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Concentration asymmetry and carbon enrichment in titanium carbide and silicon carbide clusters
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The mass spectra of metal clusters obtained by gas aggregation and laser vaporization techniques show
variations of the abundance with cluster size, and the best-known manifestation is the magic numbers. The case
of nanoalloys adds structural and chemical richness, and asymmetry in the atomic concentrations is sometimes
observed. This is the case with Ti,C, and Si,C, clusters, for which the experiments performed until now reveal an
enrichment of the clusters in carbon. The structure of the mass spectrum arises when hot clusters evaporate atoms
to cool down. By performing density functional calculations, complemented by a thermochemical formalism to
obtain Gibbs free energies, we have found that for each cluster in the families Ti,C, and Si,C, with x = 14
and y = 1-4, it is easier to remove titanium or silicon atoms as compared to removing carbon atoms, and this
explains the carbon enrichment systematically observed in the experiments. The conclusion is that the broad
compositional trends expected in the formation of alloy nanoclusters can be anticipated from calculations of the
evaporation energies of the alloy components, and this may be particularly interesting in the field of catalysis.
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I. INTRODUCTION

The properties of atomic clusters depend sensitively on
the cluster size, in such a way that addition or extraction of
just a single atom may change some properties of the cluster
[1]. This sensitivity can be due to electronic effects, structural
effects, or both. For instance, alkali-metal clusters show magic
sizes for a number of atoms, N = 2, 8, 20, 40, 58, 92,...,
characterized by closed electronic shells. At those sizes, the
stability drops drastically between sizes N and N+1, and this
becomes reflected in a drop of the cluster size abundance
in the mass spectrum [1-3]. A similar pronounced drop is
observed in the ionization potential [1,3]. On the other hand,
clusters formed by inert gas atoms or by some molecules
display structural magic sizes, revealing onionlike icosahedral
structures with an increasing number of closed atomic shells
[1,4-6]. Another well-known case of pronounced structural
stability is Cgg [7]. Metallo-Carbohedrenes (met-cars), formed
by carbon and transition-metal atoms, possess both structural
and electronic stability [8§—10]. Haruta and co-workers first
noticed the size-dependent catalytic activity of small gold
nanoparticles [11,12], which is a remarkable feature because
bulk gold is a noble, unreactive metal. After that pioneering
work, cluster and nanoparticle size has been confirmed to be
a relevant parameter in the design of good catalysts [13—17].

When the clusters contain different atomic species, the
relative concentration of the components affects the cluster
properties, and this is an ingredient that can be used to tune
the properties for specific applications [18]. In fact, the cluster
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structure is sensitive to the nature of the components and to
their relative concentration. The parallel in the bulk case is
the formation of solid metallic alloys, which adopt different
structures depending on the temperature and the relative con-
centration of the component metals: solid solutions with the
structure of the host for concentrations rich in one of the com-
ponents, and intermetallic ordered compounds with specific
stoichiometries and crystalline structures for one or several in-
termediate compositions (often, those stoichiometries are not
too strict, allowing for a narrow range of compositions around
the nominal one). The structure and the relative compositions
of the intermediate compounds vary from alloy to alloy, man-
ifesting in this way the richness of the alloy phase diagrams.
In a similar way, nanoparticles and clusters formed by two
or more types of atoms can display structural and chemical
order, disorder, and segregation effects [18-21]. In addition,
small clusters can form even in some cases in which the
corresponding bulk solid alloys do not exist [22-27], which
is an intrinsic size effect. Small alloy nanoclusters have a
substantial fraction of atoms in their surface, and the preferred
stoichiometries and the most stable structures vary as the
cluster size increases. When binary alloy clusters form and
grow in the usual gas aggregation methods, a larger variety of
relative concentrations is detected in the mass spectra [28] as
compared to the concentrations observed in the phase diagram
of the bulk solid alloys. This is, again, an effect of the small
size of the cluster, which enhances the mixing between the
two components as compared to the bulk solid alloys. That is,
a variety of stoichiometries A,B, can be expected, in general,
in the mass spectra of small alloy nanoclusters. In addition,
cluster growth can produce asymmetries in the concentration;
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for instance, concentrations rich in one of the components, or
clusters with compositions around a specific one, A, B, [28].

