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Abstract Global optimization and density functional
theory-based calculations are used to investigate the
structure of (TiC)g and (TiC);, clusters. In both cases, the
isomers exhibiting the bulk-like rock salt structure appear
to be the most energetically stable. This is in contrast to a
number of other materials that have the rock salt structure
as their bulk ground state, such as MgO, for which more
open tubular motifs are observed. A major factor contrib-
uting to this difference in nanoscale structure is likely to be
the larger covalent character of TiC as compared to MgO.
This is supported by our finding that some of the low-
energy isomers of both (TiC)q and (TiC);, exhibit C—C
bonding, whereas the bonding in all analogously sized
MgO isomers is solely based on Mg—O ionic bonding. The
simulated IR spectra indicate that it should be experi-
mentally possible to differentiate (TiC), clusters with or
without C—C bonds.
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1 Introduction

The technological need to improve our understanding of
important inorganic solids (e.g. ZnO, SiC, TiO,) at the
nanoscale has renewed the interest in the detailed model-
ling of the atomic and electronic structure of nanosized
clusters of such materials. Nanoclusters of only a few tens
of atoms are placed somewhere between molecules and
bulk-like nanoparticles of hundreds of atoms. Not only are
nanoclusters thus fundamentally interesting for studying
how a material’s properties scale with increasing size, but
also with respect to their physical or chemical properties
which may significantly differ from those exhibited by
larger nanoparticles and extended solids. Probing and
exploiting the specific nanoscale properties of inorganic
solids have become major objectives in numerous different
fields such as nanotechnology, catalysis, solar cells, elec-
tronic components, and material science [1-5]. In addition
to their singular properties, the study of inorganic nanocl-
usters can give insights into growth and nucleation pro-
cesses which lead to different observed crystal structures
[6, 7] in a given material and/or even suggesting the pos-
sible existence of new cluster-based materials [8, 9]. In this
sense, the ability to predict the most stable ground state
structures of nanoclusters, assumed to be those most likely
to be found in the experiment, becomes an urgent and
important subject. Exhaustive exploration of the potential
energy surface of even small-sized clusters is a formidable
task due to the large number of possible stable structures
which grows exponentially with the number of atoms in
the cluster. For this reason, different specific global
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optimization approaches have been developed to efficiently
search the low-energy isomer spectrum of nanoclusters
[10-12]. In this study, we employ global optimization at a
classical level of theory followed by refinement using
quantum mechanical-based methods to investigate the most
stable isomers of nanoclusters of titanium carbide (TiC)
with six and twelve formula units.

TiC is a material in the fringe zone between ionic and
covalent, with bonding properties that go from metallic,
covalent, to ionic [6, 7]. Bulk TiC exhibits the rock salt
structure which is commonly found in strongly ionic
materials such NaCl or MgO, the latter being a prototypical
non-reducible ionic oxide. In spite of its rather simple
crystal structure, TiC has shown interesting properties, for
instance in heterogeneous catalysis. In this context, TiC,
and other simple transition metal carbides, has been sug-
gested as the potential substitutes for expensive noble
metal-based catalysts of the platinum group and, further-
more, can display advantages over these bulk transition
metals in terms of catalytic selectivity or resistance to
poisoning [13, 14]. Transition metal carbides have already
proven to be efficient in some reactions of great techno-
logical importance, as the water—gas shift reaction [15],
and received recent attention in a variety of processes [16—
19]. In addition, transition metal carbides have proven to be
an excellent support for metallic nanoparticles, especially
after the pioneering work of Ono et al. [20] on the catalytic
properties of Au nanoparticles supported on TiC. Sub-
sequent work has shown that Au/TiC systems exhibit
extraordinary reactivity in DeSOx reactions [21-23], being
active to dissociate molecular oxygen [24] and molecular
hydrogen [25, 26] and, more recently, even to hydrogenate
CO,; to methanol [27]. In the specific case of TiC, it has
been shown that, for the water—gas shift reaction, small
clusters adsorb reactants and products too strongly, thus
resulting in excessively large energy barriers [15]. A dee-
per knowledge of TiC nanoparticles seems necessary to be
able to properly tune their properties for such applications.

