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The structures and energies of the binary dititanium dicarbid€y;Tin the lowest singlet, triplet, and quintet
states have been investigated by density functional theory using the hybrid B3LYP functionals. Geometries
and frequencies for a number of isomeric structures are presented at the B3LYP level. A rhombic structure
with a transannular €C bond ¥I1) is found to be the global TC, minimum. The other four-membered
planar ring structuresll andVIIl ) derived from the two-fold addition of carbon to the-TTi or the Ti—C

bond of the cyclic C;,) Ti,C are characterized as higher energy local minima. A linear structumsith
terminal titanium atoms is found to be a higher energy minimum in its singlet, triplet, and quintet potential
energy surfaces (PES) and has a bonding characteristic of a cumulene-like valence structure. Besides, a unique
nonplanaiCs, structure, which has not been obtained in the isovalence electrofige®id SiG systems, has

been identified as a minimum. Cyclic structures are energetically favored over the linear structures. A
comparison with the tetra-atomic group IVA silicenarbon clusters is given, where appropriate.

1. Introduction cluster with the same composition as in the metcars, revealed a
planar pentagonal ring structure with a kiase that was found

to be stabilized by € bonding involving charge transfer from

Ti to C. Hence, in order to establish whether the existence of
undissociated gunits is unique of the metal clusters having a
composition of metcars, we have investigated th&€F cluster
whose metal to carbon composition is the same as that of the
bulk TiC. The present paper will therefore, deal with the lowest-
energy structures of the various,Tp isomers, and where
appropriate, comparison will be given with the analogous well-
studied group IVA clusters (£ Siy, SiG;, ShCy, SisC), which

Especially stable metalcarbon clusters having the stoichi-
ometry MsCi» have recently been reported by Castleman and
co-workers for the metals titanium, vanadium, hafnium, niobium,
and zirconiumi~14 as well as for several metal mixturés.
Duncan and co-worketshave reported metalcarbon clusters
of the same special 8/12 stoichiometry in mass distributions of
iron, chromium, and molybdenum. Castleman and co-workers
have proposed a pentagonal dodecahedron structureTwith
symmetry for the MC;» cluster, which is consistent with the
results of saturation chemisorption studiasd ion chromatog-
raphy experimentt However, theoretical calculations indicate POSSESS the same number of valence electrons agla Buch
that other structured§ or Dq symmetry) slightly distorted from & comparison is worthwhile to identify the impact of the
the Ty, cage are more likely’-3! and these structures are also fundamental differences betweetpksand gd? configurations.
supported by chemisorption experimefsin spite of the The tetra-atomic 15-va|en<;e-electrom$howsgshght prefer-
intensive research on the metcars, the structure and bonding offNCe for the rhombic over linear structdfelhe linear structure
these unique clusters are still not well understood. A systematic for Ca has been detected in the infrafayhile the correspond-
and thorough experimental and theoretical investigation on the iNg cyclic structure has always eluded detection. Nevertheless,
detailed structure and bonding of the small titanium carbide Coulomb explosiof? and electron photodetachmé&hexperi-
clusters, TiCy may provide this information and may lead to Ments definitely suggest the existence of a rhomhigsGmer.
valuable insight into the growth and formation of metcars. In Martin et al*!in their ab initio work on the vibrational spectra
line with this perspective, Wang et@Istudied the vibrationally ~ Of carbon clusters, suggested that an unassigned absorption at
resolved photoelectron spectral study of T{€= 2—5) clusters 1284 cnT* belongs to cyclic G On the whole, for ¢ clusters
and reported their adiabatic affinities and ground state vibrational linear and monocyclic singlet ring structures are competitive.
frequencies. Our studies on TiQx = 2—4) at CASSCP4:35 In contrast, the related 16e,Sirongly favors a rhombic forf?
MRCI,34 and DFPB43 |evels established their ground state The tetra-atomic mixed carbersilicon clusters Sigand S;C,
geometry to be a ring-type structure with the coordination of have been shown theoreticdfty*to have a rhombic minimum
titanium to all the carbons of the cluster. TheBoiety bents ~ incorporating a transannular< bond. The only work, to our
slightly away from its most favorable linear configuration and knowledge, on TiC, corresponds to the density functional study
leads to stable strained rings via-TC bonds. These clusters  of Reddy and Khanrf@using the local density approximations
indeed represent systems containing a higher proportion of (LDA). They employed pseudopotentials to replace the deep
carbon to metal as compared to the bulk TiC fcc phase (M:C cores and their basis set consists of 5s, 2p, and 4d Gaussians
= 1:1) or the metcars (M:G= 1:1.5). The bulk TiC phase is  for Ti and 5s and 4p Gaussians for C. Indeed, in this study,
marked by strong covalent (partially ionic) bonds between the Reddy and Khanna optimized the geometry by assuming a C
transition metal and carbon atoms; there is practically no and Tk moiety perpendicular to each other and by varying the
bonding between either transition metals or carbon atoms, andC—C and Ti—Ti distances and the separation between their
therefore this phase is stabilized by TiC bonds. On the other centers to minimize the energy. They found a nearly square
hand, our investigatiod&on the TCs cluster, a prototypical configuration ground state with no bonding between the C atoms
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as in bulk TiC. However, relevant to this study, no other
structures were reported by the authors. Furthermore, it is
worthwhile to mention that the metcar formation occurs at
plasma temperature and, consequently, it could involve higher
energy isomers of }C, as intermediates in cluster growth
besides the thermochemically most stable global minimum. As
a first step toward understanding, it is therefore essential to
identify and characterize the different isomers ofChi Hence,

