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The monopositive scandium and titanium carbides, *Sa@d TiC", have been studied by multireference
methods coupled with quantitative basis sets. We have constructed potential energy curves for the ground
and twelve low-lying excited states for both species, focusing on dissociation energies and bonding mechanisms.
We have found that the ground states of Se@d TiC' are of°II and=* symmetries, with binding energies

(Do) of 68.8 (71.5) and 85.2 (86.7) kcal/mol at the MRCI (MR@avidson correction) level of theory.

These values are compared favorably with the corresponding experimental fildg®sC") = 77.0+ 1.4
andDy(TiC*) = 93.4+ 5.5 kcal/mol.

1. Introduction TABLE 1: Existing Data on the MC ™ Molecules, M = Sc,
. . . Ti, V, Cr, Fe, and Co
Without doubt, the first-row transition metals play a central -

role in understanding the nature of the chemical bond. Given __SP&cies method Do (keal/mol) re(A)
that, it is rather surprising that the literature, experimental or ScC* GIBTMS? 77.0+ 1.4

theoretical, on the diatomic carbides MC=8c, Ti, ..., Cu, or T'C: G'BTMSZb 93.4+55

on their positive ions is limited.In particular, the available ve GIBTMS* 91.11?.3]

. . . . CrCt ab initic® 31.5/XE 1.735
information on the cations MCis scarce. Armentrout and co- 13.4fTT0e 2.441
workerg have measured the bond energies of §cGC™, and FeCH FTMS 9447

VC™ using guided-ion-beam tandem mass spectrometry. Also, = CoC* FTMS 90+7

Hettich and Freisérvia Fourier transform mass spectrometry 2 Guided-ion-beam tandem mass spectrometry, reP Raference
obtained the binding energies of FeGnd CoC cations. 2b.¢ MCSCF-CI/DZ+P, ref 4.9 Reference 4Dy = Do — wd2. © It
However, the very nature of the mass spectrometric techniquerefers toD.. f Fourier transform mass spectrometry, ref 3.

does not allow the determination of the system’s state or other
molecular parameters apart from the binding energy. On the
theoretical side, Harrisdrihas published ab initio results on the
CrCt system by employing MCSCF/CI methods, coupled with
double<+P quality basis sets. Table 1 summarizes the existing
information on the first-row transition metal diatomic mono-

(4s'3cP) state® Ninety-six states ofST|A| symmetry emanate

out of the Ti* (a“F, b'F, 2F) ® C(P) interaction, with S= /5,

305, %, and|A| =0, 1, 2, 3, and 4. Following the same selection

procedure as in the S¢Gase, 13 states have been picked and

positive carbides. studied.at the MRCI level of theory, all of them adiabatically
With the purpose of obtaining reliable spectroscopic param- cOTelating to the ground-state fragments (&F) + C(P).

eters, as well as to decipher the bonding mechanism on these All in all for both molecules, the following 26 states have

“simple” systems, we have performed complete active space been studied. ScC =*(two), 1, *A, T, 3= (two), °IT, 3A-

self-consistent field- singles+ doubles configuration interac-  (two), °[, 327, °A, and TiC": 27, 2[1(two), ?A(two), ?®, 2T,

tion (CASSCF-1+2 = MRCISD) calculations on ScCand TI(two), “A, “®, °Z*, BA.

TiC*™ molecules; calculations are in progress for the rest of the At this point we could ask what the ground state is expected

series. to be for the Sc€ and TiC' species. In their (experimental)
The first two excited states of Scation,'D (4st3d) and3F work Armentrout and co-worketdsuggest that the ground states

(3P, are 0.302 and 0.596 eV above the grodid(4s'3d") of ScC" and TiC' should rather be singlets and doublets with

state, respectivel§.For the carbon atom, its first excité® “bond orders” of 2 and 2/, respectively. Now, using simple

(2822p?) state is located 1.260 eV above the gro8Rd2$2p?) valence-bond-Lewis (vbL) icons the following bonding scenarios
state® The interaction St(°®D, D, %F) ® C(3P) engenders in  can be envisaged for the ground Scease:
72 2St1 A| states, with S= 0, 1 or 2 andA| =0, 1, 2, 3, and

4 or of 3%, 1, A, ®, andT designation, respectively. Out of 3d,, R
CASSCEF calculations on all 72 states, 13 have been selected to 45\\1 P
be investigated at the MRCI level with the arbitrary criterion c, — s st
of being the lowest in energy at the CASSCF level of theory. 3d7z e @
Ten out of thirteen states correlate adiabatically t6(%2) + ’ v 2,
C@P) and three to S¢F) + C(CP). S’ (*D; M = £1),C(°P; M = £1) Z7or'a

For the Ti" ion, the first two excited states?® (3cf) and2F

(4s'3cP), are 0.107 and 0.565 eV with respect to its grouffd a  or
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TABLE 2: Energies E (hartree) of the Ground 3P State of
the C Atom, and Atomic Energy Splittings AE (eV) in
Different Methods (cc-pVQZ basis)