Non-stoichiometric clusters containing Ti and C are
known since the early cluster beam work of Castleman and
co-workers [28] who termed these clusters as metallocar-
bohedrenes, or just metcars, where TigC;, was found to be
particularly stable. These metcars have been studied in detail
for a long time from both theoretical and experimental point
of view [29-35]. Metcars were found to be especially stable
and abundant when obtained by laser vaporization under
certain experimental conditions and were clearly identified
by mass spectroscopic techniques. Subsequent theoretical
investigations were carried out to elucidate the geometry and
structure of metcars, showing that they have a cage shape
similar to fullerenes formed by pentagonal rings [28, 30].
These results increased the interest of the scientific com-
munity in the possible properties and utilities of these

@ Springer

particular clusters [28—-30]. Nevertheless, succeeding works
found that, depending on the experimental conditions, met-
cars are not necessarily the most abundant and stable struc-
tures, with Ti;4C;3 and also larger 1:1 stoichiometric
clusters, being found to be as abundant as the metcars or even
more so [29, 30]. Such stoichiometric TiC clusters may also
have relevance to astrophysical environments, with experi-
mental measurements and observations both pointing to the
presence of such clusters around stars as possible precursors
in the nucleation of carbonaceous stardust [36].

In this work, we focus on the study of the ground state
atomic structures of the stoichiometric (TiC),, clusters with
n = 6, 12 and compare the lowest energy structures to the
corresponding clusters exhibited by MgO. For the TiC
clusters, we also calculate the vibrational IR spectra in
order to find fingerprints to assist in the identification of
such clusters in experiment.

2 Methodology and computational details

Since TiC and MgO exhibit the same bulk rock salt struc-
ture, it is interesting to see whether this correspondence also
holds for the extreme case of small nanoscale clusters. For
this comparison, we take the sizes (TiC)¢ and (TiC);, and
use the structures of the low-energy isomers of the corre-
spondingly sized MgO clusters obtained from global opti-
mization calculations based on the basin-hopping algorithm
[37] using simple ionic Born interatomic potentials. As
nanocluster structures are highly dependent on the atomic
charges employed in such potentials, in order to capture a
wide structural variety, the effective ionic charges,
Mg?t07", were varied (between le and 2e) and global
optimizations were performed for each value of ¢ [38, 39].

More than 15 different isomer structures resulting from
the basin-hopping global optimizations were considered for
(TiC)g and (TiC)1, in a first round of calculations. The
structures and energies of these isomers were first opti-
mized employing a Lennard—Jones two body potential with
an Axilrod-Teller potential for the three body interactions
following the parameterization by Erkoc [40], using the
General Utility Lattice Program (GULP) code [41]. The
lowest energy geometries thus obtained were then refined
using density functional theory (DFT)-based calculations
performed with the VASP code [42-45]. In the DFT cal-
culations, the valence electron density was expanded in a
plane wave basis set with a cut-off of 415 eV for the
kinetic energy and the effect of the core electrons on the
valence density was taken into account using the projector
augmented wave method [46, 47]. The exchange—correla-
tion effects were described by the Perdew—Wang (PW91)
[48, 49] implementation of the generalized gradient
approach (GGA) functional. The calculations were
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performed using a cubic cell of 20 x 20 x 20 A, to
guarantee there was no significant interaction between the
images of the replicated cells. All calculations were carried
out considering the I" point of the reciprocal space only.
Structures were considered converged when forces on the
atoms were smaller than 0.03 eV/A.

In order to further confirm that the lowest energy opti-
mized structures found in the PWO91/DFT -calculations
corresponded to genuine energy minima on the potential
energy surface, frequency calculations including dipole
moment calculations were carried out. This type of calcu-
lation also allows one to compute the intensities corre-
sponding to the lowest transition for each normal mode and
thus simulate the infrared (IR) vibrational spectra. The
dipole intensity of a given normal mode k corresponding to
the z component (u,) of the dipole is computed according to
the following expression [50-52]

2 n
fe— (On :i Pix_Op,
an =1 \/M; aAl’[
where ., is the z component of the dipole moment, Ar; are
the Cartesian displacements, and % is the mass-weighted

coordinate matrix of this normal mode. Summing the
contributions for the x, y and z components permits one to
obtain the full theoretical IR spectra for each of the con-
sidered structures of the (TiC)q and (TiC);, clusters.