the objective of the present study is to provide a comprehensive
and detailed survey of the potential energy hypersurface of the
binary TiC, cluster.

2. Computational Details

The DFT method was employed for determining the various
stationary points on the multidimensionapT} potential energy
surface. The exchange functional in the hybrid B3LYP method
is composed of three terms, including the HartrEeck
exchange functional. The correlation functional is that of Lee,
Yang, and Parf’ MULLIKEN “8 has been used for the B3LYP
optimizations. It is worthwhile to mention that the implementa-
tion of B3LYP in the commonly used quantum chemical
packages like GAUSSIAN9%, TURBOMOLE > and MUL-
LIKEN is different. Hertwig and Kock have traced this
discrepancy between the former two packages to the two
different formulations of the VWN local correlation functional.
They have also shown that the differences are rather small for
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titanium (34<) and carbon (22p?) corresponds respectively

to the®F and®P state. The calculatiorfconfirm that the ground
state of TiC is the’=" state. Our calculatiod$on TiC, and
Ti,C establish a triplet ground state with a cydlig, structure.
Hence the resultant 3T, could have any of the multiplicities
ranging from a singlet to a quintet. Hence, geometry optimiza-
tions have been performed for the various electronic states at

structural parameters and zero point energies. In the programthe B3LYP level, starting from different nuclear arrangements

MULLIKEN, a slightly modified version of the B3LYP
functional is implemented wherein the local correlation func-
tional of VWN?®? is replaced by the functional from Perdew et
al 33 Except for the GAUSSIAN, the other two packages allow
only for the numerical estimation of force constants and thereby
frequencies. Hence, in our study, various initial structures were
chosen and a complete geometry optimization within a given
symmetry group was then carried out in their singlet, triplet,
and quintet multiplicities using the quantum chemical package
MULLIKEN until a structure corresponding to a stationary point
was found. All such stationary points were further reoptimized

that included linearl( 11), planar three-membered cycliil(,
IV), planar four-membered cyclicv( VI, VII, VIII'), and
nonplanar tetrahedralX) geometries.

Being isovalent with TiG, which is found to have a ring
structure (“fan”), and containing asGubmolecule with double
bonds, it is likely furthermore that the ground state could be a
strained ring. Also TiC, could be visualized as the addition
product of Ti to TiG, which is predicte# to have a cyclicC,,
structure with tangling bonds on titanium (see Scheme 1) as
the ground state geometry. The 2-fold addition of Ti to either
one of the T-C bonds or the €C bond of the cyclic TiG

and tested with respect to their character by a vibrational analysiscluster leads to the planar four-membered rhombodidl § and

checking for possible imaginary frequencies using the GAUSS-
IAN94 series of program. We present here the energies and
frequencies as obtained from the GAUSSIAN94 program.
Altogether a total of nine stationary points have been studied.
The titanium basis set was a (14s,11p,6d,3f/8s,6p,4d,1f)
formed from Wachter® (14s,9p,5d) basis set with the addition
of Hay's"® diffuse 3d function. The f Slater type function (STF)
exponent was taken from Bauschlicher €taind the Gaussian
type function (GTF) exponents were derived by using Stewart’s

rhombic /1) isomers (with a transannular<C bond). Similar
2-fold addition of C to the T-Ti or the Ti—C bond of the cyclic
TioC cluster results in rhombid/l ) (with a transannular F

Ti bond) and rhomboidaMlll ) isomers. Besides, 1T, could

also result from the 1-fold addition of either atomic carbon to
TioC (IV) or of titanium to TiG (Il ) (see Scheme 1). In addition

to these planar cyclic isomers, a nonplanar tetrahedral isomer,
viz., IX, has also been considered for geometry optimizations.