=S¢~ Cs D method —E  AE('D—P) AE('S—P) AE (S—P)
NHF? 37.688619
T DA 3 sa-SCE 37.688234
Sc”("D;M =#1),C(P; M = 0) 1T SA-CASSCF 37.705548 1575 2.613 2.909
CISD 37.783239 1.299 2.734 4.109
or MRCI 37.784932 1.287 2.695 4.109
MRCIH+Q?  37.7879 1.27 2.70 4.18
expe 1.260 2.680 4.179
aNumerical HartreeFock, ref 15 Spherically averaged SCF.
SN+ ¢ State averaged CASSCHMRCI+multireference Davidson correc-
= S¢c—Cs (D tion, ref 16.¢ Reference 5.
N
s , - generally contracted to [7s6p4d3f/5s4p3d2flg], resulting in an
Sc”(CF;M =0),C(P;M = 0) z electron basis set space of 121 spherical Gaussian functions (5d,
7f and 9g).
Scheme (1) predicts a ground state'Bf (“+" sign) orA (“—" We have used the complete active space SCBingle +

sign) symmetry with ar and az bond, scheme (l1) &I state double replacements MRCI methodology, which due to the
with 1/, & bonds and/, o bond, while scheme (lll), in which  relatively small number of active electrons (6 and 7 valence e

the in situ S¢ atom finds itself in the excitedF state CF;M in ScC" and TiC"), is size consistent and, practically, size
= 00= ‘/4/5|dizd)1,zD+ */1/5|d>l<ydiz_yz), predicts &=+ ground extensive. Indeed, our calculations show that for the ground

state with a triple bond. Scheme (1) conforms in essence with states of ScC and TiC" the size nonextensivity errors are 0.3
the predictions of Armentrout et #However, our calculations ~ and 0.7 mhartree, respectively at the MRCI level. _
predict that the ground state is the one suggested by scheme The selected reference space for both molecules studied

(1), i.e., of 31 symmetry, while théX=*(Ill), *A(l), and1=*(l) comprises of 10 orbital functions, correlating asymptotically to
states are 14, 25, and 37 kcal/mol, respectively, abovélihe the “valence” occupied spaces of*M4s+3d) and C (24-2p)
state (vide infra). atoms. Considering the 222pf3<3pf and 13 electrons of St
A similar analysis of Ti¢ implies that the ground state could O Ti* and C species, respectively, as core (inactive), our
be represented by either bonding schemes (IV) or (V): reference space is formed by distributing 6 or zenong 10
orbitals. The reference spaces thus obtained range from 590 to
3d 1746 configuration functions (CFs) in St@nd from 522 to
i 2p, 3460 CFs in TiC, depending on the space-spin symmetry of
45\&\ 53 ;25 .. the state studied. Note that although all of our calculations were
3d, — Ti_C ,+ done underC,, symmetry restrictions, the CASSCF wave
3d.-Ss S ™ functions (but not the MRCI ones) display pure axial angular
v 2p, momentum symmetry, that j&| = 0, 1, 2, 3, or 4. Dynamical
Ti* (“F;M = 0),C(CP; M = 1) 10 (as opposed to quasidegenerate) correlation was obtained by

single and double excitations out of the reference space, while
core orbitals were always kept doubly occupied. To keep our
computations within reasonable limits, the technique of internal
o T/\ T W) contractio§ MRCI was applied; as a result our largest ClI
= Tr--Cs expansion did not exceed the 800 000 CFs.
For purely technical reasons, we were also forced to use the
Ti* (*F; M = 0),CCP; M = 0) 25+ state-average (SAJ° approach. Energy losses due to the SA
applied to these systems do not usually exceed 1 to 2 mhartree,
with a synchronous bond length increase of 0.005 to 0.045 A.
; i . Basis set superposition error (BSSE) estimates, following the
Il bemg th_e first excited state15 kcal/mol above th& 2= usual approae:h I(J)f Boys and Bérna%@ii;re 0.15 and 0.27 kcgll
state (vide infra). o mol at the ground-state equilibrium geometries of Sadd
For almost all states studied in the present work, we report tic+ respectively, indicating the adequacy of our one-electron
total energies, dissociation energi€k) bond distancesrd, bases. Therefore, and for obvious reasons no BSSE corrections
harmonic (»e) and anharmonicdexe) frequencies, Mulliken  \yere applied to our reported results.
charges, and energy gafs)( as well as potential energy curves || of our calculations were performed with the MOLPRO
(PEC). The construction of the latter is dictated by our desire gg 4 progranmt?
for a better understanding of the bonding evolution along the

reaction path. 3. The Atoms

Total energies and resultant atomic energy splittings of Sc
and Ti* at the spherically averaged SCF and CISD level of

For the Sc and Ti atoms, the ANO Gaussian basis setstheory are reported in refs 14 and 11, respectively. Table 2
21s16p9d6f4g of Bauschlictfewere employed, but with the  reports total energies of the grouff state of the C atom and
functions of g angular momentum removed. For the carbon also its®S, 1S, ID — 3P energy splittings at different levels of
atom, the correlation consistent basis set of quadripjeality, theory within the cc-pVQZ basis. Note the very good agreement
i.e., 12s6p3d2flg of Dunnifigwas used. Both sets were between theory and experimenf the atomic energy splittings

