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Structure and Bonding in First-Row Transition-Metal Dicarbides: Are They
Related to the Stability of Met-cars?

Victor M. Rayon, Pilar Redondo, Carmen Barrientos, and Antonio Largo**]

Abstract: First-row transition-metal di-
carbides MC, (M =Sc-Zn) have been
investigated by using quantum-mechan-
ical techniques. The competition be-
tween cyclic and linear isomers in these
systems has been studied and the bond-
ing scheme for these compounds is dis-
cussed through topological analysis of
electron density. All of the systems
have been found to prefer a C,,-sym-
metric arrangement, although for ZnC,
the energy difference between this and

most cases the C,,-symmetric structure
corresponds to a T-shaped structure,
with the exceptions of TiC,, CoC,, and
NiC, which have been shown to be
true rings. A detailed analysis of the
variation of the energy of the system
with geometry has been carried out.
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An analysis of the bonding, taking into
account the main interactions between
the valence orbitals of both fragments,
the M atom and the C, molecule, has
allowed the main features of these
compounds to be interpreted. A clear
correlation between the dissociation
energies of the first-row transition-
metal dicarbides and the bonding ener-
gies of the corresponding met-cars was
observed.

the linear isomer is rather small. In

Introduction

There is a growing interest in the interaction between transi-
tion metals and carbon. It is clearly important from the per-
spective of structural chemistry, but also transition-metal
carbides are quite relevant in modern materials science. A
wide variety of materials can be formed from the interaction
of carbon with transition metals. Metallocarbohedrenes
(met-cars)® with an MgC,,* stoichiometry, are stable gas-
phase metal-carbon cluster ions obtained from early transi-
tion metals, a prototypical example being TizC,*. On the
other hand, late transition metals have interesting properties
as catalysts for carbon nanotube formation.! Networked
metallofullerenes® can be formed when transition metals
are incorporated into carbon cages, whereas some rare-earth
elements can be trapped inside fullerene cages to form en-
dohedral metallofullerenes.!
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The type of structure formed depends essentially on the
nature of the interaction between the transition metal and
the carbon atoms. Therefore, theoretical studies of small
carbon clusters containing transition metals are very useful
for understanding the growth mechanisms of the various
metal-carbon nanomaterials as well as for obtaining an in-
sight into their physical and chemical properties. Transition-
metal carbide clusters have quite complicated electronic
structures and are also interesting subjects from the perspec-
tive of theoretical chemistry.

The smallest transition-metal carbides in which competi-
tion between different isomers can be found are clearly MC,
(in what follows the transition metal will be denoted as M).
Transition-metal dicarbides can in principle have linear or
cyclic structures. Furthermore, the cyclic isomer might corre-
spond to a true ring (with peripheral M—C bonding) or to a
T-shaped structure (with M—C, bonding). Theoretical stud-
ies might help to shed light on the molecular structures of
these species. For example, a recent theoretical study™ of
second-row (Na—Cl) dicarbides allowed the main features of
these compounds to be interpreted.

A number of theoretical studies of first-row transition-
metal dicarbides have been carried out,!"!l most of them
dealing with a single compound, and in all cases cyclic
ground states were predicted. In addition, the atomization
energies™™ and photoelectron spectra of first-row transition-
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metal dicarbides have been determined experimentally.”**")

Of particular relevance is the study of Li and Wang?” in
which the electronic structure of MC, compounds (M=Sc,
V, Cr, Mn, Fe, and Co) based on the results of photoelectron
spectra was discussed. These authors suggested that a com-
parison of their results with systematic theoretical studies on
MC, compounds would be valuable to elucidate the evolu-
tion of the chemical bonding between carbon and first-row
transition metals.””’ The main purpose of this work was to
carry out such a systematic study across the first transition
series (Sc—Zn).

Computational Methods

Two different theoretical approaches were applied to obtain the geomet-
rical parameters. First, we carried out calculations using density function-
al theory (DFT) which in recent years has been extensively applied to
different chemical systems owing to its reasonable performance at a rela-
tively low cost in terms of computing time. In particular, we selected the
B3LYP exchange-correlation functional®?! which has been widely ap-
plied to the study of many medium-sized heteroatom-doped carbon clus-
ters, providing structures in good agreement with experimental results.""]
This consists of the Lee—Yang—Parr®! correlation functional in conjunc-
tion with the hybrid exchange functional first proposed by Becke.’ In
addition, we have also employed the QCISD method™ (quadratic con-
figuration interaction including single and double excitations) which is
considered to be a reliable method for predicting geometrical parameters.
In both sets of calculations, B3LYP and QCISD, we employed different
basis sets, but we will only report those results obtained with the basis set
denoted as 6-311 + G(3df). This basis set includes diffuse and polarization
functions and is constructed by employing the triple split-valence 6-311G
basis set’® for carbon atoms and the Wachters—-Hay">* basis set with
the scaling factor of Raghavachari and Trucks®” for the first-row transi-
tion metal. Harmonic vibrational calculations were performed at both
levels of theory, BBLYP and QCISD. For the B3LYP calculations we em-
ployed the 6-311+G(3df) basis set, whereas for the QCISD method we
used the 6-3114+G(d) basis set [at the corresponding QCISD/6-311+
G(d) geometries which were found to be not too different from the 6-
311+ G(3df) ones]. Computation of the vibrational frequencies allowed
the nature of the stationary points to be characterized, as well as an esti-
mation of the zero-point vibrational energy (ZPVE).

The electronic energies were refined through single-point calculations on
the QCISD/6-311+ G(3df) geometries by employing the CCSD(T) ap-
proach”®! with the 6-311 4+ G(3df) basis set. CCSD(T) stands for coupled-
cluster single and double excitation model augmented with noniterative
treatment of triple excitations. In all correlated calculations we included
the valence electrons of the carbon atoms and the 4s and 3d electrons of
the metal. The atomic states were obtained by following the rules given
by Hay" for the occupation of d orbitals. All these calculations were
carried out using the Gaussian 98 program package.!

Of course, when dealing with transition-metal compounds the possible
multiconfigurational nature of the system under study is always a matter
of concern. We carried out complete active space multiconfiguration self-
consistent field (CASSCF) optimizations followed by multireference
single and double (MRCI) single-point calculations employing the 6-
311+ G(d) basis set. We would like to point out that our main aim here
was to check that the chosen single-reference methods (described above)
provide the correct qualitative picture of the conformational preference
whose analysis was one of the main goals of this work.

From a technical point of view, it is evident that it is difficult to define a
unique active space for all the first-row transition-metal dicarbides taking
into account the different number of d electrons involved. In principle
we considered the complete active space generated by distributing all the
valence electrons in 13 orbitals (ch, 20y, 1m,, 30, and 1m, of the C, unit
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and the 4s and five 3d orbitals of the metal atom). We observed, howev-
er, that inclusion of the 30, orbital of C, has a considerable effect on
FeC,, MnC,, and ZnC,. We therefore report for these species data ob-
tained by including this orbital in the active space. In order to keep our
calculations within a reasonable cost we excluded the 20, orbital. In the
particular case of CuC,, the inclusion in the active space of a second 3d,,
orbital was found to have a significant effect. This is related to the
double-shell effect which is particularly important for late first-row tran-
sition metals.***!) Data reported for this system were therefore computed
with this extended active space (from which the 20, orbital was again ex-
cluded). All configurations in the CASSCF with coefficients larger than
0.01 were included as reference configurations in the MRCI. The only ex-
ception was MnC, for which too many configurations were involved. For
this system we reduced the number of references to those with coeffi-
cients larger than 0.08. We think that, for our purposes (see above), this
precision is still sufficient. All these calculations were performed with the
MOLPRO Version 2002.1 suite of programs.*?