The equilibrium geometries obtained for the Qi isomers

contraction fits” For carbon, the standard DZP (9s,5p,1d/ gre given in Figures 1 and 2. Bond lengths are given in

4s,2p,1d) basis set was used. The favored geometries at the\ngstroms and bond angles in degrees. The numbers inside the
B3LYP level for TiC, have then been examined at the parentheses and square parentheses correspond respectively to
multiconfiguration level CASSCF (14 electrons in 13 orbitals) the singlet and quintet state geometries. Most of these isomers
with the sole purpose to understand the orbital picture. However, aye geometries that allow for multiple carbesarbon bonding,
no attempt has been made to either optimize the geometry atgg we expect them to be energetically favored due to the
the CASSCF level or to estimate the single point energies of ,g|ative strength of €C bonds as compared to the-T¢ and
the various structures, since a full valence space calculationTi—Tj ponds. Tables 1 and 2 give the harmonic vibrational
corresponds to 16 electrons and 20 orbitals, which is beyo”dfrequencies for the isomers of ;0,. The absolute energy of
ourresources. MOLPRO-%has been employed for CASSCF || the structures in various electronic states ofCgiis also
calculations. tabulated in Tables 1 and 2 along with the expectation value
for the (FOoperator, which gives a measure of the extent of
spin contamination. The relative energy of the various isomers
The ground state of dititanium dicarbide can be formed from is shown in Figure 3.
the addition of two TiC molecules or by the addition of C to The unique nonplanar structuidé has been optimized using
Ti».C or by the addition of Ti to Tig The ground state of different functionals and basis sets in order to test its stability.

3. Results and Discussion
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[1.668] TABLE 1: Absolute Energies in Hartrees, Frequencies in

[1.845]

(1748) (1.635) cm~1, Zero Point Energy (ZPE) in kcal/mol, and the
1756 1658 Expectation Value of the S? Operator for the Various
@* @ % *@ % @ 3.101 @ % Isomers of the TiC, Cluster
(11:333) ([33,323559;)] species absolute energy (ZPE) frequencies 0
[1.323] I Is -1774.830281(5.096) 123.1, 123.1, 338.5, 338.9).0
I 360.8, 885.6, 1395.2
[2.021] It -1774.855348(5.033) 106.9, 107.0, 332.6, 332.&.0
357.2,906.7,1377.4
Iq -1774.856934(4.821) 73.7, 78.9, 243.6, 293.9, 6.05

320.6, 799.4, 1562.2
135.8i, 135.8i, 93.6, 93.6,0.0
116.7, 953.6, 957.7

lls  -1774.703284(3.167)

It -1774.735554(3.358) 63.0, 63.0, 84.0,84.0, 2.0
I 6 140.9, 956.4, 958.1
Sren) llg  -1774.683736(2.809) 116.7i, 116.7i, 72.7i, 72.7i6.001
v 87.1,921.9, 956.4
11t -1774.867347(4.302) 43.7i,51.4,152.7, 465.6, 2.073
Figure 1. Optimized geometries for the singlet, triplet, and quintet 614.0, 1725.2
isomers of the linear and three-membered ring isomers AL, Et the Vs -1774.907573(4.689) 166.8i, 94.6, 382.8, 415.70.0
B3LYP level of theory. 543.6, 1843.7
IVt -1774.882354(4.568) 147.5i, 256.9, 273.9, 382.2,003
(1.272] 484.8,1796.8
/\Eiigg Vg -1774.838949(4.450) 67.5i,160.7, 178.1, 446.26.012
.C o8 611.6,1716.2
5 ) Vs -1774.904958(4.699) 464.7i, 160.6i, 416.4, 42580
vl 590.2, 1855.2,
47:4) a51s) Vit -1774.900786(4.226) 488.3i, 145.0i, 217.5, 5148260
tal (Lot 523.7,1700.4
gua Vi Vvq -1774.929076(4.389) 303.2i, 104.8i, 190.9, 51420
v 529.7,1835.5

[2.093] L3

(2.052)
2.116

[1.292]
(1.299) 1309
1.295

(To8h) TABLE 2: Absolute Energies in Hartrees, Frequencies in
cm~1, Zero Point Energy (ZPE) in kcal/mol, and the
Expectation Value of the S* Operator for the Various