It turns out that the ground state is & symmetry, with the

2. Technical Details
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TABLE 3: Total Energies E (hartree), Dissociation Energies
De (kcal/mol), Bond Lengths,re (}3\), Harmonic we and
Anharmonic wex Frequencies (cn1t), and Energy Gaps
Te(kcal/mol) of Thirteen States of the ScC Species at the
MRCI 3MRCI +Q)bLevel of Theory

staté —-E D le We weXe Te
XOII(1) 797.43944 69.8 1.908 709 4.0 0.0
(0.4472) (72.5) (1.92) (686) (3.6)
183(1) 797.42475 61.9 1.968 698 5.6 9.2
(0.4344) (65.4) (1.99) (596) (3.5) (8.1)
25A(1) 797.42199 59.0 2.102 654 4.1 11.0
(0.4270) (60.1) (2.12) (599) (1.6) (12.7)
31ZF(1) 797.41706 58.0 1.809 767 9.5 14.0
(0.4234) (59.3) (1.82) (724) (4.7) (14.9)
4537(1) 797.41590 55.1 2.061 673 4.6 14.8
(0.4221) (56.9) (2.07) (676) (5.3) (15.8)
53A(1) 797.41459 55.5 2.125 623 2.8 15.6
(0.4207) (56.8) (2.13) (609) (2.9) (16.6)
6 1(1) 797.40966 51.1 1.891 711 0.9 18.7
(0.4188) (54.7) (1.89) (753) (6.3) (17.8)
7AQ1) 797.39945 47.0 2.009 606 6.1 25.1
(0.4080) (49.6) (2.02) (591) (4.7) (24.6)
8327(2) 797.39653 44.6 2.107 616 5.2 26.9
(0.4033) (46.1) (2.09) (605) (6.8) (27.6)
913(2) 797.38011 2.002 652 6.7 37.2
(0.3873) (2.00) (663) (7.7) (37.6)
10°I'(1) 797.36895 2.129 44.2
(0.3765) (2.14) (44.4)
11'r@1) 797.36788 42.3 2.139 597 3.3 449
(0.3747) (44.2) (2.15) (590) (3.4) (45.5)
123A(2) 797.36618 23.8 2.099 46.0
(0.3728) (25.8) (2.11) (46.7)

a|nternally contracted MRCE “+Q” refers to the multireference
Davidson correction, ref 16.Numbers in parentheses after the term
symbol indicate the energy ordering, but within the same symmetry
manifold. 4 D with respect to the adiabatic products.
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We can think of the 8I1(1) state as arising from th¥ state
by a spin flip and (adiabatically) correlating to the same atomic
fragments as th& °IT state. At about 4.2 bohr, an avoided
crossing occurs with another (not calculat&d)state, resulting
as in theX 311 state to an M change: M (£2,F1) — (£1,0).
As revealed from Table 4 the binding process is similar to the
X °I1 state and can be adequately described by scheme (Il).
Both states have practically the same internuclear distance; the
19 kcal/mol destabilization of the HI state as compared to
the X state is due to the spin flip in the former.

13837(1), 4527(1), 83=7(2). The first excited state, &=,
lies 9.2 kcal/mol above the X state. The leading equilibrium
CASSCF CFs in conjunction with the equilibrium Mulliken
distributions (Table 4), and the corresponding populations at
infinity, r. (45° 3 372519 2py© 2p(°% 210°) suggest
that the bonding is comprised of two-halbonds and & bond.
Through ther frame about 0.4 eare transferred from the metal
to the carbon atom, while via theskeleton 0.2 e are returning
to the hybrid (4s3d)>20 orbital on the metal. Overall the in
situ C atom carries a charge of 0.25 & vbL picture describing
the bonding can be drawn as follows

(4s3d.2)
N

At the MRCI level, aD. = 61.9 kcal/mol is obtained at =
1.968 A, Table 3.

By breaking thes bond of the 132~ state, the 2>~ state is
obtained. From the two configuration description and the
Mulliken CASSCF populations, two-haif bonds can be clearly

ensuring the adequacy of the carbon basis set. Correspondingjiscerned with 0.60emigrating from S¢ to C via ther frame.

agreement between thedhy!land experimeftfor the S¢ and

Along theo frame about 0.4 eare transferred from C to S¢

Ti™ atoms can be deemed as satisfactory, at least for theresulting in a halts “interaction”. Pictorially, the following vbL

splittings °F, D — %D of Sc" and WF — &'F, &F — b*F of
Ti*,

4. Results and Discussion

In section 4.1 we discuss the St@nd in 4.2 the TiC
molecule. With the exception of the ground states marked X,
in all other states a number in front of the molecular term symbol

scheme can be adopted

indicates the absolute energy ordering of the state with respectat the MRCI level, aD. = 55.1 kcal/mol is calculated with
to the X state; a second number into parenthesis gives therespect to the ground-state productsrat 2.061 A, 0.10 A

ordering of the states within the same symmetry manifold.

4.1. The ScC Molecule. Table 3 lists the pertinent numerical
results of all 13 computed states of the Sa€ation, whereas
Table 4 gives the adiabatic asymptotic descripti@e > |C>,
leading CASSCF equilibrium configurations, and CASSCF
Mulliken atomic populations. Figure 1 depicts MRCI potential
energy curves.

