antibonding orbitals The sequence of the low-lying electronic states of the
amounts to 3.68 for MoC, 3.5% for RuC and 3.58 for MoC molecule are in accordance with a molecular orbital
RhC. For the electronic ground state of each moleculegiagram, where the lowest lying valence orbitals in energy
the Cl wave function exhibits a leading configuration consis-sequence are: i) 5, 110, and 2. Thereafter follow the
tent with the above mentioned orbital diagram. Thusorbitals 12r and 6r. These latter orbitals are empty in the
the leading configuration for théX~ ground state of 33~ ground state.
MoC is (1)?%(110)2(5m)*(26)%, while it is The dissociation energy), of the 3~ ground state of
(100)?(110)%(120) Y (57)*(26)° for the 2A ground state MoC derived in the CASSCF calculations including the rela-
of RuC, and (10)?%(110)%(120)Y(57)%(26)* for the >  tivistic corrections and corrected for zero-point vibrational
ground state of RhC. The chemical bonds in all three molenergy amounts to 3.50 eV. This is 70% of the experimental
ecules are similar. They all have triple bond character, sincgalue of 5.01 eV.
the additional electrons in the molecules RuC and RhC rela-
tive to MoC occupy nonbonding orbitals.
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