Isomers of the TLC, Cluster

2323

(21560)

(3.678]

/ 2001 210
2.035) i

(2008] 1191 G, species  absolute energy (ZPE) frequencies  [®0
X Vis -1774.936282(4.309) 157.1, 338.4,360.0, 0.0
v 543.2,696.2, 919.6,
Figure 2. Optimized geometries for the singlet, triplet, and quintet VIt -1774.907427(4.327) 103.5,342.1,411.6, 2.0
isomers of the ring structures of;0, at the B3LYP level of theory. 581.6, 668.5, 919.1
Viq -1774.950594(5.067) 138.2, 310.3, 360.1, 6.01

The optimized geometrical parameters obtained by the various

. A 702.9, 784.7,1248.5
methods are tabulated in Table 3. The binding energy of the g

-1774.936282(5.062) 193.2,438.7,461.9, 0.0

cluster with respect to various dissociation limits viz., 2i

2C, Tip + Cy, TioC + C, and TiG + C is given in Table 4. Vit
3.1. Linear Structures. The lowest energy linear isomer of

Ti»C, corresponds to the nuclear arrangement containing two Vilg

-1774.866647(4.521)

-1774.857665(2.607)

730.2, 832.0, 885.0
229.9i,398.2,521.7, 2.0
596.5,817.3, 829.5
276.9i, 528.9i, 892.3i,6.01
360.1, 731.8, 731.8

terminal titanium atoms. The quintet electronic configuration, s
Iq, is favored over the triplet, which in turn is favored over the
singlet via Hund’s rules, and it displays strong-C amd Ti—

C bonding, as expected for a cumulene-like valence structure

-1774.938794(5.578) 287.3,321.5,436.6, 0.0
528.7, 664.0, 1663.5
161.7, 324.2, 403.9, 2.016

483.9,533.7, 1633.1

Vit -1774.936559(5.062)

in which the titaniums participate in multiple bonding. TheC ~ Vllla -1774.913023(5.259) 159013-91’ 353782-31v 3186333’7 6.002
C bond length (1.323 A) is intermediate between that of a IXs -1774.914979(4.878) 256.&3,‘442..1,'485.1: 0.0

normal C—C double bond (1.337 A in ethylene) and a normal 627.4, 697.7, 903.7

triple bond (1.204 A in acetylene). The~€C bond length is IXt -1774.913757(4.276)  248.1i, 326.5i, 319.1, 2.027
found to be larger than the ones found in (@.288, 1.300 A) 333.5,435.5, 1576.9

by Bernholdt et af® and the G-C bond lengths as foufgifor IXq -1774.925983(4.577) 231199%: ?ﬁ;lg 311569212 6.027
tSIC?S (1.298, 1.307 A). The €Ti bond length of 1.845 A_|s TCEs)  -887.343545 9996 " ' ’0
ypical of a TE=C double bond. The geometry of the quintet Ti,CCBy) -1736.838854 5310 774.9 802.4 5001
structure differs much from that of the singlet and triplet with  1ic,38,)  -925.490288 576.5,1060.9, 1646.9 2.0

respect to the €Ti bond length (0.103 and 0.109 A, respec-

tively). In contrast to @whose most stable ground state structure units of the density matrix to obtain the charges on different
corresponds to this linear isomer, in,Tp, the cyclic isomer centers. The Ti(0.679e)C(-0.679e) bonds are slightly ionic due
VIqg is the most favored geometry (see Figure 3). The isomer to the charge transfer from the metal to the carbon. The natural
Iq lies 58.5 kcal/mol above the cyclic structukdg and is a electronic configuration of Ti is #913c%-3%4 %%, while that of
stable minimum in all three potential energy surfaces. In the C is 2831233302

case of triplet and quintet states the spin densities are located The linear isomer with internal Ti atoms, (2,B) lies well

on the terminal titanium atoms. A natural population analysis abovelq and the most stable isomeYi€ ), due to the weaker
has been performed in terms of localized electron-pair bonding Ti—Ti bond as compared to the<C bond. The T+Ti, Ti—C,
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Figure 3. Plot of the relative energies (kcal/mol) of the various isomers
in different electronic states of the ;0 cluster.