X 3[1I(1), 61(1). At about 5 bohr, theX 311 state suffers an
avoided crossing with anothefll state, resulting at the
equilibrium in a M = £1, 0 combination. The leading
configuration and the Mulliken distributions (Table 4), indicate
that the two atoms are held together By, Ir bonds and a half
o bond; along ther frame,~0.2 e are transferred from C to
Sct, while ~0.5 e are moving in the opposite direction through
theo frame. The bonding is captured nicely by the valence bond
Lewis (vbL) icon, scheme (Il) of the introduction. At the MRCI
(MRCI+Q) level, aDg = De — w2 = 68.8 (71.5) kcal/mol is
predicted, in acceptable agreement with the experimental3alue
Do = 77.0+ 1.4 kcal/mol (see Table 1).

longer than the bond length of the3I~ state.

At 17.7 kcal/mol above the 3=~ the 833 state is located:;
Table 4 gives its lineage and main CASSCF configurational
description. The bonding comprises two-halfbonds and a
“dative” o bond originating from the Sctcation, resulting in
De = 44.6 kcal/mol atr, = 2.107 A, Table 3.

25A(1), 53A(1), 123A(2). The 25A state is well represented
by its Hartree-Fock description, Table 4. The populations at
infinity (r.) 4sh0 3d;72sM9 2p)%* 2p° 27 and atre, in
conjunction with the single configurational description dictate
the following bonding picture:

3d, R
b = o+ it

Three half bonds, twa and ones, hold the two atoms together,
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TABLE 4: Asymptotic Fragments, Leading Equilibrium CASSCF CFs, and Equilibrium CASSCF Mulliken Atomic

Populations of the 13 ScC States Studied

state adiabatic dominant equilibrium CASSCF CFs equilibrium CASSCF Mulliken atomic populations
fragments® Sc C
4s 4p, 4p, 3d, 3d,, 3d, 3d; 25 2p. 2px 2py
X [£2)F1) 08916720 Ink1n2 )¢ 0.10 005 010 036 031 079 173 076 066 1.10
En F — ) . . . . ; 97 072 0.72
’zQ)  |£nF) 0_61|1022c;‘3c’1n‘,1n1y>+o.59]1022521n11n;) 032 003 004 087 026 026 L7909
2°A1)  |£2)0) 0981620 Il 1n} 18" )¢ 0.14 005 006 018 013 013 1.0 178 08 083 083
31y DT 0.89letInlind) 006 002 006 013 073 073 002 178 010 115 115
4T FF)  08(lc 20 d0'InlIn) 0.54|10%20'30' Int i) 061 004 0.08 075 014 0.14 178 080 082 082
3 —
5°A(L) 2D 0.95‘1622011n11n;181_>d 015 004 002 022 014 014 099 175 085 084 084
1 — —
6'TI)  |+2)F1) 0.84‘10220'1n11nj>° 0.10 004 009 041 041 071 002 178 067 056 -1.17
7'A0)  |E£D) 057(16%20 1n?) - 167207 12 )
i Y 0.10 002 006 071 040 040 005 190 1.18 057 0.57
0.81‘ 162 2021n;1ny> ¢
83572 |oyo) 0.76[162267 1} 1) 0.44 003 004 031 047 047 004 191 124 052 052
92 [£1F)"  046(l0” 207 1n}) +]167 2077} ) 0.08 002 006 063 038 038 025 185 105 064 0.64
10°r(1 £3)+1)° 24 17 171 1q1 24 1770 19010
0 [£3)£D ——0.58’16 26 lnxlny16_>+0~34’16 2 lﬁx1“y157> 0.09 003 004 017 025 025 1.0 185 085 073 073
+0.47(16%26"'12218" ) - 16726 1213} ))*
1IL'TQ)  [#£3)+D° 2m 17 177
M =31 0'58‘1" 2o l"xl"*‘ls'> 0.09 003 004 014 027 027 10 184 088 070 0.70
—0.47Q1g220‘1n§173i>—’10220'1nﬁﬁl>)d
12°A2)  [£2)0)  0.60(10°20"30'In?) | 167 26" 30" 1n2)) ¢ 0.68 004 004 045 034 034 012 184 085 065 065

a|Sch; 3D; MIC; 3P; M |Sch; °F; MIC; °P; M ¢ B; symmetry component.A; symmetry component.A,; symmetry component.

Sc'(3d%°F) + C(2s”2p%, °P)

Sc'(4s'3d’, °D) + C(2s%2p%, °P)
% >

—

w'r,n'r

8’y
7'A
3
5°A
5
2.A
1’

E (hartree)

ScC’

' 1 ~ T 1 - 1 - 1 1 1T v 1
3 4 5 6 7 8 9

r, . (bohr)

Figure 1. Potential energy curves of the St8ystem. MRCI level of theory.

giving rise to aDe = 59.0 kcal/mol ande = 2.102 A at the
MRCI level. Note that the 3¢ (or 3d-y?) electron is strictly
localized on St with no participation in the bonding process.
Through ther system~0.3 e are diffused toward the metal
creating the two-halfr bonds, whereas via the system~0.6

e~ are returning to the C atom, essentially filling the empty 2p
function; overall 0.30 & are moving from St to the C atom.