Silicon carbide and titanium carbide clusters (Si,C,, Ti,C,)
form two families where the concentration asymmetry, or
enrichment in one component, i.e., carbon in this case, has
been observed [8-10,28,29]. These clusters form part of the
list of chemical substances that have been detected in the
circumstellar atmospheres of low and intermediate mass stars
in their late evolutionary stages [30]. Small clusters are the
precursors of the interstellar dust, so knowing the trends in
the relative concentrations in small Si,C, and Ti,C, clusters
is important. By performing density functional calculations of
the structure and Gibbs free energies of small carbide clusters
as a function of size and relative concentration, we are able to
identify and explain a tendency for carbon enrichment, which
agrees with the phenomenology observed in the experimental
mass spectra obtained by laser vaporization of solid samples
in the Si,C, case [29], and by laser vaporization of Ti and
reaction with a pulsed gas stream of small hydrocarbons in
the Ti,C, case [28]. Herein, we propose that the key to explain
the carbon enrichment consists in focusing on the evaporation
energies, that is, the energies required to evaporate atoms
when the clusters become hot as they grow.

II. THEORETICAL FRAMEWORK

A. Computational approach

Density functional theory (DFT) [31,32], as implemented
in the GAUSSIAN16 atomistic simulation package [33], has
been employed to investigate the electronic and atomic struc-
tures of small Si,C, and Ti,C, clusters. The Kohn-Sham
monoelectronic wave functions and the electron densities
have been calculated using an all-electron localized basis set
formed with linear combinations of Gaussian functions: Dun-
ning’s correlation consistent triple zeta basis set (cc-pVTZ)
[34]. Exchange and correlation effects between the electrons
are treated by the Becke, three parameter, Lee-Yand Parr
(B3LYP) hybrid functional [35-37], which includes 20% of
exact exchange.

For each cluster size and composition, the ground-state
structure has been calculated by starting with a large number
of different atomic arrangements, taking information from
the literature and adding many other candidates. All the in-
equivalent structural configurations (linear, planar, ringlike,
three-dimensional polyhedra, etc.) and permutational isomers
[38], that is, the same underlying structure but different distri-
butions of the Ti (or Si) and C atoms over the available sites,
and different spin multiplicities, have been investigated. All
those structures were relaxed and fully optimized. A number
of isomeric structures were then discovered (some of the start-
ing atomic arrangements relax to the same isomer) and the
structure with the lowest energy was identified as the ground-
state structure. In this way, we are confident in obtaining, in
each case, the lowest-energy structure and the structures of the
low-lying isomers.

B. Thermochemical formalism

The thermal properties, as implemented in the GAUSSIAN
package [39], will be used in the study of the evaporation

of Si, Ti, and C atoms from the clusters. The Gibbs free
energy G of a cluster at temperature 7 is defined as G =
H — TS, where H is the enthalpy and § is the entropy. The
enthalpy H is equal to the cluster total energy obtained from
density functional theory, Epgr, corrected by the zero-point
energy (ZPE) and by the internal thermal energy Er. Thus,
G = Eppr + ZPE + Ey — TS. The entropy and the thermal
contribution to H are obtained from the partition function Z
[40], which has electronic (e), translational (t), rotational (1),
and vibrational (v) components [39]:

Z(IN,V.T) =Z2.2,Z,Z,, ey

where N is the number of particles and V' the volume.

After the partition function has been calculated, the molar
values of the internal thermal energy E and the entropy S can
be derived as follows:

RT? 3Z
Er = — —| , 2
zZ v,
RT 3Z
S=RInZ+ ——| , 3)
Z v |,

where R is the ideal gas constant. Here, we are only interested
in values for not too low temperatures, 7 > 50 K. Accord-
ingly, we write
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where A is the Planck constant (& = %), M the total mass,
kp the Boltzmann constant, m the spin multiplicity of the
electronic state, and w; the vibrational frequency of the mode
i [the product in Eq. (8) is taken over all vibrational modes
with positive frequencies]. For linear clusters, ® = 871@_131 (is
the moment of inertia) and o = 1 or 2, depending on whether
the cluster is heteronuclear or homonuclear. For nonlinear
clusters, ® = ©,0,0, (x, y, and z are the principal axes of the
moment of inertia tensor) and o is the order of the rotational
subgroup in the point group associated to the cluster (see
Table I). The thermochemical properties of the Si,C, and
Ti,C, clusters have been computed at 7 = 298.15 K and
P=1 bar.

