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More than 50 [NbxCy]+ clusters have been observed in the gas phase. We report a density functional
investigation of 100 isomers of 28 of the most prominent of these clusters, ranging in size from [Nb2C2] to
[Nb12C20] and [Nb14C16], calculated as both neutral and monocation species. Vertical ionization energies and
normalized binding energies are provided for all isomers, and the most probable structures of the 28 [NbxCy]
clusters are assigned. The species [Nb8C12] and [Nb14C13] have the same structures (Td andOh, respectively)
as the Ti analogues. The calculations and interpretations generate a broad picture of the geometric structures,
electronic structures, and observed reactivities of NbxCy clusters. The relevant structural principles and the
key substructural components have been defined. At the local level, Nb-C bonding is the principal source
of stability, together with C-C bonding where it occurs, whereas Nb-Nb bonding energy is less important
but still significant. Cradle-motif Nb4C2 moieties are important, but not if they are strongly distorted. The
3-fold wheel substructure and the spire (3-fold or 4-fold) are key substructures involving C2. Fused cubanoid
units as occur in the nanocrystallites are the main containers of isolated C atoms and are usually slightly
distorted. Substitution of C2 in place of C in a nanocrystallite occurs in some NbxCy clusters that are slightly
C-rich. Fusion of wheels or spires onto nanocrystallite sections occurs with increasing C content, and the
most C-rich clusters contain C2 units only, but not longer Cn chains.

Introduction

In the past decade, a variety of types and instances of metal
carbon binary molecules have been uncovered experimentally,
including (1) endohedral, exohedral, and networked metallo-
fullerenes MCn,1-8 (2) graphitic MCn,1 (3) metallocarbohedrenes
MxCy with C2 groups, and nanodimensional fragments of MC
lattices containing C atoms.9-47 These unprecedented and
unpredictable systems raise many fundamental questions and
intimate opportunities for further science and technology. All
of this experimental work has involved the molecules or ions
in the gas phase, and the principal experimental information
on them involves their stabilities to dissociation15,17,24,25,36,40and
their reactions with a range of molecules including oxygen,
water, acetonitrile, ammonia, benzene, alkyl halides, alcohols,
and acetone.20-22,28,33,36,43-48 Bowers et al. have determined their
collisional cross-sections, measured as drift times through inert
gas.49-51 Wang, Li, and Wu have applied a photoelectron
spectroscopy technique to measure electron affinities of a range
of species.39,42 Meijer, Duncan, and co-workers have recently
reported IR data for several MxCy species.52,53

Following the first report of Ti8C12 in 1992,11 most attention
has concentrated on the metallocarbohedrene M8(C2)6 and on
the nanocrystallite class of clusters MxCy in whichy/x ≈ 1. The
metallocarbohedrenes are regarded as polyhedral frameworks
of M atoms and C2 groups (in some cases with Cn higher than
C2).11,32,54-57 Alternatively, the gas-phase nanocrystallites can
be regarded as fragments of the face-centered cubic lattice
adopted by the nonmolecular solid MC compounds and, thus,
are conceived of only in terms of C atoms bonded to M.32,57

The differentiation of MxCy clusters as metallocarbohedrenes
or nanocrystallites is based largely on the stable compositions

observed mass spectrometrically and on their dissociation
behavior. However, this is an oversimplification, because it is
likely that many clusters contain both isolated C atoms and C-C
bonded groups. In this context, the photoextrusions of metal
atoms from MxCy are significant, as they must at some stage
involve C-C bond formation, as in the sequence of photo-
extrusions from [Ti14C13]+ to [Ti8C13]+.25,58

Early first transition series metals such as titanium show a
superabundance of [M8C12]+ and a lesser amount of [M14C13]+.
Tantalum shows only compositions withy/x ≈ 1,59,60 whereas
Nb26,30and Fe25 have complicated abundance distributions that
are highly sensitive to formation conditions. One of the key
questions in this research is the influence of the electronic
properties of the metal in the formation and stabilization of the
various types of MxCy clusters.