Finally, the nature of the bonding in the different C,X species was char-
acterized through topological analysis of their electron densities.*’) These
calculations were performed with the MORPHY program!* employing
the QCISD/6-311+ G(d) electron density. An analysis in terms of natural
bond orbitals (NBO)*! was also carried out.

Results and Discussion

Overview of the molecular structure of MC, compounds:
We have searched for the lowest-lying linear and C,,-sym-
metric states of MC, compounds. As expected, all linear iso-
mers correspond to a M—C—C connectivity. Note that a C—C
bond is much stronger than a M—C bond and, therefore, it is
not surprising that the C—M—C isomers are found to lie
much higher in energy in all cases.

Although we carried out calculations on different spin
multiplicities, only the results for the lowest-lying spin state
in each case will be reported. The spin multiplicity increases
along the transition-metal series, starting from a doublet in
the case of ScC, up to a sextet for the MnC, system. From
MnC, the spin multiplicity decreases sequentially to the sin-
glet state of ZnC,. The lowest-lying states of the linear and
cyclic arrangements are in agreement with previous theoreti-
cal studies (when available). The only exceptions were cyclic
TiC, and FeC, and linear VC,. In the case of TiC, we found
a lowest-lying state corresponding to °B, (---9a,%10a,'5b,'),
whereas a previous combined DFT and CASSCF study™
predicted a *B; (-9a,’5b,'1a,') lowest-lying state, although
the °B, state had a very similar energy. In our case, an
energy difference between the two states of less than 1 kcal
mol~' was found. For the FeC, system we found a °A,
(-+9a,*1a,%5b,'10a,'4b,'11a,") electronic lowest-lying state
at the B3LYP, QCISD, and CCSD(T) levels of theory,
whereas a  previous study™® predicted a A,
(-+9a,*1a,'5b,'10a,%4b,'11a,") ground state at the CASPT2
level with the °A, state lying just 1.43 kcalmol™' higher in
energy. Linear VC, was predicted to have a sextet lowest-
lying state in a previous study,” whereas in our calculations
the quartet is slightly lower in energy. In any case, we have
adopted the quartet state because it correlates with the
cyclic ground state.
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The geometrical parameters and vibrational frequencies
for the linear isomers of the different MC, species are given
in Table 1, whereas in Table 2 the corresponding data for
the C,,-symmetric structures are shown. We were not able
to obtain the linear isomer of the NiC, system at the
QCISD level of theory owing to convergence problems in
the optimization procedure. Therefore, in what follows all
QCISD or CCSD(T) results obtained for linear NiC, were
obtained from the B3LYP geometry. The data collected in
Table 1 show the following trend in the M—C bond distan-
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B3LYP < QCISD < CASSCF. In general, reasonable
agreement can be observed between the three sets of geo-
metrical parameters, especially for the C—C distances. In
some cases, CASSCF geometries have significantly larger
M—C bond distances than B3LYP and QCISD geometries.
This happens in the middle of the series for the linear iso-
mers (Cr—Co) and somewhat later in the series for the cyclic
ones (Co and Ni) and must be partially related to the multi-
reference character of the wavefunctions of these particular
systems which show non-negligible contributions from con-

CeEs:

Table 1. Electronic configurations, geometrical parameters, and harmonic vibrational frequencies for linear MC, species obtained by the B3LYP/6-311 +
G(3df), QCISD/6-311 4+ G(3df) (second line), and CASSCF/6-311+ G(d) (in parentheses) methods. QCISD vibrational frequencies were computed using

the 6-311+ G(d) basis set.

Linear MG, Electronic configuration Linear geometry [A] Vibrational frequencies [cm™']
R(M—C) R(C-C)
ScC, (*%) {core}80?90%3n*100%1 10" 1.906 (1.935) 1.275 (1.299) 103i(), 605(0), 1869(0)
1.928 1.278 112i(m), 597(0), 1813(0)
TiC, (A) {core}80?90%3n*100%110' 18" 1.860 (1.884) 1.276 (1.304) 94i(m), 601(0), 1859(0)
1.884 1.279 247(m), 574(0), 1799(0)
VG, (‘) {core}80°96%37*106%18*1 16" 1.840 (1.881) 1.279 (1.288) 97i(x), 573(0), 1838(0)
1.880 1.279 802(), 498(0), 1743(0)
CrG, CTD™ {core}80%96%3m*100%18*1 164! 1.891 (2.121) 1.286 (1.255) 220i(m), 164(x), 452(0), 1792(0)
1.940 1.298 228i(m), 166(x), 391(0), 1755(0)
MnG, (°%) {core}80°90?37*100%18%1 164 1.824 (2.131) 1.269 (1.253) 95(m), 527(o), 1806(0)
1.892 1.266 211(m), 657(0), 1856(0)
FeC, (°A) {core}80°90%37*100%18°1 164 1.779 (2.078) 1.275 (1.252) 117(x), 568(c), 1805(0)
1.834 1.262 191(x), 681(0), 1894(0)
CoG,(*A) {core}80°90%37*100%1 167184 1.746 (2.015) 1.287 (1.255) 68(), 585(0), 1760(0)
1.856 1.255 262(m), 945(0), 1876(0)
NiG,(’%) {core}80°90%37*16*100%1 16?4 1.733 (1.945) 1.294 (1.254) 48(m), 545(0), 1738(0)
CuG,(*%) {core}80°90%37*106%18%*4m*1 16" 1.836 (1.878) 1.223 (1.240) 277i(m), 483(0), 2038(0)
1.856 1.231 79(), 483(0), 2006(0)
ZnG,('%) {core}80°90%37*16*100%4m*1 167 1.848 (1.971) 1.249 (1.248) 108(r), 491(0), 1926(0)
1.899 1.224 95i(m), 535(0), 1992(0)

[a] Note that nondegenerate mt vibrational frequencies corresponding to the two Renner-Teller components were obtained for this state.

Table 2. Electronic configurations, geometrical parameters, and harmonic vibrational frequencies for cyclic MC, species obtained by the B3LYP/6-311 +
G(3df), QCISD/6-311+ G(3df) (second line), and CASSCF/6-311+4 G(d) (in parentheses) methods. QCISD vibrational frequencies were computed with

the 6-311+G(d) basis set.