Apart from a spin flip of thed— (or d+) observer electron,
the 53A(1) state is very similar to the previously discussed
2 5A state, as is evidenced from the leading HF configuration,
Table 4. As a result, the binding mechaniddg, re, andwe are
practically the same as those of the/?state, Table 3. However,
it should be mentioned that its PEC suffers an avoided crossing
around 5.5 bohr with the incoming BA state, resulting in an
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M change, so diabatically it correlates to'§D; M = +2) +
CEP; M = 0).
As we approach the equilibrium of the $A(2) state, two

J. Phys. Chem. A, Vol. 104, No. 50, 20001781

TABLE 5: Total Energies E (hartree), Dissociation Energies
D¢ (kcal/mol), Bond Lengths,re (A), Harmonic w. and
Anharmonic wexe Frequencies (cnT?), and Energy GapsTe
(kcal/mol) of Thirteen States of the TiC" Species at the

avoided crossings occur: one, previously mentioned around 5.5\ \rc| (MRCI +Q)Level of Theory

bohr with the 5°A(1) state, and a second one at about 4.7 bohr

with a third (not calculateddA state correlating to Sc(*D; M

= £1) + CCGP; M = =£1). In thex frame, 0.3 € are shifted
from Sc" to C with approximately the same amount of charge
returning to S¢ from C through thes skeleton. Out of the 13

states studied, this is the only one in which no charge transfer 2 +y(1)

is observed from Stto C, the atoms remaining in their
asymptotic charge mode. Within the Aymmetry component
we can draw the following bonding icon

2 o — Séecst
f 113 /\
(4s3d,5) 3dye

The singlexr bond is reflected in the rather weak binding of
23.8 kcal/mol atre = 2.099 A, Table 3. It is worthwhile to
recall the role of symmetry in the descriptive phenomenology
of bonding: In the A component, the corresponding bonding
picture will be

3d

XZ

?

o~
3d

yz

indicating two-halfz bonds.

3 1Z%(1), 91=%(2). Table 4 lists the dominant equilibrium
configurations and asymptotic wave functions. A third, not
calculated at the MRCI levék+(3) state, correlates to SEF;

M = 0)4+C(P; M = 0). An avoided crossing around 4.5 bohr
between the (1) and'="(3) states, transfers the character
of the latter to the equilibrium of the former, so th&3 state
correlates diabatically to SEF; M = 0)+C(EP; M = 0).

In the 3=* state we have the formation of twobonds with
the synchronous migration ef0.3 € from Sc" to the C atom
via thesr system, and a transfer 6f0.2 € through thes system
from C to Sc¢ resulting to a “dative’s bond. The consolidation
of a pure triple bond is succinctly shown in scheme (lll) of the
introduction. As expected, the bond length of this state<

1.809 A, Table 3), is the shortest of all states studied, shorter

by 0.10 A from the groundX 3I1 state. With respect to the
ground-state atoms,@ = 58.0 kcal/mol is obtained; however,
theinternal bond strengthi.e., with respect to S€F) + C(P),

is ~74 kcal/mol.

The bonding situation is rather unclear in théX3 (2) state
due to the multitude of CFs contributing significantly to the
CASSCF wave function. From the dominant CFs, the Mulliken
populations atre (Table 4) and the populations at (3d;*
3, 3, 3dX, 3 V2896 200 2% 2p(*), one can
claim that the two atoms are held together by @and ao bond.
The sz ando frames carry 2x (0.64+ 0.38)= 2.04, and 0.63
+ 0.08+ 0.02+ 1.05= 1.78 € respectively, without counting
the 2s electrons on the C atom. A total transfer of 0.20se
observed from Stto C. The bonding icon is that of scheme
(I) of the introduction with the 4+” sign. Due to technical

staté —-E D le We WeXe Te
X 2Zt(1) 886.13945 86.4 1.696 859 2.7 0.0
(0.1455)  (88.0) (1.70) (847) (4.9)
1201(1) 886.11613 715 1.764 734 8.3 14.6
(0.1222) (72.7) (L.77) (723) (9.0) (14.6)
886.11131 68.5 1.853 731 4.3 17.7
(0.1181) (70.2) (1.86) (722) (5.3) (17.2)
34®(1) 886.11102 68.4 1.864 702 4.0 17.8
(0.1177) (70.0) (1.87) (690) (4.8) (17.4)
429(1) 886.10498 64.9 1.899 678 3.9 21.6
(0.1112) (66.3) (1.90) (671) (3.6) (21.5)
54A(1) 886.10022 61.8 1.911 714 7.2 24.6
(0.1074) (63.7) (1.92) (707) (4.4) (23.9)
62A(1) 886.09246 56.9 1.945 29.5
(0.0992) (58.6) (1.95) (29.1)
7201(2) 886.08656 53.5 1.860 776 6.5 33.2
(0.0930) (55.0) (1.86) (761) (6.7) (32.9)
85A(1) 886.08495 52.2 2.033 635 6.5 34.2
(0.0927) (54.5) (2.04) (628) (8.4) (33.1)
963*+(1) 886.07888 48.7 2.032 649 4.4 38.0
(0.0877) (51.6) (2.04) (634) (4.9) (36.3)
102A(2) 886.07697 47.5 1.803 39.2
(0.0833) (48.9) (1.81) (39.0)
1121(1) 886.07592 46.9 1.960 39.9
(0.0827) (48.2) (1.97) (39.4)
124T1(2) 886.07076 43.7 1.875 693 4.4 43.1
(0.0781) (45.7) (1.88) (684) (7.2) (42.3)

aInternally contracted MRCE “+Q" refers to the multireference
Davidson correction, ref 16.Numbers into parentheses after the term
symbol indicate the ordering according to energy but within the same
symmetry manifoldd D with respect to the adiabatic products.