III. STRUCTURE AND STABILITY OF THE CLUSTERS

A. Cluster structures

The calculated lowest-energy structures of Ti,C, and Si,C,
clusters with x = 1-4 and y = 1-4 are reported in Fig. 1. We
first focus on Si,C,. The clusters with a single Si atom are
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TABLE L. Order of the rotational subgroup, o, and spin mul-
tiplicity m, for the ground state of the Si,C, and Ti,C, clusters
(with x,y = 1-4).

Si,C, o m Ti,C, o m
SiC 1 3 TiC 1 3
SiC, 2 1 TiC, 1 3
SiCs 1 3 TiCs 2 1
SiC, 1 1 TiC, 2 3
Si,C 2 1 Ti,C 2 3
Si,C, 4 3 Ti,C, 4 1
Si,Cs 1 1 Ti,Cs 1 1
Si,Cy 1 1 Ti,C, 1 1
SisC 2 1 TixC 1 1
SisCs 2 1 TisC, 2 1
SisCs 2 1 TisCs 1 1
SisCy 2 1 TisCs 2 1
Si,C 1 1 Ti,C 1 1
Si,Cs 2 1 TisC, 2 1
Si,Cs 1 1 TisCs 1 1
Si,Cy 2 1 TisC, 12 1

linear, and the Si atom is located at one end of the chain.
However, SiC,, with the structure of an isosceles triangle, is
an exception. Si;C; and Si,C4 are again linear, with the Si
atoms at the two ends of the chain. To some extent, this is also
the case of Si,C, which is an isosceles triangle with a large
Si—C-Si angle of 123.6°. The structure of Si,C,, which is a
rhombus, arises from that of SiC, by attaching a Si atom in
a symmetric position to the first Si atom; but this structure
can also be interpreted by starting with Si,C and attaching
a C atom in a symmetric position to the first C atom. The
rest of the clusters are two dimensional, except the three-
dimensional Si4C and Si4C,. A noticeable feature is that in
clusters with two or more C atoms, the C atoms form bonds
with one or more C neighbors. In contrast, in clusters with
two or more Si atoms, one can observe cases in which some
Si atoms do not have Si neighbors. These results can be com-
pared with previous work. The calculated structures of Si;C
(rthomboidal), Si,C;3 (linear), Si,C, (rthombic), and Si3C, (ir-
regular pentagon) are confirmed by vibrational spectroscopy
and ab initio calculations [41-45]. The structures of SiC, and
Si,C are supported by spectroscopy [46—48] and by other
experiments [49]. SiyC is an interesting case. Its vibrational
spectrum, measured by Truong et al. [45] was interpreted as
revealing the presence of two isomers in the experiment. The
lowest-energy isomer can be seen as two deformed trigonal
pyramids sharing the base, and the other isomer corresponds
to the structure shown in Fig. 1. The DFT-B3LYP calculations
performed by Truong et al. [45] predict very similar total
energies for these two isomers, with a difference of only
0.011 eV. Interestingly, other DFT studies [50-52], including
our present work, and calculations by Truong et al. [45] using
other quantum chemical methods, predict the inverse ordering
between the two isomers, which is understandable because the
two isomers are nearly degenerate in energy.

The structures of Ti,C, have been discussed in previous
works [30,53], and only a comparison with the Si,C, struc-

(@) Tic,  Tic, TiC,
Ti,C  Ti,C :
e g Ti,Cs Ti,C,
TisC Ti,C, Ti,C; i, ?
TiC 1, TiC N Ti4C4%
(b) Si,C SisC P

Si,C, 9 A)
sic,

.

SiC, SiyCy

=9

Si,C,

=9

sic,

Si,C,

Si,C,

FIG. 1. Lowest-energy structures of (a) Ti,C, and (b) Si,C, clus-
ters, with x = 1-4 and y = 1-4. Light gray, orange, and dark gray
spheres represent Ti, Si, and C atoms, respectively.

tures is made here. Formation of linear chains in carbon-rich
clusters is observed in Si,C,, but not in Ti,C,. A tendency
to form compact three-dimensional structures is observed in
Ti,C,, but not in Si,C,. This is because Ti is a transition-metal
element, which tends to maximize the number of neighbors,
whereas C and Si are elements in the same column of the
Periodic Table, which tend to form covalent bonds with a
small number of neighbors. A third difference is that C atoms
not bonded to other C atoms exist in some Ti,C, clusters, but
not in Si,C,.