In this paper we report theoretical investigations of the
niobium clusters [NbxCy], which have been the subject of four
complementary experimental investigations. The [NbxCy] clus-
ters are generated in pulsed laser vaporization sources, in which
Nb clustering occurs in the presence of hydrocarbons, which
are dehydrogenated. Castleman et al.26 showed that variations
in the formation conditions lead to different distributions of
products and concluded that the two main structure types, met-
car and nanocrystallite, form in parallel and are kinetically
controlled. Their metastable decay results also provide insights
into the stability of observed species. Pilgrim, Brock and
Duncan30 also found sensitivity to growth conditions, and with
better resolution of the manifolds of products and photofrag-
mentation spectra, provided a more detailed picture of the
compositions and stabilities. Freiser, Hay, et al. focused on
[Nb4C2], [Nb4C4], and [Nb6C7], reporting collisionally induced
dissociation; reactions with dioxygen, water, and methanol; and
calculated electronic and geometric structures.22,47

Figure 1 is a map of the compositions and relative abundances
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of the more prominent [NbxCy]+ clusters that have been
commonly observed in the various experiments.22,26,30,47Only
well-resolved species from the cited sources are included in this
figure; other compositions that are not shown might occur. The
abundances presented in Figure 1 are based on results given by
Duncan,30 but as noted, the observed product distributions are
sensitive to formation conditions. Prominent species in the
product distributions for [NbxCy]+ arex/y ) 4/4, 6/7, 7/9, 9/9,
10/12, 11/14, and 12/15. These compositions are not prominent
for other metals such as Ti, V, or Fe. Unlike other metal-carbon
systems that photodissociate M or MCn from larger clusters,15

Nb is observed to photodissociate C atoms. A significant
conclusion is that niobium-carbon clusters are different from
those of other early transition metals.30

The observed niobium-carbon clusters and their diversity
raise the following questions. What are their probable geometric
structures, and what are the important structural principles for
[NbxCy] clusters? What are the electronic structures and general
bonding principles of these species? Can this information be
used to explain the observed distribution and reactivity of ions?
Which properties, such as ionization potential or thermodynamic
stability, are responsible for the observation of particular
species? The concluding statement of the paper by Duncan and
co-workers30 states “Ab initio calculations would be especially
valuable to test the stabilities and structures for these particular
clusters and to explain why niobium-carbon clusters in general
are so different from other transition metal systems.”

Density functional theory (DFT) is especially suited to
evaluation of the questions raised by these experiments. Because
DFT is expedient for large inorganic clusters, and clusters with
large atoms,61-74 it can deal with the very large number of
isomers that are possible for the many compositions. The
geometry-energy surfaces for the [NbxCy] clusters can be
explored, and the comparative energies for different composi-

tions evaluated, with accuracy sufficient to provide a broad
understanding for metal-carbon clusters.

The objective of this paper is to describe the structures,
properties, and structural principles for the [NbxCy] clusters. We
have selected 28 significant compositions from [Nb2C2] to
[Nb14C16], and for them, we have made calculations for 100
postulated isomers. We present postulated and optimized
structures for these isomers, compare their energies, extract
pertinent geometrical principles, and describe characteristic
features of electronic structure. Our goal is to generate the
overall picture, prior to the examination of specific detail.

Methodology

The general investigative strategy involved postulation of
possible structures for each composition, optimization of those
structures by energy minimization, and recognition of resulting
features that appeared to confer stability, followed by further
postulation of structures incorporating those structural principles.
The strategy and methodology are the same as used previously
for MnS clusters.75

The postulation of structures for the [NbxCy] clusters was
based on knowledge of (1) geometrical isomerism for other
carbohedrenes of the early transition metals, particularly for
compositions M8C12, M8C13, and M14C13; (2) the structures of
intermediates MxC13, x ) 13-9, in the sequential photodisso-
ciation of Ti14C13 to Ti8C13;58 and (3) the regular fragments of
the cubic MC lattice, as suggested by Duncan.24 In addition,
we use the similarities between the structures of clusters MxEy

for E ) S, O and E) C2.76

Density functional calculations used the program DMol,
versions 2.36 and 960.71,77,78The density functionals used are
the Lee-Yang-Parr functional for correlation79 and Becke for
exchange,80 including nonlocal corrections that were applied
post-SCF. Double numerical basis sets71 included polarization
functions for metals and carbon. Calculations were spin-
restricted, and core orbitals were frozen. The electronic states
of the molecules were not specified in the initial calculations;
by use of smearing of electron population close to the Fermi
level, the optimization was allowed access to low-lying elec-
tronic states. This is desirable in the initial investigation of the
gross features of the geometry-energy surfaces, where various
electronic states could be involved, and the objective is to locate
the most stable structures. Subsequent energy minimization for
each principal geometrical isomer focused on the electronic
ground state by reducing any population smearing to zero or
near zero. Energy surfaces for specific ground or excited
electronic states have not been explicitly evaluated. Structures
with small HOMO-LUMO gaps (<0.2 eV) and energetically
close electronic states are identified in Table 1.