bohr, Figure 1. At the MRCI level, we estimaté®a= 50 kcal/
mol with respect to St3F) + C@P) andre = 2.002 A.

7 A(1). This state is similar to the 9= state described
above. Table 4 gives the dominant CASSCF CFs in both A
and A symmetries. The bonding is described pictorially either
by Scheme 1 (*” sign) of the introduction (A component) or
by the following vbL icon (A component):

3d

Xz

I

Se
3d),

yz

Clearly, the two bonding descriptions are equivalent (see also
the 123A state), implying ar and az bond (A  component,
scheme (1)), or ar and two equivalent halfr bonds coupled
into a singlet (A component). From Table 3 we read that the
MRCI De and re values are 47.0 kcal/mol, and 2.009 A,
respectively. As expected, both these values are very close to
those of the 9=* state (vide supra).

10 (1), 11 (1). By a spin flip of, for instance, thé.
electron ¢ — o) of the 3T, the T state is obtained. These
two states are degenerate within the accuracy of our methods,
differing by 0.7 (1.1) kcal/mol at the MRCI (MREIQ) level.

At re = 2.139 A, aD. = 42.3 kcal/mol is predicted for thd
state with respect to SEF) + C(CP). In both states about 0.2
e~ are transferred from Scto C. Finally, it should be stated
that technical reasons allowed for only a part of #hestate

reasons, we were unable to compute the MRCI PEC beyond 6PEC to be completed.
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Ti'(4s'3d% a °F) + C(2s2p°, °P)

e —— =

E (hartree)

TiC

-1 r 1 - rr - 1 - 1 1T 1T & 1T * 1T v 1
3 4 5 6 7 8
r. . (bohr)
Figure 2. Potential energy curves of the TiGystem. MRCI level of theory.

TABLE 6: Asymptotic Fragments, Leading Equilibrium CASSCF CFs, and Equilibrium CASSCF Mulliken Atomic
Populations of the 13 TiC" States Studied

state adiabatic dominant equilibrium CASSCF CFs equilibrium CASSCF Mulliken atomic populations
fragments”® Ti C
4s 4p, 4p, 3d, 3d, 3d,, 3d; 28 2p, 2p« 2p,
X2 [t)F1) o 37|162 20‘11:211:2) 0.08 0.6 006 061 098 098 0.04 1.74 054 094 094
+ . 21n?
1701 [+1)0) 0 81|102 26217 12 > b 0.09 008 005 1.0 047 096 014 182 087 057 091
. Ll
2 4H(l) |i 2>|:.1> 0.62(] 1622611n§1nly18‘_>+|102 2611nlln§151+ >)b 0.13 003 004 042 062 062 092 1.76 075 0.84 0.34
34(1) |21 0_63q152 26'In?1x 18" > —|102 26" 17} 1n216" ))b 0.10 0.03 004 038 061 061 1.0 176 074 085 0.85
2, — —
47(1)  |+3)0) 0.61‘1622611ni1n;151_> +0.51|1022o‘1n11nj161+>b 0.10 006 004 037 062 062 1.0 170 078 0.84 0.84
54A(1) |+ HFD ¢ 77|1<5220211:‘ 17 15! >_0 39l102201§1]n1 518" >c 0.13 005 008 105 021 021 1.0 1.8 092 074 074
. LI St . L
2 — —
6°A(L)  |£3)F1) 0.84’1022021n‘x1n3181>° 0.11 009 004 1.0 026 026 1.0 182 095 072 072

7'Q2)  |o)+1)  044le’26’InlIn))+
051{10720" 121} 18- )| 107 20 17, 12375, )P
8°A)  |£2)0)  0.9310°20'30" In 1} 151 )¢ 060 002 002 076 025 025 1.0 179 081 073 0.73
TES

0.10 006 005 053 064 071 074 173 086 069 088

9°5(1)
10°A2) | £1)|

) 09310720 In 115, 15" ) 012 003 002 027 022 022 190 178 082 082 082
: \1m} 18} 18!

1) 08¢/le’Ix}1n 18} )¢

LTy [£3)+1) 0.6]16°26% 1} i, 18" ) +

0.45(16 2071218} ) - [167 207 12218, )
12°12) |+1)0) 0.8416%20'30'1x} 1) 052 0.3 004 078 045 095 0.10 1.75 0.82 058 095

006 004 006 0.19 076 076 1.0 177 016 1.08 1.08

0.09 007 004 086 040 040 10 185 1.10 058 0.8

a|Tit; a*F; MIC; °P; M® B; symmetry component.A; symmetry component.