B. Review of experimental phenomenology

Mass spectrometric studies of Ti-C clusters have been per-
formed by several authors with a clear focus on the TigC),
metallo-carbohedrene [8-10,28]. The clusters were formed
by laser vaporization of Ti and reaction with a pulsed gas
stream of small hydrocarbons. Apart from the prominent
abundance of TigCj, in the mass spectra, those works also
give valuable information on other cluster sizes and com-
positions. The most striking observation is the asymmetry
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TABLE II. Evaporation energies of carbon and titanium atoms, Eey,p,c and Ecyap i, from TiC, clusters, and the difference between them,

AEevap i = Eevapc — Eevap 1i- Also, evaporation Gibbs free energies, Gevap ¢ and Geyap 1i at 298.15 K and 1 atm, and their difference.

EevapC GevapC

x/y 1 2 3 4 x/y 1 2 3 4

1 3.61 8.35 6.12 7.18 1 3.74 8.43 6.37 7.18
2 6.25 6.49 7.02 7.15 2 6.19 6.97 6.93 7.39
3 7.26 8.27 7.41 7.36 3 7.68 8.55 7.38 7.13
4 8.49 8.79 8.13 9.15 4 9.20 8.53 8.03 8.92
Eevap Ti Gevap Ti

x/y 1 2 3 4 x/y 1 2 3 4

1 3.61 5.95 4.40 6.95 1 3.74 6.54 5.67 5.54
2 3.59 1.73 2.63 2.60 2 3.09 1.63 2.19 2.40
3 1.05 2.83 3.23 3.44 3 1.15 2.74 3.19 2.93
4 2.08 2.61 3.33 5.11 4 2.09 2.07 2.72 4.51
AEevap C-Ti AGevap C-Ti

x/y 1 2 3 4 x/y 1 2 3 4

1 0.00 2.40 1.72 0.22 1 0.00 1.89 0.70 1.65
2 2.66 4.76 4.39 4.55 2 3.09 5.34 4.74 5.00
3 6.21 5.44 4.18 3.92 3 6.52 5.81 4.19 4.20
4 6.41 6.19 4.80 4.03 4 7.11 6.46 5.31 441

in the composition of the clusters: in general, the detected
clusters are rich in carbon. The abundances are most promi-
nent at the compositions Ti,C,, or Ti,Cpy—i, but in each
family with a specific number x of Ti atoms, an envelope
of clusters with compositions Ti,Cyy—», Ti,Cor—1, TiyCoy,
Ti,Coxt1, TixCoryr and substantial abundances are detected.
The family TigC, represents an interesting exception: the high
abundance envelope is centered on TigC,, the met-car, whose
atomic and electronic structures have been discussed at length
[54-56], although the enrichment in carbon is also evident.
Experiments of laser photodissociation of size-selected Ti,C,
clusters reveal the loss of Ti atoms [57,58], confirming the
enrichment in carbon. Of course, the observed carbon enrich-
ment is restricted to small clusters because the solid-state Ti-C
phase diagram [59] shows a single compound centered at the
composition TissCys. Then, a shift towards near equiatomic
compositions is expected for medium- or large-size clusters,
and this shift has been observed by Pilgrim and Duncan [57],
who interpreted those clusters as nanofragments of a face-
centered-cubic (fcc) crystal lattice.

Si,C, clusters in a wide range of sizes (up to about
100 atoms) were produced by Pellarin et al. [29] in a laser
vaporization source. The targets were stoichiometric SiC crys-
talline rods and composite rods of different compositions
formed from graphite and silicon powders. The analysis of
the mass spectra and of the products of photodissociation of
mass-selected clusters revealed enrichment in carbon. This
enrichment also occurs in the sublimation of bulk silicon
carbide, in which case the dominant process is the evaporation
of silicon atoms [49].