TABLE 3: DFT Optimized Bond Lengths in A of the
Nonplanar Isomer IXs in Its Singlet State Using Different
Functionals

functionals GC C-Ti Ti—Ti
B3LYP 1.597 1.880 2.569
BVWN 1.624 1.905 2.614
SVWN 1.575 1.864 2.534
BP86 1611 1.887 2.574
SVWN5 1.576 1.863 2.535
HF 1.251 2.331 2.861
B3LYP/3-21G 1.915 1.871 2.533
B3LYP/6-31G** 1.805 1.884 2.545

TABLE 4: Calculated Binding Energies of the Ti,C, Cluster

in kcal/mol

product limits

binding energy

2Ti + 2C— Ti,C, 328.78
Tiz + Cz - TizCz 232.43
2TIC— Ti,C, 163.14
TiC, + C—Ti G, 65.97

and C-C bond strengths in the diatomic molecileare
respectively 33.8+ 5, 104 + 6, and 145+ 5 kcal/mol.
Curiously,llt shows a significantly large FiTi (3.101 A) bond
distance and can be visualized as the addition of two TiC
molecules through the titanium atoms. The-T distance in

Il is close to that of the isolated TiC molecule. The harmonic
vibrational analysis ofis andllq reveals it to be a higher order
saddle point, while the triplet state is characterized to be a
minimum. However, it has four low magnitude vibrations (less
than 85 cn1?l), indicating a loose structure.

The other conceivable linear structures are those with the
titanium atoms in the 1,2- and 1,3-positions. We have not
attempted to optimize the latter two structures since our
experience in iC and TiG suggests that linear isomers with

alternating titanium and carbon atoms are unstable. We had
problems of SCF convergence for the 1,2-isomer, and hence

we are unsuccessful in optimizing this isomer in any of the
electronic states.

3.2. Three-Membered Ring Structures: Il and IV.
Isomerslll and IV can be viewed as the result of a 1-fold
addition of a titanium or a carbon atom, respectively, to the
predicted stable structure of Ti€& and TbC .62 These isomers,
respectively, with exocyclic FiTi and C-C bonds have been
identified as first-order saddle points from the diagonalization

Sumathi and Hendrickx

of their Hessian matrix. Analysis of the eigenvectors corre-
sponding to the negative eigenvalue of the force constant matrix
suggests isomet$l andIV to be transition structures for the
degenerate rearrangemenibl . A similar behavior has been
observed for the analogous three-membered ring structures of
SiCs*® and SpCy* clusters. This observation in combination
with our earlier observatiéh36of unstable three-membered ring
structures in Ti@ and TpCs systems implies that the 1-fold
addition of either carbon or titanium leads to thermodynamically
unfavorable products. The SCF convergence problems were
encountered while optimizing the isomkr in its singlet and
quintet states, and all our attempts to optimize its geometry on
these two surfaces are proved futile. In spite of being saddle
points, we have tabulated the harmonic frequencies and relative
energies in Table 3 for the sake of completion. From Figure 3
it can be deduced that both these three-membered ring structures
are energetically disposed above the most stable isovher,

3.3. Four-Membered Ring Structures: V-VIIIl. In search-
ing for other low lying isomers of BC,, one should expect
that the presence of strong carbesarbon bonds is favorable
over the presence of weaker—-IC and TiTi bonds. Since
inverted tricoordinated carbon and X (B, Be, Si, Ti) atoms are
well documente#h43446%or rhombic GBe, GBH, C3Si, GTi,
and GSiy, it is conceivable to have three four-membered cyclic
structures, respectively, with two inverted carbon atolis,(
with two inverted titanium atoms\l ), and with an inverted
carbon and a titanium\(Il ). Besides these nuclear arrange-
ments, it is possible to envisage a trapezoidal structuteat
could result from an in-plane 2 2 cycloaddition of T4 and
C, molecules. All these four probable cyclic planar structures
have been considered for optimization in their lowest singlet,
triplet, and quintet states.

3.3.1. Rhombic Dicarbide: VI. Of the three four-membered
cyclic isomers, isomeWI| with a transannular €C bond is
more stable compared t6ll due to the obvious reason that
the latter is stabilized only by a much weaker—T bond.
StructureVIll with a transannular FC bond lies energetically
between the other two rhombic isomers, vid.,andVIl (Figure
3). The transannular €C bond distance ivIq (1.401 A) is
indicative of a significant €C interaction, which is decreasing
from quintet (1.401 A) to triplet (1.516 A) and singlet (1.518
A). The transannular €C bond distance in the similar rhombic
isomers of TiG,3® SiCg,*3 and SpC,* clusters are respectively
1.440, 1.441, and 1.425 A. The vibrational analysis\6f
characterizes it to be a minimum on the singlet, triplet, and
quintet potential energy surfaces. The corresponding rhombic
dicarbide isomer has also been calculated to be the global
minimum on SjCy** and SiG*? potential energy surfaces. The
attack of a titanium atom on the- bond of TiG leaves the
multiply bonded carbons intact and thereby contributes to its
stability. The Ti-C bond distances show appreciable variations
ranging from 1.888 to 1.971 A, and their Mulliken bond order
varies from 1.40 to 1.14. The atomic charge on Ti and C as
calculated by NBO analysis equals 0.695e an@.695e,
respectively. The natural electron configuration of C is calcu-
lated to be 25*®p3183902 and that of Ti is 4382347402
These findings imply a fairly high amount of ionic character
present in the FHC bonds, a conclusion that has been seen to
be true for all the isomers.