Postulated structures were initially optimized in the highest
possible Abelian symmetry. For each structure, once the overall
geometry was optimized in this symmetry, the structure was
evaluated further by optimization after distortion and reduction
of symmetry. This provided insight into the quality of the
stationary point on the energy hypersurface (saddle point or
minimum) and the steepness of the gradients. Some stationary
points were assessed also on the basis of second derivative
calculations, evaluated as the vibrational frequencies (available
as Supporting Information). The energies presented and tabu-
lated do not include zero-point or thermal corrections.

Details of the optimized structures are presented in Table 1.
The point group symmetries used in the least constrained and
final phases of structure optimzation are listed, together with
the highest possible symmetry of the isomer. Quoted ionization

Figure 1. Map of commonly observed compositions of binary [NbxCy]+

clusters produced by laser ablation of Nb metal and cooling/clustering
in hydrocarbons. Relative dot size indicates observed abundance. The
diagonal line emphasizes the 1:1 Nb/C ratio. Compositions represented
with an open circle are observed only through photodissociation.
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TABLE 1: Calculated Properties of [NbxCy] Clustersa

binding energies (kcal mol-1)

symmetry neutral cation
HOMO-LUMO

gap (eV)

isomer constb actualc ideald
distribution of
C atom types BE(0)e ∆BE(0)e BE(+)e ∆BE(+)e IE (eV) neutral cation