3 Results and discussion

The ground state structures for both (TiC)e and (TiC);, are
found to exhibit the bulk rock salt structure, see Fig. 1. In
both cases, the (TiC)g and (TiC),, resemble small elon-
gated rock salt slabs. The TiC distances in each of these
clusters were found to be similar to the corresponding
values in the bulk, but with a small contraction observed in
the (TiC)g structure. This is most clearly noticeable for the
TiC bonds at the ends of the cuboid (TiC)¢ cluster and can
probably be attributed to the low coordination of these
surface atoms together with the relatively small cluster
size. In the case of (TiC);,, the bonds involving the atoms
on the “rim” of the slab also show a contraction, although
here a small expansion relative to the bulk, with noticeable
larger bond distances, is observed in the innermost part of
the structure. A selection of bond distances for the ground
state (TiC)e and (TiC);, clusters and the bulk rock salt
structure are compared in Table 1.

It is interesting to compare the differences between these
structure and those corresponding to (MgO),, clusters with
the same number of atoms. The ground state structures for
small (MgO),,, n = 6, 12, clusters tend to exhibit an hex-
agonal tubular shape [53]. Although the lowest energy
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Fig. 1 Lowest energy structures for the (TiC)g and (TiC);, nanocl-
usters (fop), and lowest energy C—C-containing (TiC)s and (TiC);,
nanoclusters (bottom) as predicted from global optimization and
refined by DFT calculations

Table 1 Smallest and largest TiC distances (/3;) found in (TiC)g and
(TiC);, clusters

TiC bonds (TIC)6 (TIC)12
Smallest 1.937 1.899
Largest 2.072 2.195
Bulk calculated 2.161 2.161
Bulk experimental 2.164 2.164

Calculated and experimental TiC distances in the bulk rock salt
structure are reported for comparison

structures for (TiC)g and (TiC),, are bulk-like and thus
structurally unlike the corresponding ground states for
MgO, most low-energy TiC nanocluster isomers are also
found to be low in the energy for MgO. In other words, it is
the order of nanocluster isomer stability that is different in
each material.

Taking first the comparison between (TiC)s and (MgO)g
clusters, in addition to the differences in the order of
energetic stability, the different (TiC)¢ structures are more
widely separated in energy (see Fig. 2). Whereas the (TiC)g
isomers are fairly evenly separated throughout a 0.8 eV per
TiC unit (eV/TiC) range, the (MgO)q isomers span a
smaller energy interval (<0.6 eV/MgO) and are tightly
grouped into two groups: (1) a low-lying pair of isomers
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Fig. 2 Relative energies (in eV per TiC or MgO unit) corresponding
to the low-energy isomer structures of (TiC)s and (MgO)4 clusters.
The central part of the figure shows the calculated structures which
are linked to their respective relative energies via dashed lines.
Highlighted by red dashed lines are those where structural differences
between the two types of clusters are the largest (see Supplementary
Information for more detail) (color figure online)

(the hexagonal drum ground state and a bulk cut corre-
sponding to the (TiC)g ground state) separated by <0.1 eV/
MgO and (2) the remaining isomers in a higher lying
narrow (<0.2 eV/MgO) energy interval. Of particular note
is that some structures obtained for (TiC)g after full DFT
optimization were found to be not stable energy minima for
the MgO system. This is the case, for instance, for isomers
2, 4, 5 and 8, where the numbering refers to the order of
decreasing stability, in (TiC)e. For (TiC)e, isomers 2 and 5
are especially interesting because both exhibit a C—C bond
which is not found to have a correspondence (i.e. a O-O
bond) in any low-energy MgO clusters. Attempting to
optimize (TiC)g isomer 2 as a (MgO)¢ isomer, for example,
converts it to a relatively high-energy isomer with a bulk-
like structure. This striking difference between the two
materials at the nanoscale is particularly noteworthy as
(TiC)g isomer 2 is only 0.252 eV/TiC higher in energy than
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Fig. 3 Calculated IR spectra for two (TiC)s isomers: the bulk-like

ground state isomer (blue) and the lowest energy isomer exhibiting
C—C bonding (red) (color figure online)
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the ground state, and it is thus the second most stable
cluster found for (TiC)¢ (see structure in Fig. 1). Although
C-C bonds have not, to our knowledge, been reported
previously in stoichiometric TiC clusters, their presence in
C-rich non-stoichiometric TiC clusters (e.g. metcars) is
well known and is thought to be energetically stabilising
[54]. The appearance of the structures with C—C bonds
prompted us to study the IR spectra that are reported in
Fig. 3 for the bulk ground state cut isomer 1 and for isomer
2. Both calculated IR spectra are quite similar with respect
to the position and intensity of their main peaks, except for a
low intensity peak observed in the spectra of the C-C
bonding isomer that appears at approximately 1,300 cm ™'
which is due to to the C—C vibrations present in this isomer.
Experimentally C-C vibrations in this frequency region
have been used to indentify metcars while ruling our bulk-
like stoichiometric TiC nanocrystals [55]. The calculated
spectra should permit one to differentiate and assign our
new stoichiometric, yet C-C-containing, structures from IR
measurements. With respect to electronic structure, we also
note that the gap between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) found for the (TiC), ground state is
1.67 eV, while isomer 2 with a C—C bond shows a con-
siderably smaller HOMO-LUMO gap of 0.56 eV.