The nature of the bonding in this isomer can be understood
from the analysis of the CASSCF molecular orbitals. The
electronic configuration of the singlet state corresponds to 9
&AL BI% 3% 3% 115 2105, with a core electron configuration
of 68315 515,205 205 215 . The valence orbitals ofl andVII
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The 8g and 4k, orbitals depict the symmetry-adapted
combinations of the carbon lone pairs. While thearbital
corresponds to the in-plarre bond between the carbons, the
3by, corresponds to theg orbital of the G moiety. As can be
seen from Figure 4, the 3borbital is delocalized over all four
atoms, and the metal atoms exert a bonding interaction with
the carbonz cloud via the ¢, orbitals. With respect to metals,
the 3k, orbitals represents a interaction. It is worthwhile to
compare the corresponding orbitals of &d S;C,. In Cy, the
mwp orbital (MO 11, b, of ref 63) displays four-center (aromatic)
ot bonding and therefore the transannular carbons interaction
was also found to ber bond deficient. However, in 8L, a
directr overlap (MO 17 of ref 44) has been reported, leading
to enhanced €C bonding in SiC; owing to the larger
polarizability of silicon. Thus, in contrast to théps systems,
the transannular carbons of,Th are strongly bound via the
C—C bonding orbitals 7 6by,, and 3h,.

In the doubly occupied 3§ orbital, thesz* orbital of C;
exhibits a bonding interaction with theytrbitals of metals. It
could be viewed as a metal to ligand back-bonding-gd
bonding) orbital. Since the* orbital of the G ligand is vacant,
the 3hg orbital in fact portrays the charge transfer from the

=0.203_ 6by, metal to the ligand and is unique for th&isconfiguration. In
the quintet state, the configuration of the unpaired electrons
equals 9g7lj, 105 14, All these four orbitals have predomi-
nant metal lone pair character.

To summarize, the carbon atoms are sp hybridized and the
C; ligand orbitals inVI are 7g (o), 8 (lone pair), 4k, (lone
pair), 6k, (71), 3byy (70), and 3kg (7*) and are doubly occupied.
The fact that the lone pair orbitals of the isolatedate doubly
occupied in TiC, suggests that it has acquired two electrons
from the metal. The metal atoms exert bonding interactions with
the ligands (3byy) andz* (3byg) orbitals, respectively, via the
dy; and dy orbitals.

3.3.2. Rhombic Dititanide: VII. The isomerVIl with
inverted titanium atoms is the predicted structure ofCFiby
Reddy and Khann Our calculations reveal it to be energeti-
cally ~8.97 kcal/mol above the global minimuivlqg, and lies
energetically above the isom¥tll . It is quite perceivable due
to the existence of a€C bond in isomeWIll . The peripheral
Ti—C bond lengths vary from 1.837 to 1.898 A in different

0.457 4p,, electronic states. Thus, the peripheratT bonds are stronger
than those of the rhombic dicarbide isomer (1.888971 A)
(VI). The cross ring FTi distance is of the range 2.628
2.724 A, and the Mulliken overlap population between the
titanium atoms in the singlet state equals 1.154. This isomer
has been identified as a minimum on its singlet surface.