4.2. The TiC" Molecule. The TiC' results, namely, total X 2X*(1), 1211(1). In the ground state and around 5 bohr, an
energies, dissociation energies, and spectroscopic constants oivoided crossing occurs, transferring the equilibrium character
the 13 examined states, are listed in Table 5, whereas Figure 2of the X state to an M= (0, 0) diabatically correlating state.
shows the corresponding PECs. Table 6 gives, as in" St@ From the data of Table 6 it seems that the bonding can be

asymptotic descriptiongli™>|C>, dominant CASSCF equi- represented by scheme (V) of the introduction, amounting to
librium CFs and CASSCF Mulliken atomic distributions, with two & bonds and a halé bond. Note the high population of
Figure 3 contrasting relative energy levels of the Se@d TiC" the 3@z function (0.61 €), suggesting that the in situ metal is

molecules. in a c® configuration, whereas it is in a ¥&P configuration at
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50
10°T(D), 11 'T(1), 12 °AQ) 12°112)
40+ 9°8°(1), 10 °A2), 11’11
912+(2) 2() 6 (2) (1)
7°1102), 8 °A(1)
—~ 30 6 A1)
g 7'A1), 8’ (2) 5°A()
T 204 1 4’0()
g 6 II(1) 2°ma), 3 ‘o)
:"’ 355, 475 (), 5°A) 1°11(1)
10 1°57(1), 2°A)
0] X TI(1) X2
. +
ScC’ TiC

Figure 3. Relative energy levels of the S¢@nd TiC' states studied.

infinity. We surmise that this character change (due to the sponding equilibrium populations and dominant configurations

avoided crossing), is caused by the participation of thedafP (Table 6, B component), lead to a bonding picture with a 1

(B M=0) = /4/53d 3d,, 3d,0+ v/1/53d2 3d¢_,> 3d,0 127 and a halfo bond,

state, 1.17 eV above the groufféistate’ in complete agreement

with the population distribution. While there is no charge transfer

via thes skeleton, 0.25eare transferred from Tito C through (4s3d)

the o frame. Atr. = 1.696 A, aD. = 86.4 (88.0) kcal/mol is 5 4 _

predicted at the MRCI (MRCHQ) level, orDg = De — wd/2 = °

85.2 (86.7) kcal/mol, in fair agreement with the experimental

value of 93.4+ 5.5 kcal/mol (Table 1, ref. 2a). o
The first excited state of symmetry?I lying 14.6 kcal/mol Through ther frame 0.3 € are transferred from C to Tj while

above the X state suffers an avoided crossing at about 4.5 boh0-5 € return to the C atom via the frame. With respect to

resulting in an interchange of the M quantum number=M  Ti (&F) + CCP), De = 64.9 kcal/mol are = 1.899 A at the

(1, 0)< (0, £1). The bonding (Table 6) is clearly comprised MRCI level.

of :I_l/2 7 bonds and & bond; the vbL icon is given in scheme Two of the Ieading CFs of the m state are the same with

(IV) of the introduction. The bonding situation here is like that those of the £#® state, with the third one being the same as

of the X 2=+ state, but with an edisplacement from the to that of the 1°I1 state (Table 6). Not much can be said about

the o frame. At the MRCI level we obtaiB. = 71.5 kcal/mol the bonding of this state. Again a total transfer of 072ig
andr. = 1.764 A, Table 5. recorded from Ti to the C atom, with &, = 53.5 kcal/mol

2 4TI(1), 34®(1). These are two practically degenerate states andre = 1.860 A.
differing by a mere 0.1 kcal/mol at the MRCI level (or 0.2 kcal/  5%A(1), 62A(1), 102A(2). As can be seen from Table 6, the
mol at the+Q level); the inclusion of the zero-point energy only difference between the fifth and the sixth states is the spin
does not alter the orderingXwe| = 29 cnTl). Observe the multiplicity. The asymptotic CASSCF Mulliken distributions
similarity of the CASSCF atomic populations between the two (4s-° 3y 3d);” 3df,° , 3c;%2s9 2p1° 2p0"°% 21*) coupled
states, Table 6. 32 x (0.62+ 0.84)) and 1& 0.46+ 0.46) with the data of Table 6 indicate, for both the 5th and the 6th
e are distributed in ther and 6 frames, the latter being an  states, the following bonding scenarioi(éomponent):
“observer” electron. For both states the bonding can be described
by the following vbL icon (4" II, “—" ®), suggesting %, 7

o 7 N\
T{ ¢t

13

o, 5. =.T :‘,Cg

o 7N
5. : =i« ci

or two-halfr bonds and a single bond (in the A component

bonds and a halh bond, with a net transfer of 0.2 drom Ti* the 3dy (0-) e is hosted by a 3d 2 (9-) orbital). In essence,
to C. At the MRCI level, thDes andres of the 2°IT and 3*® a spin flip of the 3¢, (or 3d2-,?) e~ leads from the 3A to the
states are 68.5, 68.4 kcal/mol and 1.853, 1.864 A, respectively.g 2A state. The Tf cation loses 0.45ethrough ther system,