Cyclic MC,  Electronic configuration Cyclic geometry [A, degrees] Vibrational frequencies [cm™']
R(M—C) R(C—C) XCMC
ScC, CA,)  [core}7a,%4b,’8a,*3b,29a,210a,! 2061 (2083) 1261 (1289) 356 (36.0) 331(b,), 634(a,), 1832(a;)
2073 1.267 35.6 344(b,), 641(a,), 1812(a,)
TiC, CBy)  [core}7a,’4b,’8a,*3b,29a,*10a,'5b," 1984  (2.080) 1283 (1281) 377  (35.9) 173(by), 581(a,), 1704(a,)
2.026 1.283 36.9 772(b,), 548(a,), 1716(a,)
VG, (‘By) {core)7a,%4b,?8a,23b,29a,*1 a,'5b,'10a, 1933 (2.032) 1286 (1282) 389  (36.8)  378(by), 575(a,), 1693(a,)
1.960 1.288 383 890(b,), 548(a,), 1698(a,)
CrC, (PA))  {core}7a,24b,’8a,%3b,29a,21a,'5b,'10a, 4b, ! 1985  (2.066) 1273  (1279) 374  (361)  364(by), 483(a,), 1763(a,)
1.991 1.277 37.4 852(b,), 522(a,), 1774(a,)
MnC, (°A,)  [core}7a,4b,’8a,3b,29a,21a,15b,110a,4b, 1 11a,)  1.979  (2.073) 1273 (1293) 375 (363)  366(b,), 568(a,), 1759(a;)
2.031 1.273 36.5 371(b,), 495(a,), 1767(a,)
FeC, CA,)  [core}7a,24b,8a,23b,29a,21a,25b,'10a,14b, 112, 1.922  (2.044) 1276  (1.277) 388  (36.4)  428(b,), 578(a,), 1747(a;)
1.947 1.274 382 432(b,), 533(a,), 1788(a,)
CoC, (‘B,)  [core}7a,4b,’8a,3b,29a,21a,25b,*10a, 4b, 11a,)  1.874  (2.026) 1298 (1279) 405 (36.8)  519(b,), 550(a,), 1641(a;)
1.902 1.298 39.9 387(b,), 470(a,), 1695(a,)
NiC, °B;)  [core}7a,24b,’8a,23b,29a,21a,25b,210a,24b, 11! 1.871  (2.006) 1295 (1.281) 405 (372)  405(by), 517(a,), 1662(a;)
1.861 1.309 412 429(b,), 538(a,), 1602(a,)
CuG, CA,)  [core}7a,4b,’8a,3b,29a,21a,25b,*10a,4b,211a,)  1.976  (2.090) 1278 (1284) 377 (358)  292(b,), 437(a,), 1750(a;)
1.994 1.285 37.6 293(b,), 419(a,), 1710(a,)
ZnG, ('A,)  [core}7a,4b,’8a,3b,29a,21a,25b,"10a,4b,21 12> 1976  (2.094) 1277 (1273) 377  (354)  304(b,), 511(a,), 1705(a;)
2.034 1.270 36.4 293(b,), 362(a,), 1814(a,)
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figurations other than the leading one. The wavefunctions of
the two isomers of ZnC, also have some multireference
character. The rest of the systems are highly single-determi-
nantal. In order to obtain more precise geometries it would
be necessary to include the dynamic electron correlation not
recovered in the MCSCEF treatment. This is a computation-
ally demanding task which is beyond the scope of this study.
We would like to point out that the differences in the
metal—carbon bond distances across the series Sc-Zn are
not really large: for the linear isomers, for example, the lon-
gest bond is Cr—C, 1.940 A, and the shortest Fe—C, 1.834 A
(QCISD level). Thus, all M—C bond distances in the linear
isomers lie within 0.1 A, whereas in the cyclic isomers they
lie within 0.2 A. Taking into account the fact that there
should be several factors that contribute to the observed
bond distances (size of the metal atoms, amount of charge
donation, metal-ligand repulsion, etc.), we must be careful
when trying to explain such small differences. The C—C dis-
tances are quite similar for the cyclic isomers, varying in the
range of 1.267-1.309 A (QCISD level) and corresponding to
values that can be classified as intermediate between typical
C—C double and triple bonds. As a reference, the C—C dis-
tance in the C, molecule is 1.247 A (B3LYP), 1.250 A
(QCISD), or 1.254 A (CASSCF). In the case of the linear
isomers the C—C distances are in the range of 1.224-
1.298 A. In most cases the C—C distance increases with re-
spect to that found in C,, the only exceptions being CuC,
and ZnG, in which a noticeable shortening is found.

For the cyclic isomers, there are some important quantita-
tive differences between the vibrational frequencies comput-
ed at the B3LYP and QCISD levels of theory, especially for
the b, normal mode of TiC,, VC,, and CrC,, and also for the
C—C stretching frequency of ZnC,. Nevertheless, in general
the vibrational frequencies computed at both levels of
theory are in reasonable agreement. However, in the case of
the linear isomers, the discrepancies between the two sets of
vibrational frequencies are certainly more important be-
cause there are some qualitative differences. For three dif-
ferent dicarbides (TiC,, VC,, and CuC,) the linear isomers
have an imaginary m vibrational frequency at the B3LYP
level of theory, whereas the QCISD level provides all real
frequencies. Therefore, these structures are transition states
for the degenerate rearrangement of the C,,-symmetric spe-
cies at the B3LYP level of theory, whereas they are true
minima at the QCISD level. Another discrepancy is ob-
served for linear ZnC,; the B3LYP method predicts a true
minimum, whereas at the QCISD level this species has an
imaginary frequency. For the rest of the dicarbides both
levels of theory agree on the nature of the linear isomer,
namely a transition state for ScC, and true minima in all
other cases.

To characterize the type of interaction between the transi-
tion metal and the carbon atoms, as well as the bonding
scheme in MC, compounds, we carried out a topological
analysis of the electronic charge density.”! Critical points in
the one-electron density, p(r), computed at the QCISD/6-
3114 G(d) level of theory were identified. In the case of the
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MG, systems only bond critical points*! [corresponding to a
minimum value of p(r) along the line linking the nuclei and
a maximum along the interatomic surfaces] and ring critical
points™®! [o(r) being a minimum in two directions and a
maximum in one direction] are relevant. Only the most im-
portant properties of the critical points, namely the electron
density, p(r), at the critical point, the Laplacian of the
charge density, /°o(r), and the total energy density, H(r),
will be discussed. The chemical nature of the bonding can
be determined according to the values of the charge density
and its Laplacian at the bond critical point. There are basi-
cally two limiting types of atomic interactions, namely
shared and closed-shell interactions.*’} Nevertheless, there is
a whole spectrum of intermediate interactions lying between
these two extreme cases.*’)

Shared interactions are in general characterized by large
electron densities and negative values of the Laplacian!
and are characteristic of covalent compounds. On the other
hand, closed-shell interactions correspond to relatively low
o(r) and positive values of 7?0(r),®! a situation which is
usually found for ionic and van der Waals compounds. In
many cases the total energy density, H(r), which is the sum
of the potential and kinetic energy densities at a critical
point, might be useful in order to characterize the degree of
covalency of a bond. If H(r) <0 the system is stabilized by
the accumulation of electronic charge in the internuclear
region, the characteristics of a covalent interaction.”! Con-
versely, if H(r) is positive, accumulation of electronic charge
would lead to a destabilization of the system, a typical fea-
ture of van der Waals and ionic bonding systems. A summa-
ry of critical point data, such as the p(r), /%0(r), and H(r)
values at the bond critical points obtained with the QCISD/
6-311+ G(d) electron density, is given in Table 3. It is readi-
ly seen in Table 3 that most of the C,,-symmetric isomers
have a C—C bond critical point, as well as a bond critical
point between the transition metal and the midpoint of the
C, unit. Therefore, these species are in fact T-shaped com-
pounds rather than truly cyclic molecules since there is no
ring critical point. The only exceptions are TiC,, CoC,, and
NiC, for which topological analysis of the electron density
of the C,,-symmetric species allows two individual M—C
bond critical points to be characterized along with a ring
critical point. Therefore, in principle these three C,-sym-
metric compounds should be classified as truly cyclic species.
Nevertheless, it should be pointed out that for cyclic CoC,
and NiC,, the M—C bonds are rather curved with the M—C
bond critical points quite close to the ring critical points [the
values of p(r) at the ring critical points are 0.1177 and
0.1284 a.u., respectively, and therefore very close to the p(r)
values at the M—C critical points], indicating that these spe-
cies are not far from being T-shaped. In particular, for cyclic
TiC,, the electron density at the ring and bond critical
points is virtually the same, namely 0.1017, suggesting that
this structure, although nominally a ring, approaches a T-
shaped description.