In the case of (TiC),, one finds trends similar to those
already described for the smaller (TiC)g cluster. Comparing
the lowest energy structures obtained for the (TiC);, sys-
tem with those of (MgO),,, we also observe differences in
the order of isomer stabilities (see Fig. 4). It is also inter-
esting to remark that the structures for (TiC);, span a
significantly larger energy range (0.85 eV/TiC) than in the

oEr
g 3
i
. 045
3t 04
hil's
3}?, - 035
THE P
1 4 s - 03
K. if‘ =
c—— =
= 08 f— ;{i 025 S
~
S o6 F.o8 —_— 0.2 i“
L2 — X s
£ o4 22] — 05
z Pt 24 4 e — =
e - =
:’B 0.2 — ﬁq..&z 0.1 &
] b3 —_— w
g 0 P 0.05
w E-&:‘J —
0.2 Lol —_— 0
Eeicid
-0.4 -0.05
(TiC),, (Mg0),,

Fig. 4 Relative energies (in eV per TiC or MgO unit) corresponding
to the low-energy isomer structures of (TiC);, and (MgO);, clusters.
The central part of the figure shows the calculated structures which
are linked to their respective relative energies via dashed lines.
Highlighted by red dashed lines are those where structural differences
between the two types of clusters are the largest (see Supplementary
Information for more detail) (color figure online)
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Fig. 5 Calculated IR spectra for two (TiC);, isomers: the bulk-like
ground state isomer (blue) and the lowest energy isomer exhibiting
C—C bonding (red) (color figure online)

case of the corresponding (MgO),, cluster (0.47 eV/MgO).
Moreover, as for (TiC)g, reasonably stable structures with
C-C bonding also appear in the set of low-energy (TiC);,
isomers. In particular, (TiC);, isomer 4 contains a C-C
bond and is 0.25 eV/TiC higher in energy than the bulk-
like-structured (TiC);, ground state (see structure in Fig.
1). Figure 5 presents the calculated IR spectra for the bulk-
like ground state (TiC),, isomer and for (TiC);, isomer 4.
Here, the spectra are much more complex than for the case
of the smaller (TiC)g clusters. A direct comparison of both
spectra is not straightforward, but, as in the case of (TiC)g
cluster, there is a new peak in the spectrum of the isomer
with a C—C bond at approximately 1,100 cm™'. As in the
previous case, this can be assigned to the C—C vibration.
Finally, the (TiC);, HOMO-LUMO gap calculated for the
ground state is 1.04 eV, which is smaller than in the case of
the (TiC)g ground state and closer to the bulk, which shows
metallic behaviour. The isomer with a C—C bond shows a
significantly smaller gap of 0.11 eV, which is in line with
the results discussed for (TiC)g.

4 Conclusions

Based on global optimization with interatomic potentials
and DFT-based calculations, we confirm that small stoi-
chiometric TiC clusters tend to energetically prefer to
exhibit a bulk-like structure. For the (TiC)g and (TiC);,
clusters investigated here, this rock salt-like structure is
between 0.1 and 0.3 eV/unit more stable than the next most
stable isomers found. This is in clear contrast with some
other materials which exhibit the rock salt structure in the
bulk such as MgO, for which the lowest energy (MgO)¢
and (MgO);, clusters correspond to hexagonal tubular
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structures. This difference in atomic structure at the
nanoscale is likely to be, at least partially, related to the
much more covalent character of TiC as compared to MgO,
which is a prototypal ionic oxide material. This interpre-
tation is supported by the observation that some of the low-
energy isomers of both (TiC)e and (TiC),, exhibit clear
C—C bonding which has no natural low-energy corre-
spondence on MgO clusters. From the calculated IR spectra
for the lowest energy isomers of both (TiC)s and (TiC),,
and of the two lowest energy isomers exhibiting C-C
bonding, we find distinguishing features which is due to the
presence of C—C vibrations. These data may be used to
differentiate between these two types of (TiC), cluster in
experiment.
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