2/2A C1 D2h D2h (µ-C)2 -428 0 -284 0 6.33 0.54 1.65
2/2B C1 Cs Cs (µ-C2) -420 8 -265 19 6.89 0.60 0.51
2/2C C1 D∞h D∞h (Cterminal)2 -278 150 -134 150 7.20 0.21 0.73
3/3A C1 Cs Cs (µ3-C)(µ-C)2 -693 0 -566 0 5.59 0.37 1.15
3/3B C2 C2 C2V (µ3-C)2(µ-C) -679 14 -549 17 5.81 0.72 0.68
3/3C C1 C1 C1 (µ3-C)(µ-C2) -672 21 -535 31 6.11 0.34 0.45
3/3D Cs C3V C3V (µ-C)3 -652 41 -528 38 5.64 0.25 1.15
3/3E Cs C2V C2V (µ-C)2(µ3-C) -657 36 -523 43 5.72 0.07 0.31
3/3F Cs D3h D3h (µ-C)3 -595 98 -454 112 6.16 0.04 0.13
3/4A C3V C3V C3V (µ-C)3(µ3-C) -844 0 -686 0 6.85 1.81 2.14
4/2A C2 C2V C2V (µ3-C)2 -650 0 -523 0 5.59 0.66 2.27
4/2B C2 C2V C2V (µ-C)2 4/2Af 4/2Af 6.03 1.27 0.92
4/3A C3V C3V C3V (µ3-C)3 -844 0 -715 0 5.77 1.15 1.40
4/4A C1 D2d Td (µ3-C)4 -1008 0 -901 0 5.12 0.27 0.31
4/4B C1 D2h D2h (µ4-C2)2 -962 46 -839 62 5.33 0.36 0.54
4/4C C1 Cs Cs (µ-C)3(µ4-C) -948 60 -804 97 6.37 0.92 0.97
4/4D C1 D2d D2d (µ4-C2)2 -940 68 -804 97 6.29 1.04 0.87
4/4E C1 C1 C2 (µ-C2)2 -919 89 -786 115 6.29 0.52 0.26
4/4F C1 C1 C2 (µ-C2)2 -902 106 -777 124 6.29 0.55 0.28
4/4G D2h D2h D2h (µ-C)4 -866 142 -737 164 5.64 0.39 0.24
4/4H C2h C2h C2h (µ-C4) -858 150 -727 174 5.72 0.21 0.12
5/3A Cs Cs C3V (µ3-C)3 -964 0 -862 0 4.47 0.02 1.61
5/3B D3h D3h D3h (µ4-C)3 -907 57 -808 54 4.38 0.05 0.18
5/6A C2 C2V D3h (µ3-C)6 -1399 0 -1277 0 6.89 0.41 0.32
5/6B C2 C2V D3h (µ-C2)3 -1370 29 -1254 23 4.08 0.59 0.67
6/6A C1 C2V D2h (µ3-C)4(µ4-C)2 -1573 0 -1462 0 5.25 0.74 0.2
6/6B C2 D3 D3d (µ3-C)6 -1529 44 -1427 35 4.47 0.19 0.04
6/6C C2 C2 ?D3d (µ4-C2)3 -1508 65 -1401 61 4.73 0.74 0.2
6/6D D2h D2h D2h (µ4-C2)2(µ4-C)2 -1472 101 -1374 88 4.25 0.14 0.2
6/7A C1 C2V C2V (µ3-C)4(µ4-C)(µ4-C2) -1757 0 -1645 0 5.25 0.68 1.32
6/7B C1 C2V C2V (µ3-C)4(µ4-C)(µ4-C2) -1746 11 -1622 23 5.59 0.93 0.37
6/7C C1 C1 C1 (µ3-C)3(µ4-C)2(µ3-C2) -1737 20 -1620 25 5.42 0.12 0.45
6/7D C2V C2V C2V (µ4-C3)(µ4-C)2(µ3-C)2 -1701 56 -1589 56 4.99 0.39 0.45
6/7E C1 C1 C3 (µ4-C2)3(µ3-C) -1688 69 -1575 70 5.03 0.23 0.33
6/7F Cs Cs Cs (µ3-C)6(µ3-C) -1660 97 -1562 83 4.94 0.06 0.4
6/7G C2h D3 D3d (µ3-C)6(Ccentral) -1623 134 SCFg 0.03
6/7H C2 C2 D3d (µ4-C2)3(Ccentral) -1618 139 -1502 143 5.07 0.03 0.08
6/7I D2h D2h D2h (µ4-C)2(µ3-C)4(Ccentral) -1579 178 0.03
6/8A C1 D3 D3d (µ4-C2)3(µ3-C)2 -1888 0 -1758 0 5.81 0.01 0.65
6/8B C2 D2h D2h (µ3-C)4(µ4-C2)2 -1883 5 -1773 -15 5.07 0.04 0.29
6/8C C1 C1 Cs (µ3-C)8 -1794 94 -1703 55 5.59 0.48 0.42
6/8D D2h D4h D4h (µ4-C2)4 -1785 103 -1676 82 5.38 0.12 0.18
6/8E D2h Oh Oh (µ3-C)8 -1719 169 -1592 166 5.55 0.21 0.03
7/9A C1 Cs C3V (µ3-C)3(µ4-C2)3 -2197 0 -2081 0 5.29 0.21 0.39
7/9B Cs Cs C3V (µ3-C)3(µ4-C2)3 -2190 7 -2075 6 5.20 0.47 0.44
7/9C C2V C2V C2V (µ3-C)8(Ccentral) -2084 113 -1938 143 6.11 0.5 0.05
8/12A D2 Td Td (µ4-C2)6 -2828 0 -2714 0 5.29 0.4 0.36
8/12B C2V C2V C2V (µ4-C2)6 -2826 2 -2711 3 5.12 0.21 0.35
8/12C C1 D3d D3d (µ4-C2)6 -2809 19 -2687 27 5.42 0.43 0.34
8/12D Cs Cs Cs (µ4-C2)6 -2807 21 -2680 34 5.64 0.44 0.42
8/12E D2 D2d D2d (µ4-C2)6 -2786 42 -2655 59 5.77 0.45 0.23
8/12F C2V D2h D2h (µ4-C2)4(µ3-C)4 -2785 43 -2663 51 5.42 0.81 0.81
8/12G C1 C3V C3V (µ4-C2)6 -2782 46 -2659 55 5.51 0.25 0.24
8/12H C2h D3d D3d (µ4-C2)6 -2778 50 -2655 59 5.81 0.11 0.08
8/12I D2 D2 D2 (µ4-C2)6 -2774 54 -2655 59 5.29 0.45
8/12J D2 D2 D2 (µ5-C3)4 -2596 232 -2509 205 5.07 0.31 0.19
8/12K D2h Th Th (µ4-C2)6 -2593 235 -2480 234 4.90 0.09 0.33
8/12L D3d D3d D3d C12 -2492 336 -2383 331 4.73 0.31 0.41
8/12M D2h Oh Oh (µ-C)12 -2402 426 -2303 411 4.51 0.57 0.52
8/12N D2h Th Th C12 8/12Ke 8/12Ke