According to the data shown in Table 3, all linear isomers
have M—C bonds corresponding to intermediate interac-
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Table 3. Summary of the critical point data for the linear and cyclic isomers of MC, species, using the QCISD/6-311+ G(d) electronic density (in a.u.).

Isomer Bond Sc Ti \'% Cr Mn Fe Co Ni Cu Zn
linear M-C p(r) 0.139 0.147 0.138 0.125 0.143 0.152 0.174 0.123 0.115
v2o(r) 0.194 0.178 0.224 0.319 0.381 0.443 0.440 0.372 0.333
—H(r) 0.116 0.122 0.123 0.131 0.158 0.173 0.197 0.138 0.125
Cc-C o(r) 0.371 0.367 0.366 0.370 0.372 0.429 0.361 0.356 0.379
v2o(r) —1.204 —-1.174 —-1.169 —-1.175 —1.139 —-1.182 —1.701 —-1.137 -0.932 —1.121
—H(r) 0.179 0.180 0.180 0.205 0.195 0.203 0.176 0.255 0.265
cyclic M-C, o(r) 0.099 0.115 0.091 0.110 0.093 0.084
v2o(r) 0.281 0.368 0.339 0.383 0.309 0.268
—H(r) 0.100 0.132 0.106 0.129 0.105 0.091
M—C p(r) 0.102 0.119 0.130
V(1) 0.342 0.386 0.405
—H(r) 0.117 0.138 0.152
Cc-C p(r) 0.375 0.358 0.354 0.368 0.365 0.345 0.332 0.333 0.351
V(1) —1.121 -1.013 —0.990 -0.977 —1.090 —1.063 —0.969 —0.891 —0.858 —0.962
—H(r) 0.220 0.207 0.204 0.209 0.212 0.190 0.181 0.200 0.216

tions. They have some of the characteristics of ionic bonds,
such as the positive values of the Laplacian of p(r) (com-
pared with the corresponding negative values of C—C bond
critical points typical of covalent interactions). However, al-
though the values of p(r) are rather small, they are always
greater than 0.1 a.u. This fact, together with the negative
values of H(r) for all the M—C bonds, indicating a certain
degree of covalency, suggests that the M—C interactions can
be classified as intermediate ones. For the C,,-symmetric
species similar behavior is generally observed. In general, in
these species the M—C bonds have lower values of p(r), as
well as less negative H(r) values, than linear isomers, sug-
gesting greater ionic character.

Atomic charges, obtained through a natural bond orbital
(NBO)™! analysis at the QCISD/6-311+G(3df) level of
theory, are given in Table 4. As can be seen in Table 4, most
of the linear and cyclic MC, compounds have a net atomic
charge at the metal atom close to +1e (with the exception
of linear CrC, and NiC,). Although NBO charges should be
regarded with caution for transition-metal compounds,*! it
is clear that the NBO results suggest a net transfer of one
electron from the transition metal to the C, unit.

Variation of energy with the geometry of MC, compounds:
One of the most interesting features of transition-metal di-
carbides is the competition between linear and C,,-symmet-
ric isomers. The energy differences between the two isomers
at the four levels of theory employed in this work, including
ZPVE corrections, are given in Table 5.

Regarding the results obtained by single-reference meth-
ods, there is in general a reasonable agreement between the

Table 5. Relative energies (Eqyiic— Ejnear) 0f the cyclic MC, species at dif-
ferent levels of theory with the 6-311+4G(3df) basis set and including
ZPVE corrections. For the QCISD, CCSD(T), and MRCI calculations,
QCISD/6-311+ G(d) ZPVE values were employed.

MC, Relative energy [kcalmol™']

B3LYP QCISD CCSD(T) MRCI
ScC, —15.78 —-18.88 —18.27 —15.66
TiC, —14.35 —18.69 —18.41 —11.15
VG, —19.43 —25.26 —25.72 —19.77
CrC, —11.39 —18.54 -22.14 —15.520
MnC, —9.95 —15.87 —14.83 —20.09t!
FeC, —12.24 —15.88 -17.87 —19.76
CoC, —10.86 -10.16 —20.49 —20.18
NiC, —12.64 - —13.39 —11.85"
CuG, —5.52 —4.58 —6.78 —-5.18
ZnGC, —6.33 —2.99 —-1.15 +1.82

[a] QCISD/6-311 4 G(3df) geometries, see text. [b] B3LYP/6-311+ G(3df)
geometry, see text.

QCISD and CCSD(T) levels, the only exception being for
CoC, for which a discrepancy of about 10 kcalmol ! be-
tween the two levels of theory is observed. The B3LYP re-
sults differ from the CCSD(T) ones by about 1-5 kcalmol ™!
in most cases, with the exception of CrC, and CoC,. Never-
theless, note that all levels of theory agree in the order of
stability of the linear and C,,-symmetric isomers. The rela-
tive energies at the MRCI level of theory are also shown in
Table 5. Note here that in the particular cases of CrC,,
MnC,, FeC,, and NiC, the discrepancies between the
CASSCF and B3LYP/QCISD geometrical parameters are
significantly different for the cyclic and the linear isomers

Table 4. NBO atomic charges obtained at the QCISD/6-311 + G(3df) level of theory.

Isomer Atomic charge Sc Ti A% Cr Mn Fe Co Ni Cu Zn

linear QM) 1.226 0.990 0.917 0.697 1.226 1.016 0.728 0.561 0.779 0.911
Q(C) -1.212 —0.998 —0.930 —0.591 —1.200 —0.919 —0.855 —0.695 —0.843 —1.023
Q(Gy) —-0.014 0.008 0.013 —0.112 —0.026 0.147 0.127 0.134 0.064 0.112

cyclic QM) 1.192 1.158 1.012 1.037 1.157 1.016 0.834 0.783 0.838 0.932
Q(0C) —0.596 —-0.579 —0.506 —0.518 —0.578 —0.508 —0.417 —-0.392 —0.419 0.466

Chem. Eur. J. 2006, 12, 6963 —6975

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org

— 6967


www.chemeurj.org

CHEMISTRY—

A. Largo et al.

A EUROPEAN JOURNAL

(see Table 1 and Table 2). For these species we would not
therefore expect an agreement between the MRCI- and
single-reference-based energies. Thus, in these cases we de-
cided to use the QCISD/6-311+ G(3df) (for CrC,, MnC,,
and FeC,) and B3LYP/6-311+ G(3df) (for NiC,) geometries
in the MRCI calculations. The MRCI data collected in
Table 5 nicely support the relative energies obtained by
single-reference methods. For the late transition-metal dicar-
bides (Fe-Zn) the difference in energy with respect to the
CCSD(T) level is actually less than 3 kcalmol™'. For the
early transition-metal species differences between 3-7 kcal
mol~! are found. The most important conclusion from the
results shown in Table 5 is that for all the dicarbides the C,,-
symmetric species is more stable than the linear one. The
energy differences are high enough to be confident in this
conclusion, perhaps with ZnC, as the only exception. Al-
though there are oscillations in the relative energies along
the transition-metal series, in general it is observed that the
relative energies of the linear and cyclic isomers decrease
for the late transition metals.

To gain a deeper understanding of the competition be-
tween linear and cyclic isomers, we analyzed the variation of
the total energy with the geometry of the system. The varia-
tion in the energy (relative to the linear isomer) as a func-
tion of the angle (¢) between the line connecting the transi-
tion-metal atom M to the midpoint of the C—C bond for the
different MC, species is shown in Figure 1a (Sc-Mn) and
Figure 1b (Fe-Zn). In these representations the linear
isomer is placed at ¢ =0 and ¢ =180, whereas the C,, -sym-
metric structure corresponds to ¢ =90. The curves were ob-
tained by optimizing the C—C and M—(C—C) distances for
various fixed ¢ angles at the B3LYP/6-311+ G(d) level of
theory followed by single-point CCSD(T)/6-311+ G(d) cal-
culations at each geometry.