In the experiments producing Ti,C, clusters, a high-power
laser evaporates Ti atoms from a metal rod, and the sticking of
the atoms in the metal vapor leads to the formation and growth
of Ti clusters. A gas stream formed by small hydrocarbon
molecules (CHy, C,Hy4, or others) serves as a heat bath to

cool the metal vapor, and at the same time is the reactant gas.
Fast dehydrogenation reactions between the hydrocarbons and
the Ti clusters lead to the formation of Ti,C, clusters. The
processes in the formation of Si,C, clusters are a bit different.
The irradiated targets were Si-C solid composites and the
cooling gas was He.

The formation and growth of clusters obtained by gas
aggregation techniques, in particular those of interest in
this work, are controlled by the adsorption cross section of
monomer units (atoms, in general, but molecules in the case
of molecular clusters), which is the product of a geometrical
cross section slowly varying with cluster size, and a stick-
ing coefficient usually close to one [60]. The addition of
dimers and agglomeration of larger clusters is less probable
and only occurs at a later stage, when the highly mobile
monomers have been exhausted, or under higher pressures.
At this stage, the population distribution in terms of clus-
ter size will be rather featureless and magic-size clusters
are not expected to be prominent. On the other hand, the
mean composition of the clusters will reflect the stoichiom-
etry of the laser-induced plasma, especially for Si,C, cluster
formation, in which case the plasma is directly generated
from Si-C solid composite targets of specific compositions
[29]. A smooth and featureless mass spectrum would then
be observed if the collisional cooling of the clusters by the
gas heat bath between subsequent growth steps is efficient
enough. However, in practice, the cooling of the clusters is
not complete. The heat of condensation is not fully transferred
to the heat bath, and the Ti,C, and Si,C, clusters warm up
and become vibrationally hot as they grow. Then, an impor-
tant backwards effect takes place: when the cluster is warm
enough, energy is released by evaporating mainly atoms and
sometimes small fragments. This is the process giving rise
to the structure in the abundance mass spectra of all kinds
of clusters produced by these methods [1]. In particular, this
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TABLE III. Evaporation energies of carbon and silicon atoms, Eey,pc and Eeyqp si, from Si,Cy clusters, and the difference between them,

AEevapcsi = Eevapc — Eevap si- Also, evaporation Gibbs free energies, Geyap ¢ and Geyqp si at 298.15 K and 1 atm, and their difference.

Eevap C Gevap C

x/y 1 2 3 4 x/y 1 2 3 4

1 4.29 8.35 5.42 7.28 1 4.82 8.33 5.29 7.14
2 4.81 8.54 7.06 5.37 2 4.84 8.40 6.93 5.30
3 7.48 6.01 4.63 6.45 3 7.39 5.92 4.57 6.32
4 7.04 6.82 5.36 6.31 4 6.93 6.68 5.30 6.21
Eevap Si Gevap Si

x/y 1 2 3 4 x/y 1 2 3 4

1 4.29 6.46 4.18 6.00 1 4.82 6.55 4.57 6.26
2 3.73 3.92 5.57 3.67 2 3.82 3.88 5.53 3.68
3 6.42 3.88 1.44 2.53 3 6.39 391 1.55 2.57
4 3.00 3.82 4.55 4.41 4 3.02 3.78 4.51 4.40
AEevap C-Si AGevalp C-Si

x/y 1 2 3 4 x/y 1 2 3 4

1 0.00 1.88 1.24 1.27 1 0.00 1.78 0.72 0.89
2 1.08 4.61 1.49 1.70 2 1.02 4.51 1.41 1.62
3 1.06 2.12 3.18 3.92 3 1.00 2.01 3.02 3.75
4 4.04 3.00 0.81 1.90 4 3.91 2.90 0.79 1.81

is the way the magic numbers appear in the mass spectrum
because the population of magic clusters, being these are
especially stable and less prone to evaporate, is enriched in
the cluster beam by the evaporation events of larger clusters
[1-5,7,8]. It then becomes clear that the physical quantity
that has to be investigated to understand the features of the
mass spectra is the evaporation energy of atoms from the
clusters.