Analysis of the CASSCF molecular orbital framework gives
a clear picture of the bonding propertiesMil s than the bond
g distances. The ground singlet state configuration corresponds
to 85505 615, 305 307, 15, 215, with the same core electron
Figure 4. Highest occupied MO's for (a) rhombic dicarbide and (p) Cconfiguration as in isomew!I. The carbon atoms remain
rhombic dititanide isomers of TC,. unhybridized. The valence farbital corresponds to the carbon
2s orbitals, and it has a very minor contribution from titanium
are shown in Figure 4. The carbon atoms are placed on theatoms. The 8aorbital shows a T+Ti ¢ bond, but it has an
x-axis, while the titanium atoms are on tr@xis. The 7gorbital appreciable overlap with the carbon p orbitals. This orbital
undoubtedly portrays the-8C ¢ bond character. It is appropriate  suggests the concentration of the electron density in the center
to mention that in 82 and S}C,** such ao bond has not been  of the ring rather than in the periphery. Thesdorbital is a
observed. Lammertsma reported a nonbondingodyond- lone pair orbital on carbon and corresponds to the symmetry
deficient character between the transannular nearby carbons otounterpart of 7@ The 5k orbital depicts a T+Ti & bond
C, (HOMO orbital 12, g in ref 63) and the electron density  formed via the ¢, orbitals of titaniums with a strong bonding
was mainly located outside the molecule. A simitadeficient interaction with the porbitals of the carbon atoms. It represents
bonding has been observed fop&i (HOMO orbital 20, gin a four-centere two-electron (4@e) orbital wherein the two
ref 44) too. carbons are bonded to tecloud of the Ty moiety. The 6k,

a

20.128 9a,

-0.149 1b2g

-0.233 3b1g -0.185 3by,

-0.286 3b,
u

-0.286 6b,, <0213 3b,,

0410 4p,

u

0.674 75,
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orbital has predominantly a carbon character but with a strong carbon-carbon bonding. We have also performed DFT calcula-

bonding interaction with the,gorbital of titaniums. The 3y
orbital is the symmetry counterpart of fb Though thepy

tions with various functionals using the larger basis set. We
found larger variations in the geometry with various functionals

orbitals of the carbon are in an opposite phase, they are exerting(Table 3), the G&-C bond length varies from 1.575 to 1.624 A,

a strong bonding interaction with the symmetry approprigje d
orbital of Ti. With respect to the metal part, the;glorbital is
asr* orbital and between Ti and C it corresponds te londing.
In the 3k, orbital, the p orbitals of the carbon atoms interact
with the sz of the Tk, moiety, and thereby it gives rise to a
4c—2e s orbital. The 1by orbital is a very covalent bond
between Ti and C. With respect toTit corresponds to &
interaction via the g orbitals of titanium, and between Ti and
C it corresponds to a overlap.

On the whole, we could identify (8ay), 7 (5bsy), 770 (3byy),
and o (1lbyg) bonds in the Ti moiety. The strong interaction

and the C-Ti bond length varies from 1.863 to 1.905 A. Also,
the spin contamination for the triplet and quintet state geometries
(refer Table 2) are appreciable and it thereby obfuscates the
conclusion regarding its relative stability. Furthermore, numeri-
cally estimated second derivative matrices using the MUL-
LIKEN program suggest it to be a minimum on all three
surfaces. However, the analytical derivatives (Table 2) have two
imaginary frequencies for the triplet multiplicity. All these
calculations demonstrate the sensitivity of this nonplanar
minimum to the level of characterization and it demands a
multireference study with an extended basis set. Unfortunately,

between the metal and the carbon qualitatively suggests thefor the time being an appropriate multireference study (CAS-

covalent nature of the isom&fll as in the bulk fcc TiC and
explains the multiple bonding between Ti and C. Owing to the

(16,20)) is beyond our computational resources. In view of its
unigue nature, this nonplanar structure in other tetraatomic

strong interaction between the metal and the carbon orbitals, clusters deserves a further study by its own. However, the CAS-

we expect isome¥Il to be more covalent thavil .
3.3.3. Rhomboidal TpCy: VIII. Optimization of the rhombic

structure with both an inverted carbon and a titanium leads to

rhomboidal geometry with a transannular=G bond. This

isomer may be viewed as a side on complex of Ti to one of the

Ti—C bonds of TiG (Scheme 1). This isomer is found to be a
minimum in all three investigated states of different multiplici-
ties, and the energy difference between the singlet and triple
states is very small. The transannularT distance in the triplet
state is 2.116 A and is therefore suggestive of significariCTi
bonding across the ring. The Mulliken bond order for the
peripheral T+-C bonds inVIIit are 1.39 and 1.18, while the
transannular FC bond order is 0.63. Corresponding rhom-
boidal structure with inverted silicon and carbon has been

predicted to be the second best structure in the case of the grou;Sj

IVA clusters, GSi; and SiG. The natural population analysis

yields a charge distribution as follows; 0.676e and 0.449e on

titaniums and—0.439e and-0.686e on carbons.
3.4. Nonplanar Structure: IX. In addition to these planar

(6,12) calculation has revealed that it involves the contribution
(squared weighic;?| of the ground state configuration amounting
to 0.717. Hence, extensive multireference calculations are
needed to fully characterize this isomer and to establish its
relative stability.