It is readily seen in Figure 1 that the energy decreases
monotonically from the linear arrangement to the C,, con-
figuration for only scandium, chromium, and copper, thus
suggesting that at the CCSD(T) level of theory it is quite
likely that the linear species for these systems is not a true
minimum. In all other cases the energy increases as the
system deviates from the linear arrangement, passes through
a maximum (which could be taken as an approximation at
that level of theory to the transition state connecting the
C.., and G,, structures), and then drops to the C,, minimum.
Therefore, only in two cases, namely copper and zinc, are
the CCSD(T)/6-3114 G(d)//B3LYP/6-311+G(d) calcula-
tions in disagreement with the predicted nature of the linear
isomer at the QCISD/6-311+ G(d) level of theory. Accord-
ing to the results shown in Table 1, the QCISD level predicts
that the linear CuC, isomer is a true minimum, whereas
linear ZnC, has an imaginary frequency and therefore corre-
sponds to a transition state. The approximate barriers to
linear—cyclic conversion in those cases in which the linear
species is a minimum are relatively low in all cases (espe-
cially for FeC, and MnGC,), with values in the range of 1-
7 kcalmol™'. Only for VC, is a value higher than
10 kcalmol™" observed.
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Figure 1. Variation of the total energy (in kcalmol™, relative to the linear
geometry), computed at the CCSD(T)/6-311+G(d) level, for the differ-
ent MC, compounds with the angle (¢) between the line connecting the
M atom and the midpoint of the C—C bond. a) For the early transition
metals (Sc-Mn); b) for the late transition metals (Fe-Zn).

For early transition metals (Sc—-Mn) the energy separation
between the C,, and linear species oscillates along the series
and is relatively high and of roughly similar magnitude for
all of them, within the range of 15-25 kcalmol™. On the
other hand, for late first-row transition metals it can be seen
that the energy difference between the C,, and linear iso-
mers (the depth of the well in Figure 1b) decreases along
the series Fe-Co-Ni-Cu-Zn, which is almost the same order
as found at the CCSD(T)/6-311+ G(3df) level of theory
(Table 5). Furthermore, the energy difference between the
two species becomes much smaller for the last member of
the series. It decreases from a value of nearly 18 kcalmol™
for iron to a value of just 2 kcalmol™ for zinc. In fact, for
ZnG, it is observed that the energy varies smoothly with ¢
angle. Therefore, ZnC, very much resembles a polytopic
system,*” that is, a system with a very flat potential surface.
The concept of polytopism, first introduced by Clementi
et al.”! when studying the very flat potential surface of lithi-
um cyanide, reflects the pinwheel motion of an atom (or
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ion) around a molecular fragment. In our previous study of
second-row dicarbides,'”! we observed similar polytopic be-
havior for some dicarbides with strong ionic character, for
example, NaC,, MgC,, and AIC,. In the case of SiC,” its
polytopic character was particularly evident as a conse-
quence of a balance between ionic interactions, which favor
the cyclic species, and covalent interactions,!'”! resulting in a
very flat surface.

Finally, we also computed the dissociation energies of the
two isomers. Dissociation energies for the MC,—M+C,
process were computed at the B3LYP and CCSD(T) levels
of theory and included ZPVE corrections. The results are
given in Table 6. It is readily seen that for all systems, with

Table 6. Dissociation energies (kcalmol ') of the linear and cyclic MC,
species at the B3LYP and CCSD(T) levels of theory, including ZPVE
corrections, with the 6-311+ G(3df) basis set. For the CCSD(T) calcula-
tions, QCISD/6-311 4 G(d) ZPVE values were employed.

MC, Dissociation energy [kcalmol ']
linear cyclic
B3LYP CCSD(T) B3LYP CCSD(T)

ScC, 143.46 107.71 159.24 125.98
TiC, 140.24 99.61 154.59 118.02
VG, 135.03 92.82 154.46 118.54
CrC, 85.21 74.97 96.60 97.11
MnC, 109.54 72.50 119.49 87.33
FeC, 115.77 77.88 128.00 95.75
CoC, 113.83 74.15 124.69 94.90
NiC, 107.38 85.43 120.02 98.82
CuGC, 101.97 78.81 107.49 85.59
ZnC, 67.96 53.75 74.29 54.96

the exception of CrC,, there is a poor agreement between
the dissociation energies obtained at the two levels of
theory. The disagreement can mainly be attributed to the
poor description of the energetics of the C, system at the
B3LYP level of theory. In fact, the B3LYP level predicts
that the ground state of C, should be the *[], state with the
1Eg+ state lying about 23 kcalmol ™! higher in energy. Corre-
lation effects seem important for properly describing this
system, as has been emphasized in recent theoretical stud-
ies.”%>! In our case, the CCSD(T) level predicts the singlet
to be about 2 kcalmol™! below the triplet. If this discrepancy
for C, was taken into account, which amounts to nearly
25 kcalmol ', the two sets of dissociation energies would be
much closer.

The case of CrC, (with a quintet ground state) is special
because its dissociation energy was computed relative to the
Cr("S)+C,(*[T.) dissociation limit in order to conserve the
spin multiplicity. In this case a relatively good agreement
was obtained for the dissociation energies at the B3LYP and
CCSD(T) levels of theory. Therefore, we can conclude that,
even though there are important quantitative differences be-
tween the B3LYP and CCSD(T) dissociation energies, the
qualitative agreement between the two levels of theory is
good.
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With the exceptions of a relatively low value for MnC,
and perhaps a slightly high value for NiC,, the stability of
the dicarbides is higher for the early than for the late first-
row transition metals. The general trend observed in the
CCSD(T) values, which is also evident in the B3LYP results,
is that the dissociation energy decreases as one moves from
the left to the right of the Periodic Table for both linear and
cyclic isomers. First, the dissociation energy decreases slight-
ly from ScC, to VC,, then it drops down for CrC, (about
20 kcalmol ') where it remains more or less constant until
ZnC,, where it drops again about 30 kcalmol .

Analysis of the bonding in first-row transition-metal dicar-
bides: In this section we will try to analyze in detail the
bonding in first-row transition-metal dicarbides in order to
understand more deeply their molecular structure and sta-
bility.

Given the electronic configuration of the C, fragment in
its 'S,* electronic state (10,°10,°20,°20,’17,"), the relevant
molecular orbitals that can interact with the valence orbitals
of the transition metal are the 1z, (HOMO), 30, (LUMO),
and 1m, (next-LUMO) orbitals. The main interactions are
depicted schematically in Figure2 (C,, symmetry) and
Figure 3 (C,, symmetry). Although the bonding in these
molecules involves electrostatic, covalent, and dative contri-
butions, when discussed in terms of the dissociating (neu-

M — LUMO(C»)

f ) M(ds) %%M(sa,) @M(3d\-..~)
C C C C C C

HOMO(C,) » M

M(4s) M(3d..) M@3d,-.,)) (3d,)

448

M — next-LUMO(C>)
M(3d,.) M(3d,,)

4!