C. Atom evaporation and carbon enrichment

The dissociation processes of interest are those in which a
Ti or a C atom is evaporated from Ti,C,, and a Si or a C atom
is evaporated from Si,C,:

Ti,C, — Ti,_C, +Ti, )
Ti,C, — Ti,Cy_; +C, (10)
Si,C, — Si,_C, + Si, (11)
Si,C, — Si,Cy_; +C. (12)

The energies required to evaporate a C or a Ti atom from the
clusters are given, in terms of DFT energies of the products
and the initial cluster, by

EevapTi [Tlxcy] = E[Tix—lcy] + E[Tl] - E[Tlxcy]a (13)
Eevapcrricc,] = E[TixCy—(] + E[C] — E[Ti,C,], (14)
EevapSi[Siny] = E[Six—lcy] + E[Sl] - E[Slxcy]a (15)

EevapC[Siny] = E[Sixcyfl] + E[C] - E[Slxcy]s (16)

and the corresponding Gibbs free energies at 7 = 298.15 K
and P=1 bar,

Gevapil T1,Cy] = G[Ti,—1Cy] + G[Ti] — G[Ti,Cy]l,  (17)
Gevapc[TixC,] = G[Ti,Cy—1] + G[C] — G[Ti,C,],  (18)
GevapsiSixCy] = G[Si,—1Cy] + GISi] — G[Si,C,)],  (19)
GevapclSixCy1 = GISi,Cy11+ GIC] — GISi,G, 1. (20)

The DFT evaporation energies and the evaporation Gibbs
free energies of Ti,C, and Si,C, clusters are given in Table II
and Table III, respectively. All the evaporation energies have
positive values because the process is endothermic. The trends
are better appreciated in Figs. 2 and 3, where the results for
the evaporation free energies are presented in the form of
histograms, in which clusters with the same initial number
of Ti (or Si) atoms are represented by the same color. A
second observation is that in all clusters, the energies (and free
energies) required to evaporate C atoms are higher than those
to evaporate Ti or Si atoms. This is clear in Fig. 4, where the

1 2 3 4 1 2 3 4

()
=

o
=

=
5]

Gevap C (eV)
oN & O ®
o N & o ®

FIG. 2. Histograms showing the Gibbs free energies (in eV) for
the evaporation of (a) a C atom, Geyapc, and (b) a Ti atom, Geyap 1is
in Ti,C, clusters with x = 1-4 and y = 1-4. Clusters with the same
number x of Ti atoms are represented by bars of the same color.
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FIG. 3. Histograms showing the Gibbs free energies (in eV) for
the evaporation of (a) a C atom, Geyspc, and (b) a Si atom, Geygp s,
in Si,C, clusters with x = 1-4 and y = 1-4. Clusters with the same
number x of Si atoms are represented by bars of the same color.

differences between the evaporation free energies of C and Ti
(or Si) atoms are plotted for Ti,C, (and Si,C,) clusters,

AGevap C-Ti [TGCy] = Gevap C [Tixcy] - Gevap Ti [Tlxcy] ’ (2 1)

AGevap C—Si[Siny] = GevapC[Siny] - Gevap Si[Siny]- (22)

The differences between the DFT evaporation energies,
AEevap C-Ti = EevapC - Eevap Ti and AEevap C-Si — EevapC -
Eeyapsi» are also plotted in Fig. 4, and one can observe
that DFT energies and Gibbs free energies deliver very
similar quantitative results. In all cases, evaporating C atoms
is substantially more difficult than evaporating Ti or Si
atoms from the clusters. And the differences between the
DFT evaporation energies, or between the evaporation free
energies, are larger in Ti,C, as compared to Si,C, clusters.
The evaporation free energies have been calculated for
specific conditions, T = 298.15 K and P=1 bar, which do
not necessarily coincide with the conditions applying to
the experiments of cluster formation, where the pressures
in the vacuum chamber can be much lower [28]. But the
similarity of the qualitative picture (and the quantitative

(a) (b)

< 10 = 10

S >

L s O

5 s 3 s

g 4 § 4 —I

o o 2 ﬂ‘h ‘1 / 34
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0 0 7= 1
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FIG. 4. Histograms showing (a) the Gibbs free-energy differ-
ence, AGeyqp c-1i> between the evaporation of a Ti atom and a C atom
from Ti,C,, and (b) the Gibbs free-energy difference, AGeyqp csi, be-
tween the evaporation of a Si atom and a C atom from Si,C,. Clusters
with the same number x of Ti (or Si) atoms are represented by bars
of the same color. All results are in eV. (c) and (d) provide similar
information for DFT evaporation energy differences, AE.y,p c.ti and
AEevap C-Si-

results) obtained with DFT evaporation energies, on one
hand, and with evaporation free energies, on the other hand,
displayed in Tables II and III and in Figs. 24, indicate
that thermal and pressure effects are not critical in the
calculations.