420(1), 7211(2). At about 4.5 bohr the 4D state experiences  gaining at the same time0.2 e through theo frame. At the
an avoided crossing with another (unidentifiéd) state. The  MRCI level, the dissociation energies and bond distances are
asymptotic CASSCF populations {4s 3, 3d;” 3d;°,, De = 61.8, 56.9 kcal/mol ander= 1.911, 1.945 A, for A
3725895 2p0%° 2p0° 2p09) in conjunction with the corre-  and 6A states, respectively.
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It is of interest to mention that the? state experiences an

Kerkines and Mauvridis

TABLE 7: Comparison of De (kcal/mol), r (A), e (cm™2),

avoided crossing around 3.30 bohr, i.e., on the repulsive partand Mulliken Charges on the Metal, qu, of the Ground

of its PEC, with the 1A state. The dominant configuration
and the Mulliken populations dictate a triple bond, exactly as
in the 31=* state of ScC, scheme (lll) of the introduction.
Notice the striking similarities between the populations of the
102A and 3!=* states of TiC and ScC, respectively (Tables
4 and 6); the symmetry-carrying electron of the 2/ state
(6+ in A; component) does not participate in the bonding, being
completely localized on the metal. At = 1.803 A, theD, =
47.5 kcal/mol with respect to T(a*F) + C(P).

86A(1), 95=*(1). Due to high spin, the chemistry of both is
captured within a single reference (Hartrdeock) description,
Table 6. The equilibrium Mulliken distributions, for both states,
clearly dictate®, bonds, two halfz, and one halfs; in the A
component, the binding icon for tHeA state is

e+
3d, o s

Approximately 0.5 & are moving through the system from
Cto Ti*, while 0.6 € from Ti* to C through thes frame. From
the 8A state, the=* state is obtained by repositioning the,3d
(3d2) e to ad+ orbital:

34

&

< >
. ~le-

Overall, 0.25 e are transferred from Tito the C atom. Notice

the equality of bond lengths between the two states and a

difference of 3.5 kcal/mol in theiD. values, Table 5.

11 2I'(1). Some technical difficulties prevented us from
calculating a complete PEC, i.e., starting from infinity we were
forced to stop at 3.6 bohr, with, = 3.7 bohr. Comparing the
asymptotic CASSCF distributions

(453> 3 3%,

with the corresponding ones at, no drastic changes are
observed, apart from the usual transfer of the 4¢oethe 3d2
orbital. Taking also into account the dominant configurations,
the following bonding icon can be given {Aymmetry)

3d,
S

3£95/25‘L.96 zp;o 2g0<.52 2@56

States of the Two Series ScZand TiZ*, Z =B, C, N and O
(experimental Dy values in parentheses)

species and state D, v, , qu
binding mode
si.opes X'E 44.9 2.160 513 +1.08
séoed’  X°n 69.8 1.908 709 +1.30
(77.0)°
scaoN T X 84.2 1.738 871 +1.49
st X!zt 1460 1651 1134 +1.28
N .
(164.6)
‘Tiepst  X°A 47.6 2.102 519 +1.0
Ty D &4 86.4 1.696 859 +1.23
~ (93.4)°
o N X' 1107 1586 1045 +1.43
o~ 119.7)"
‘T tor A
NS .
(158.6)"

aReference 142 Present work® Reference 2& References 1 and
17; see also ref 18.References 1 and 19Reference 2(¢ Reference
11. " Reference 21. Assumed by the present authors; the singlee
Ti is of - symmetry and the in situ Ti atom is assumed to be in its
b*F state.

same point, abrupt changes are observed in the population
distributions as compared with the asymptotic ones

(450380 3d)>0 3>, 3k >Y25-° 200 % 21 21,9
0%3%%r.) — 03°(r = 4.5 bohn)— 63*°(r,)
d>r.) — d2?°(r = 4.5 bohr)— d-*°(r)
d2*9r ) — d2%°(r = 4.5 bohr)— d>"8(r)

At equilibrium we can discern the formation of/4x bonds
and one haltr bond, with a total transfer of 0.13 drom Ti*
to C. The predicted®, andre are 43.7 kcal/mol and 1.875 A at
the MRCI level.

5. Synopsis and Remarks

With the purpose of obtaining reliable structural parameters
and bonding insights, we have investigated the diatomic carbide
cations Sc€ and TiC" via multireference Cl valence techniques
(CASSCF-1+2) coupled with quantitative basis sets. We report
total energieste, De, we, weXe, Te and potential energy curves
for 13 ScC and 13 TiC states. As far as we know these are
the first theoretical results on these molecular ions to be reported
in the literature. Our main findings are summarized as follows.

All 26 states are bound with respect to the ground-state atoms,

12411(2). This is the last state discussed in the present report, Sct(3D), Tit(a*F) + C(P), with binding energies ranging from
located 43 kcal/mol above the X state. The irregularity shown 86.4 kcal/mol X Z=* (TiC*), to 23.8 kcal/mol, 12A(2) (ScCh).
in the PEC around 4.5 bohr (Figure 2) could be caused by its Figure 3 compares the relative energy levels of both'Saad
interaction with the previously discussedId(1) state. At the TiC™ species. Note that certain states are degenerate within the
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