C,, interaction

Figure 2. Schematic representation of the main interactions between the
valence orbitals of the M and C, fragments in C,, symmetry.
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M — LUMO(C,)

Mi4s) OH-OCCDCO Mad) Sf— D9

HOMO(C,) —» M

M(3d,.) 8@ H o MG 8@_?0%0

M — next-LUMO(C,)

o 9g e wsa g

C_, interaction

Figure 3. Schematic representation of the main interactions between the
valence orbitals of the M and C, fragments in C,,, symmetry.

tral) fragments, M and C, ('S,* or °[],), the metal-ligand
bond can formally be described in terms of donor-acceptor
interactions which can be classified into three different cate-
gories: 1) M—LUMO(C,) donation, 2) M<—HOMO(C,)
back-donation, and 3) M—next-LUMO(C,) donation. Of
course, which interactions are predominant in each case is
dictated essentially by the relative energies of the corre-
sponding interacting orbitals as well as by the occupation
numbers of such orbitals. A schematic representation of the
occupation of the orbitals of the different first-row transition
metals is depicted in Figure 4.

In the linear species, donation from the metal to the
LUMO of C, can be accomplished mainly by the 4s elec-
trons (the 4s orbital can hybridize with the 3d.. orbital
which also has the appropriate 0 symmetry). In the cyclic
species the LUMO and one of the HOMOs of C, have o
(a;) symmetry. These orbitals will mainly interact with the
4s and 3d.. orbitals of the metal, although interaction with
the 3d._,. orbital is also possible. Back-donation can also
take place from the second HOMO of G, in the b, represen-
tation. Further stabilization is achieved by mixing the next-
LUMOs of C,, which are the antibonding m* orbitals, with
the corresponding atomic orbitals of the metal. In the linear
species this happens in the & representation, whereas in the
cyclic species the next-LUMOs belong to the a, and b, rep-
resentations.

In principle, from the schematic representation of
Figure 4, one can anticipate that the dominant interaction
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Figure 4. Schematic representation of the relative disposition and occupa-
tion of the relevant orbitals of the M and C, fragments.

for all first-row transition-metal dicarbides is M(4s)—
LUMO(C,) donation. It seems that this interaction should
be slightly more favorable in the C,-symmetric than in the
linear geometries owing to the larger overlap between the
corresponding orbitals and this would explain in part the
preference for the C,-symmetric arrangement. This dona-
tion from the metal would be responsible for much of the
net positive charge at the transition metal. Furthermore, for
the C,, isomers, the M(4s,3d,.)~LUMO(C,) donation takes
place mainly along the line connecting the metal to the mid-
point of the C—C bond, thus favoring in general T-shaped
structures.

We will begin by briefly describing the bonding situation
in the linear first-row transition-metal dicarbides. The elec-
tronic state of ScC, is 2% which gives us the following scandi-
um d orbital occupation: 4s’3d,.!. The 4s and 3d,. orbitals
can mix to yield two new hybrid orbitals. One of the hybrids
points directly towards the C, fragment whereas the other
one removes electron density from the o region creating a
torus of density around the molecular axes. The first hybrid
will be doubly occupied because this is the orbital that do-
nates density into the LUMO of C,. Besides, the 3dm orbi-
tals of the metal (3d,, and 3d,,) are empty and will thus mix
with the ®1 HOMOs of the C, fragment. In the ?A state of

Chem. Eur. J. 2006, 12, 6963 —6975


www.chemeurj.org

Transition-Metal Dicarbides

ScC, the unpaired electron goes into one of the nonbonding
3dd (3d,,, 3d,,_,,) orbitals. This state lies about 13 kcal mol ™
above the % state. On the other hand, the *]] state will lie
at an even higher energy (about 21 kcalmol ' above ?%) be-
cause the unpaired electron occupies an antibonding s orbi-
tal. This qualitative description of the Sc—C, interaction ac-
tually shows the underlying contributions that explain the
bonding situation in the linear metal dicarbides, that is, don-
ation from the 4s43d_. hybrid orbital into the LUMO of C,,
back-donation from the two degenerate HOMOs of C, into
the 3dm orbitals of the metal, and occupation of the 3dd and
4s-3d.. hybrid orbitals by the nonbonding transition-metal
electrons.

In line with this, for TiC, and VC, the extra electrons add
to the nonbonding 3dd orbitals leading to the *A and ‘%
states, respectively. The bonding situation in ScC,, TiC,, and
VG, is therefore similar: one (dative) two-electron ¢ bond
and two (also dative) two-electron t bonds with nonbonding
electrons occupying the 3dd orbitals. It is therefore not sur-
prising that these three molecules have similar bond distan-
ces and dissociation energies. We can tentatively attribute
the shortening of the metal-ligand bond distance when
going from scandium to vanadium simply to the decrease in
the atom size.

In CrC,, the bonding can be seen as arising from the mix-
ture of these two asymptotes: 4s'3d°(3d,'3d,?3ds>)4+C,(°[ L)
and 4s’3d%(3d,'3d,'3d,")+C,('E,%). As the energy required
to excite C, to the triplet first-excited state is much smaller
than the first excitation energy of chromium, the first
asymptote will dominate. This picture of the bonding ex-
plains the long C—C distance and its low stretching frequen-
cy (see Table 1). It also explains the relatively large spin po-
larization in the o bond for this molecule: the net § spin
density of the carbon atom attached to chromium is —0.4
whereas the chromium o spin density is 4.5. This spin polari-
zation can also be seen in the different fragment contribu-
tions to the a and f MOs. The spin polarization in the o
Cr—C bond must be related to the increase in the metal—
carbon bond length in this system as well as to the decrease
in its dissociation energy.

In MnC,, the extra electron adds formally to the M—C, n
antibonding orbital which was already singly occupied in
CrC,. Therefore a shorter C—C bond distance and a higher
C—C stretching frequency are found in this molecule.

In FeC,, CoC,, and NiC,, electrons add in turn to the 0, o,
and § transition-metal orbitals leading to the A, *A, and *%
states, respectively. Nevertheless, for FeC, and CoC, the %
and *% states (resulting from addition of electrons to the o
and & orbitals) are very close in energy to the A and *A
states, respectively. Taking into account the fact that the
bonding situation is similar in these systems it is not a sur-
prise that their dissociation energies differ by less than
4 kcalmol .

CuC, has a 2% electronic state which correlates with
4s'3d"+C,('E,*). The unpaired electron is located in the
nonbonding 4s-3d, hybrid orbital. Now the metal has 4 &
electrons which enter into the M—C, n* antibonding orbi-
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tals. We therefore find in this compound the shortest C—C
distance of the first-row transition-metal dicarbides. The dis-
sociation energy decreases, as expected. For ZnC, the extra
electron adds again to the nonbonding 4s-3d.. hybrid orbi-
tal.

We now turn to the C,-symmetric species. Cyclic ScC,
has a *A, state with 4s?3da,' occupation. Two atomic d orbi-
tals belong to the a, representation of the C,,-symmetric
isomer, namely 3d.. and 3d,,_,,. The molecular orbitals of
this molecule show that the 3d,. orbital mixes with both the
4s orbital and the HOMO of the C, fragment increasing the
density in the bonding region. The metal 3d,,_,, orbital, on
the other hand, does not play a major role in the bonding.
Instead, it is the main contributor to the 10a; MO which
contains the unpaired electron.

For TiC, ('B,) the extra electron adds to the 3db, (3d,.)
orbital, and for VG, (‘B;) to the (nonbonding) 3da, (3d,,)
orbital. In the titanium and vanadium linear isomers both
electrons add to the two nonbonding 3dd orbitals. Now for
the cyclic isomer, 3db, (3d,,) mixes with the in-plane anti-
bonding w* orbital of the C, fragment.