3.5. Trapezoidal Titanium Dicarbide: V. Trapezoidal
orientation of the four atoms leads to a second-order saddle point

tgeometry in singlet, triplet, and quintet state PESs. The

geometrical parameters are presented here for the sake of
comparison, and we will not discuss its bonding characteristics.
Singlet trapezoid/s with triply bonded carbons (1.286 A) has
two imaginary frequencies, viz., 464.7i chof the kp symmetry,
indicating an in-plane deformation to the rhomboidal structure
Vllls, and 160.6i cm! of the a frequency, suggesting a
istortion to nonplanarity. The triplet trapezot also has
similar normal modes with imaginary frequencies. The imagi-
nary b2 frequency of 488.i cm indicates an in-plane deforma-
tion. As can be seen from Figure 2, the-C and C-Ti bond
distances are very much the same in all three electronic states.
However, the T+Ti distance shows appreciable deviations

four-membered ring structures, we also have investigated a(2.114-2.868 A) with the spin multiplicity of the state.

nonplanar structurkX with maximum bond valencies on carbon
and titanium atoms. Optimization leads to a stable minimum

on singlet and quintet states and is energetically more stable in

its quintet state (see Figure 3). The-C bond distance of 1.309

and 1.310 A in the triplet and quintet states suggests a multiply

bonded G moiety. The calculated Mulliken bond orders in the

triplet and quintet states are respectively 1.72 and 1.73.

However, on the singlet surface the—C bond has been

elongated (1.589 A with a bond order of 0.73) with a consequent

shortening and strengthening of the-T¢ bonds (1.880 A with
a bond order of 1.40). The FiTi bond distance of 2.323 A in

the triplet state suggests multiply bonded titaniums. Such a

nonplanar structure has not been obtained fe€Sand SiG

The binding energy of the cluster with respect to different
atomic and molecular limits are tabulated in Table 4. The cluster
is stabilized by 14.26 eVwith respect to the atomic carbon and
titanium. The cluster could easily dissociate into 7+ Ti,
and this, in turn, provides a clue that Li€ould be the growth
species in the BCi2 cluster formation. As is obvious from
Figure 3, several isomers exist as a minimum within 70 kcal/
mol of energy from the global minimum and in plasma
temperature the relative population of all these higher energy
isomers would be appreciable and hence there exists a certain
probability for them to play a role in the metcar formation.

4. Conclusions

and it has been identified as a transition structure in the case of

the isovalent electronic TiCThe existence of such a nonplanar

The results of our calculations predict a rhombic dicarbide

structure is related to the floppiness of the rhomboidal structure structureVI for the ground state molecular structure o$dj.

to significant nonplanarity. However, it is often sensitive to (i)
the size of the basis set, (ii) the extent of incorporation of the
effects of electron correlation, and (iii) the multireference

Various other ring structuregll —VIIl also correspond to a
minima, however, with higher energies. Besides these planar
ring structures, calculations also suggest a nonplanar minimum

character. In order to derive an understanding about its IX for Ti,C,. Ring structures with exocyclic double bondig (
dependence on the size of the basis set, we performed twoand V) are identified as transition structures with respect to

calculations with smaller basis sets, namely, 3-21G and 6-31G**.

It is apparent from Table 3, that the stability of this isomer

the degenerate rearrangement to the rhomboidal structure. The
comparison of the preferred geometries ofChi clusters (1 =

depends heavily on the size of the basis set. With smaller basisl, 2,m= 2, 3, 4) with the analogous group IVA siliceitarbon

sets we do get a nonplanar minimum, however, without a

clusters follows: Sig(cyclic, Cy,) is similar to TiG; SiCs is
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rhomboidal as Tighbut with a transannular-€C bond instead

of a S=C bond; SiC; is a rhombic dicarbide as X3, (however,

in Si,C, the nonplanar isomer is a saddle point); S#0d S;Cs

are linear, contrary to Tig£and TpCs, which are cyclic. The
Ti—C bonds are highly ionic and the main energetic difference
between the various isomers comes from the delocalization of
the transferred charge from titanium to carbon. The calculated
ground-state geometries and frequencies will be valuable for
identifying these clusters experimentally and in turn for testing
the validity of the DFT predictions. Clearly, theoretical calcula-
tions on additional TiCr, clusters are needed to elucidate the
intermediates involved in the cluster formation, to identify the
growth species, and to investigate the clustering phenomenon
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