As discussed above, when clusters form in a gas aggre-
gation experiment, the structure of the abundance spectrum
detected by mass spectrometry arises as a result of a two-
step process. In the first step, clusters grow mainly by the
successive addition of atoms of the species present in the
vapor [1], and this gives rise to a smooth population distri-
bution. But the process of condensation is exothermic and the
clusters become hot (especially vibrationally) as they grow. A
good part of the internal heat can be released by collisional
cooling with a carrier gas. However, another part still re-
mains stored in the clusters and when these are warm enough,
energy is released by evaporating atoms. This evaporative
cooling mechanism gives structure to the mass spectrum. In
the case of Ti,C, and Si,C, clusters, the evaporation free
energies of C and Ti (or Si) atoms are quite different. Evap-
oration of Ti or Si atoms is easier than evaporation of C
atoms, and the clusters will be enriched in carbon. This en-
richment is precisely what the experiments reveal. Figure 4
shows that the effect is more pronounced in the Ti,C, clus-
ters; that is, the values of AE..,cri are, in most cases,
larger than the values of AEgypcsi- A discernible trend is
that with few exceptions, AFEey,c.1i increases as the num-
ber of Ti atoms in the initial cluster increases. We see clear
examples in the series TiC, Ti,C, TizC, TisC, and in the
series TiC,, TirC,, TizCy, TisC,. A similar trend can be
roughly observed in AEey,pc.si, but with more exceptions.
An alternative way of viewing this trend is that the ten-
dency for carbon enrichment by Ti or Si evaporation is more
pronounced when the original cluster composition is poor
in C.

The results in Fig. 4 appear to be quite robust, since no ex-
ception is found to the rule that the evaporation of C from the
Ti,C, and Si,C, clusters is more costly than the evaporation
of Ti or Si. For this reason, one can confidently expect that
the rule will also be valid in a wider range of sizes. In fact,
other experimental observations of carbon enrichment can be
explained by the larger carbon evaporation energies. One of
these is the observation of prompt and delayed Tit emission
after multiphoton excitation of the TigCj, met-car [58]. The
delayed emission is interpreted as the excitation of a collective
giant dipole resonance that later decays by emission of Ti*
[55,56]. In both cases, i.e., prompt and delayed processes,
the emission of Ti* (and not C*) is explained by the lower
evaporation energy of Ti. But it is clear that the C enrichment
shown by these experiments, and in general the concentration
asymmetry observed in the mass spectrometry experiments,
has to change to a situation of concentration symmetry (Ti,C,
and Si,C,) as the cluster size becomes sufficiently large be-
cause the bulk alloys have near-equiatomic stoichiometries,
TiC and SiC [59,61].

IV. CONCLUSIONS

Knowledge of the atomic concentrations most likely to
be obtained in binary or multicomponent alloy clusters
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and nanoparticles formed by gas aggregation and laser va-
porization techniques is technologically important for the
applications of those clusters and nanoparticles in catalysis
and other fields. Taking small Ti,C, and Si,C, clusters as
a case study, previous experimental work has revealed an
asymmetry in the atomic concentration: the clusters detected
by mass spectrometry are rich in carbon. By performing DFT
calculations, we have found that the evaporation energies of
the different types of atoms forming the nanoalloy (Ti ver-
sus C, or Si versus C) are the key ingredients to explain
the asymmetry of the concentration and the enrichment of
these nanoalloys in carbon. For each one of the 16 clusters
in the Ti,C, and Si,C, families with x = 1-4 and y = 1-4,
the energy required to remove a carbon atom from the cluster
is always higher than the energy to remove a Ti (or a Si)
atom. Since the structure of the mass spectra arises when

hot clusters evaporate atoms to cool down, this asymmetry
in the evaporation energy leads to the observed carbon en-
richment. This rule, which we expect to be valid for other
nanoalloys, will allow one to anticipate broad trends in their
compositions.
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