As commented above, CrC, (°A;) correlates with two
asymptotes: 4s'3d° (3da,'3da,'3db,'3db,'3da,")+C, (°A,) and
4s*3d* (3da,'3db,'3db,'3da,")+C, (*‘A,). Under C,, symmetry,
both fragment excitations, namely °*A;—'A, (C,) and
4s*3d*—4s'3d° (Cr), involve orbitals belonging to the same
representation: a;. As a consequence, we do not observe an
increase in the C—C bond distance and a decrease in its
stretching frequency associated with the A, state of C,, as
we have seen in the linear isomer. Moreover, almost no net
spin polarization is observed for this isomer. In any case, the
dissociation energy of CrC, is again about 20 kcalmol™'
[CCSD(T) level] less than that of VC,. With respect to the
electronic structure of VC, (“‘B;), for CrC, (°A,) the extra
electron enters into the antibonding combination (3d,,—m)*,
which partially explains the decrease in the dissociation
energy.

In MnGC, the five 3d orbitals are singly occupied leading
to °A;, as expected. For FeC, (°A,) the extra electron adds
to the nonbonding 3da, (3d,,) orbital. If the electron enters
into one of the two singly occupied 3da; orbitals (3d.. or
3de ), equivalent to ScC, (°A,), the state would be A,
which lies only 1.6 kcalmol™' above the *A, state. For CoC,
(‘B,) the extra electron adds to the 3db, (3d,.) orbital (as in
TiC, °B,). Note that the 3db, orbital is now doubly occupied,
a fact that should at least partially explain the cyclic topolo-
gy of this isomer. For NiC, (°B,), the extra electron adds to
the 3da, orbital (because the 3da, orbital is already doubly
occupied).

The extra electron in CuC, (*A,) enters into the antibond-
ing (3d,,—m)* orbital, which is now doubly occupied. The
11a, orbital, which is still singly occupied in CuGC,, is finally
filled in ZnC, (*A,). It is clear that for ZnC,, with the d or-
bitals fully occupied, M«C, back-donation is not feasible.
Furthermore, M —next-LUMO(C,) donation should be
rather limited because there is a large energy gap between
the two sets of orbitals (see Figure 4). The bonding in this
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system is therefore mainly due to M—LUMO(C,) donation.
Since zinc has the lowest-lying 4s orbital of all first-row tran-
sition metals, the bonding energy is the lowest.

In addition, the results from an energy decomposition
analysis (EDA)P* of MC, compounds are shown in
Table 7 (Sc—Mn) and Table 8 (Fe—Zn). Within this formalism
the total interaction energy is partitioned into different com-
ponents: 1) AE,,, is the electrostatic interaction energy be-
tween the fragments, calculated with a frozen electron distri-
bution in the geometry of the compound, 2) AE,,,; is the re-
pulsive term arising from exchange repulsion, and 3) AE,,
is the stabilization due to orbital interactions, a term which
can be separated into the interactions arising from the dif-
ferent symmetries within the point group of the molecule.
The sum of these three terms gives the total interaction

energy, AE;,. Finally, in order to obtain the total bond
energy, one must take into account the preparation energy,
AE,.,, that is, the energy necessary to promote both frag-
ments (M and C, in our case) from their equilibrium geome-
try and electronic ground state to the geometry and elec-
tronic state of the MC, molecule. Further information and
technical details about this method can be found in refs. [52]
and [53]. The EDA analysis was carried out with the BP86
functional®”*® employing a STO triple-zeta basis set aug-
mented by one set of d and f polarization functions on
carbon and one set of p- (diffuse) and f-type (polarization)
functions on the metal.” The 1s* core electrons of the
carbon atoms and the 15?2s?2p® core electrons of the metal
atom were treated by the frozen core approximation.”! The
EDA analysis was carried out using geometries optimized at

Table 7. Energy decomposition analysis [kcalmol '] of M—C, (M =Sc, Ti, V, Cr, Mn) at the BP86/TZ2P + level of theory.

Sc Ti \'% Cr Mn
C,, AE;, —165.6 -167.5 -173.9 —108.0 —130.1
JAV 260.1 339.4 393.0 197.7 308.1
AE 0 -160.9 (37.8 %)t —207.4 (40.9%) —238.2 (42.0%) —113.0 (37.0%) —190.2 (43.4%)
AE,;, —264.8 (62.2%) —299.4 (59.1%) —328.7 (58.0%) -192.8 (63.0%) —248.0 (56.6%)
AE(a)) —229.3 (86.6 %)™ —237.1 (792%) —258.2 (78.6%) —153.7 (79.8%) —209.8 (84.6%)
AE(a,) 0.0 (0.0%) 0.0 (0.0%) -33 (1.0%) -2.1 (1.1%) —0.7 (0.3%)
AE(b)) —15.1 (5.7%) —22.7 (7.6%) -27.7 (8.4%) -10.4 (5.4%) —13.1 (5.3%)
AE(b,) —20.5 (7.7%) -39.7 (132%) -394 (12.0%) -26.5 (13.8%) —24.4 (9.8%)
C.. AE,, -150.3 —152.6 -159.2 -97.6 —124.8
AE,i 181.1 189.5 188.3 176.3 187.9
AE 0 —89.2 (26.9%) —86.0 251%) -79.8 (23.0%) —115.1 (42.0%) —84.2 (26.9%)
AE —-242.2 (73.1%) —256.1 (749%) —267.7 (77.0%) —158.9 (58.0%) —228.5 (73.1%)
AE(0) -201.6 (83.2%) —205.8 (80.4%) —209.4 (782%) -93.3 (58.7%) —187.4 (82.0%)
AE(m) —40.6 (16.8%) -50.6 (19.7%) -59.2 (22.1%) —64.5 (40.6%) —414 (18.1%)
AE(d) 0.0 (0.0%) 0.2 (0.0%) +0.9 (-0.3%) -1.0 (0.6%) 0.2 0.0%)

a] Values in parentheses give the percentage of attractive interactions AEelstat‘I'AEorb' b] Values in parentheses give the percentage contribution to the
total orbital interactions.

Table 8. Energy decomposition analysis [kcalmol~'] of M—C, (M =Fe, Co, Ni, Cu, Zn) at the BP86/TZ2P + level of theory.

Ni Cu Zn
C,, AE, —143.0 —153.8 —186.4 —-112.1 —69.9
AE, i 347.0 406.2 397.6 232.5 249.0
AE g —-212.4 (43.4% ) —248.7 (44.4%) —2434 41.7%) —162.1 47.0%) —150.2 471%)
AE ., —-277.5 (56.6%) —-311.2 (55.6%) —340.7 (58.3%) —182.5 (53.0%) —168.6 (52.9%)
AE(a;) -2274 (81.9% ) —241.9 (77.7%) —269.9 (792%) -152.9 (83.8%) —148.3 87.9%)
AE(a,) —4.8 (1.7%) —4.7 (1.5%) —4.3 (1.3%) 1.1 (0.6%) —-0.1 (0.1%)
AE(by) -16.7 (6.0%) -23.9 (7.7%) -30.4 (8.9%) -5.1 (2.8%) —6.8 (4.0%)
AE(b,) —-28.7 (10.3%) —40.8 (13.1%) -36.0 (10.6%) -234 (12.8%) -134 (8.0%)
C., AE;, —133.9 —1334 —147.1 -102.4 —68.7
AE i 202.1 221.1 218.8 130.3 140.3
AE ga —86.1 (25.6%) —104.3 (29.4%) -99.1 271%) -754 (324%) —68.8 (32.9%)
AEq —249.9 (74.4%) -250.3 (70.6%) —266.9 (729%) -157.3 (67.6%) —140.2 (67.1%)
AE(0) —199.0 (79.6%) —189.1 (75.6%) -193.0 (72.3%) —143.3 91.1%) —123.5 (88.1%)
AE(m) —-51.2 (20.5%) —61.1 (244%) —74.3 (27.8%) —-144 9.1%) -16.9 (12.1%)
AE(D) 0.3 (0.0%) -0.1 (0.0%) +0.4 (0.0%) -0.3 (0.0%) 0.2 (0.0%)

a] Values in parentheses give the percentage of attractive interactions AE,, +AE,,. [b] Values in parentheses give the percentage contribution to the
p p p p
total orbital interactions.
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the same level of theory. Only the relevant data from the
EDA analysis are shown in Table 7 and Table 8.