8/12O Oh Oh Oh C12 8/12Me 8/12Me

8/12P D2h Th Th (µ4-C2)6 8/12Ke 8/12Ke

8/13A Td Td Td (µ4-C2)6(Ccentral) -2963 0 -2853 0 4.90 0.06 0.27
9/8A C2V C4V C4V (µ3-C)4(µ4-C)4 -2256 0 -2154 0 4.51 0.14 0.82
9/8B C2V C2V C4V (µ4-C2)4 -2148 108 -2027 127 5.25 0.25 0.53
9/8C C2V C4V C4V (µ3-C)8 -2085 171 -1948 206 5.90 0.18 0.33
9/9A C1 C4V C4V (µ4-C)5(µ3-C)4 -2472 0 -2368 0 4.86 0.52 0.61
9/9B C2V C4V C4V (µ4-C2)4(µ4-C) -2319 153 -2210 158 4.77 0.12 0.11
9/9C C2V C2V D3h (µ3-C)6(µ4-C)3 -2406 66 -2196 172 4.77 0.16 0.41
9/10A Cs Cs Cs (µ3-C)4(µ4-C)4(µ4-C2) -2617 0 -2512 0 4.68 0.27 0.49
9/10B C2V C2V C2V (µ3-C)4(µ4-C)2(µ4-C2)2 -2578 39 -2472 40 4.68 0.1 0.65
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energies (IE) are vertical and calculated as the difference in
energy between the optimized neutral and the cation at the
geometry of the neutral. Atom coordinates for all structures are
available as Supporting Information.

Results

The results are organized by increasing cluster size, which
is useful because smaller clusters are often the fragments that
constitute larger clusters. Isomeric structures for the composition
NbxCy (abbreviated asx/y) are labeled asx/yA, x/yB, x/yC, etc.
Isomer labeling within each composition is alphabetical in order
of more positive energy for the neutral cluster. In the figures
presenting all of the isomers, Nb-Nb bonds are drawn when
the distance is less than 2.55 Å; even though there might be a
considerable Nb-Nb bonding interaction at longer distances,
this short distance is chosen to simplify the figures and to
emphasize the Nb-C and C-C bonding which we consider to
be more significant. However, one consequence of the non-
representation of Nb-Nb > 2.55 Å is that some Nb atoms in
the figures appear to be undercoordinated, even though there
are additional Nb-Nb interactions. Important Nb-Nb distances
are given in the figures or in their captions. The figures give
the neutral energies relative to the most stable isomer for each
composition.

Details for each of the 100 structures calculated are given in
Table 1. In some cases, the HOMO-LUMO gap is small, and
the structure has close-lying excited states. Full details of
electronic structure with unrestricted calculations are not
reported in this paper, which aims to identify the broad structural
principles and to first paint the bigger picture of NbxCy clusters.

To compare clusters with different compositions, and to obtain
information on absolute stabilities, we calculate and report
normalized binding energies. BE′ is the binding energy per atom,
and BE′′ is the binding energy per valence electron, with four
electrons counted for C and five for Nb.