We would like to stress that the EDA results should not
be overinterpreted because they have been computed at the
BP86 level of theory. We have seen already that the energies
and geometrical parameters computed at the B3LYP level
of theory differ in some cases from the coupled-cluster ones.
As expected, the BP86 results are not much better. For this
reason we will not report the dissociation energies obtained
at this level of theory in Table 7 and Table 8. In any case we
think that we can extract some important information from
the partitioning of the BP86 interaction energies.

We will begin by commenting on the most interesting re-
sults obtained for the linear isomers. The EDA results show
that more than %/ of the stabilizing contributions come from
the orbital term. This makes sense because atoms have no
electrostatic multipole moment. The exception is CrC,, for
which the electrostatic contribution increases to 42% as a
result of the small orbital term (we will come back to this
point later). The orbital term splits into o and 7 contribu-
tions. The data collected in Table 7 and Table 8 show that
72-83 % of the orbital attraction comes from the o contribu-
tion (note that the transfer of almost one electron from the
metal atom to the C, unit, as suggested by the NBO charges,
takes place mostly in this representation). The exceptions
are CrC, for which the o term drops to 58.7% and CuGC,
and ZnC, for which it increases to 91.1 and 88.1 %, respec-
tively. The decrease observed for CrC, should be related to
the spin polarization of the o and [} densities as commented
above. Note that the Pauli repulsion in CrC, is similar to
that found in the other systems and that the electrostatic at-
traction even increases slightly. Thus, CrC, has a lower dis-
sociation energy because of its weaker o bond. CuC, and
ZnC, have very little wt stabilization because the four 3dx
electrons enter into antibonding orbitals. Finally, the EDA
results show that the 3dd electrons produce negligible stabi-
lization in the linear systems.

In the cyclic isomers the orbital term accounts for 52.9—
63 % of the total attractive interactions. This contribution is
thus smaller (as a percentage) than the one found in the
linear species. Note that the orbital term itself is actually
slightly larger for the C,,-symmetric isomers (as a result of
greater overlapping between the corresponding orbitals, as
commented on before). The reason why its relative contri-
bution is smaller is the striking increase in the electrostatic
contribution (between 90-180 % ). The larger contribution of
the electrostatic forces in the cyclic isomers should be relat-
ed to the fact that the C, fragment in its 1Eg+ state has a
more diffuse charge-density distribution in the region per-
pendicular to the molecular axes than along the axes. [We
would like to remind the reader that the electrostatic attrac-
tion between the fragments is not due to the interaction be-
tween (permanent) multipole moments because the metal
atom lacks them, but rather to the overlap of the charge
densities.] However, this stronger electrostatic attraction in
the C,,-symmetric species does not explain by itself the con-
formational preference, for the repulsive AE,,,; term also
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increases in these isomers (between 55-109 % ). Note that if
we sum up AE,,; and AE,, we get larger positive numbers
for the cyclic species, that is, consideration of these two
terms alone would favor the linear isomers. To obtain the
correct preference for the C,,-symmetric species it is neces-
sary to take into account again the orbital contributions. We
see then that the conformational preference must be ex-
plained in terms of more favorable stabilizing contributions
(electrostatic and orbital) for the cyclic isomers which are
not counterbalanced by the larger Pauli repulsion energy in
these species.®! Moreover, the EDA results clearly show
that, among the stabilizing interactions, the electrostatic
forces contribute most to the conformational preference. In
this sense, we could conclude that the cyclic isomers of the
transition-metal dicarbides are favored over the linear ones
because of the much more favorable electrostatic interac-
tions in the former.

Finally, we can compare our results for the first-row tran-
sition-metal dicarbides with the stability of met-cars. Based
on theoretical®®! and experimental®®®” work, it is general-
ly assumed that the preferred structure of MgC,, met-cars is
a tetracapped tetrahedron with 7, symmetry.”) In this struc-
ture there are two types of metal atoms: 1) the atoms that
are bonded side-on (;t-bonded) to three dicarbon moieties
and 2) the atoms that are bonded end-on (o-bonded) also to
three dicarbon moieties. Therefore, it seems that the basic
structural subunit should be MC,. This view can be con-
firmed by comparison of the bonding energies (per atom) of
the first-row met-cars with the dissociation energies of the
corresponding dicarbides. These two parameters, computed
by employing DFT, are shown in Figure 5. The bonding en-
ergies for the 7, met-cars are taken from the work of
Rohmer et al.¥! As can be seen in Figure 5, there is a clear
correlation between both parameters. Of course, there are
important discrepancies, such as the opposite relative stabili-
ty of the scandium and titanium compounds or the large
drop for CrC,. Met-cars are much more complex than dicar-
bides and therefore there should be other factors that influ-

bonding energies

8
7 = . —&— met-cars
= #1- dicarbides
6 4
35
4 N
3| O
2 T T )
20 22 24 26 28 30

z

Figure 5. Comparison of the dissociation energies for the first-row transi-
tion-metal dicarbides with the bonding energies (per atom) for the corre-
sponding met-cars (taken from ref. [6]) computed at the DFT level of
theory. All values are given in eV.
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ence their relative stability. Nevertheless, even with these
limitations in mind, we think that the results shown in
Figure 5 clearly illustrate that the global trends observed for
the relative stability of met-cars with different transition
metals are very similar to those observed for the corre-
sponding dicarbides. The evolution from scandium to copper
is very similar for both parameters, showing that early tran-
sition metals have a greater tendency to form met-cars than
late transition metals. This seems to be mainly due, accord-
ing to the trends observed in Figure 5, to the higher stability
of the early transition-metal dicarbides.

Conclusion

The molecular structures of the first-row transition-metal di-
carbides MC, (M =Sc-Zn) have been studied theoretically.
Special attention has been paid to the competition between
linear and cyclic isomers. In agreement with previous studies
it has been found that all the systems preferred a C,,-sym-
metric arrangement. Topological analysis of the electron
density has revealed that for TiC,, CoC,, and NiC,, the C,,-
symmetric isomer corresponds to a true ring structure with
peripheral X—C bonds. On the other hand, for the rest of
the dicarbides the C,,-symmetric isomer corresponds in fact
to a T-shaped structure.

A detailed analysis of the variation of the energy of the
dicarbides with the angle between the metal atom and the
midpoint of the C—C bond has been carried out. This study
has provided a deeper understanding of the factors govern-
ing the linear—cyclic competition of these compounds. It was
found that the energy difference between the linear and C,,-
symmetric species in general decreases when moving to-
wards the right side of the transition series. Therefore, early
transition metals have a greater tendency to coordinate to
both carbon atoms than late transition metals. Furthermore,
in general, early transition metals have larger dissociation
energies than late transition metals. These characteristics
might be related to a preference to form different materials
when first-row transition metals interact with carbon. In
fact, it has been shown that there is a good correlation be-
tween the dissociation energies of first-row transition-metal
dicarbides and the bonding energies observed for the corre-
sponding met-cars.

The main features of these compounds have been ration-
alized in terms of the most relevant interactions between
the valence orbitals of the metal atom and the C, fragment.
It is hoped that this study could help in understanding the
behavior of other transition-metal carbon clusters.
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