Nb2C2. The energy minima for this composition are pictured
in Figure 2. The most stable structure found is the planar2/2A,
which consists of a Nb2 unit (the Nb-Nb distance is 2.72 Å in
2/2A0 and 2.73 Å in2/2A+) bridged by two carbon atoms, with
Nb-C distances of 1.94 Å in both the neutral and the cation.
The minimal difference in geometry between the2/2A0 and the
2/2A+ suggests that the nondegenerate HOMO of the neutral
(which is also the singly occupied HOMO of the cation) is
nonbonding in character. The calculated ionization energy of
6.3 eV is high in comparison with the IEs of many of the larger
NbxCy structures.2/2B0 containing a C2 unit bridging a Nb-
Nb bond is found to be 8 kcal mol-1 higher in energy than
2/2A0, while 2/2B+ is 19 kcal mol-1 higher in energy than
2/2A+. The Nb-Nb distance in2/2B0 is short, at 2.29 Å (2.35
Å in 2/2B+), much shorter than that for2/2A. The linear isomer
2/2C is not energetically competitive, and2/2C+ is not stable,
as Nb-Nb bond breakage occurs without a barrier. The
alternative postulated structure in which a C2 bond is perpen-
dicular to a Nb-Nb bond (an irregular tetrahedron of atoms)
optimized to2/2B. Nonplanar versions of2/2A occur on a
relatively flat energy surface with a minimum at planar2/2A.

It seems that, for Nb2C2, stability is maximized with the
number of Nb-C bonds, as in2/2A. A reduction of Nb-C
bonding to increase C-C and Nb-Nb bonding, as in2/2B and
2/2C, is not stabilizing.

TABLE 1. (Continued)

binding energies (kcal mol-1)

symmetry neutral cation
HOMO-LUMO

gap (eV)

isomer constb actualc ideald
distribution of
C atom types BE(0)e ∆BE(0)e BE(+)e ∆BE(+)e IE (eV) neutral cation

9/10C C2V C2V C2V (µ3-C)4(µ4-C)2(µ4-C2)2 -2546 71 -2438 74 5.03 0.02 0.16
9/10D C2V C2V C2V (µ4-C2)5 -2517 100 -2376 136 5.38 0.15 0.01
10/12A C2V C4V C4V (µ4-C2)4(µ4-C)4 -3057 0 -2952 0 4.73 0.05 0.16
10/12B Cs Cs C3V (µ4-C2)3(µ4-C)3(µ3-C)3 -3050 7 -2929 23 5.38 0.11 0.12
10/12C Cs C3V C3V (µ4-C2)3(µ4-C)3(µ3-C)3 -3043 14 -2922 30 5.33 0.41 0.54
10/12D C1 C3 C3 (µ4-C2)6 -2944 113 -2845 107 4.55 0.07 0.24
10/12E D2 D2 D2 (µ3-C)4(µ4-C2)4 -2913 144 -2789 163 5.64 0.1 0.1
10/12F C1 C4V C4V (µ-C)4(µ3-C)4(µ4-C)4 -2795 262 -2796 156 4.99 0.04 0.32
10/16A C2V C2V C2V (µ4-C2)8 -3674 0 -3545 0 5.72 0.49 0.31
10/16B C2V D4d D4d (µ4-C2)8 -3590 84 -3464 81 5.55 0.05 0.02
11/13A C1 C3V C3V (µ4-C)6(µ3-C)(µ4-C2)3 -3311 0 -3209 0 4.42 0.07 0.17
11/15A C2V C2V D3h (µ4-C2)6(µ4-C)3 -3713 0 -3593 0 5.33 0.12 0.06
11/15B C2V C2V D3h (µ4-C2)6(µ4-C)3 -3683 30 -3579 14 4.68 0.23 0.15
11/15C Cs Cs C3V (µ4-C2)6(µ4-C)3 -3691 22 -3577 16 4.94 0.12 0.26
12/12A C2h C2h C2h (µ3-C)4(µ4-C)8 -3338 0 -3236 0 4.68 0.34 0.1
12/12B C2h D3d D3d (µ3-C)6(µ4-C)6 -3248 90 -3135 101 4.99 0.15 0.23
12/12C D3d D3d D3d (µ3-C)6(µ4-C)6 -3235 103 -3127 109 4.86 0.08 0.09
12/12D D2 Th Th (µ4-C2)6 -3191 147 -3076 160 5.46 0.31 0.17
12/14A D2 Oh Oh (µ4-C)6(µ3-C)8 -3555 0 -3423 0 5.77 0.03 0.03
12/14B Ci S6 S6 (µ4-C2)6(µ3-C)2 -3479 76 -3354 69 5.55 0.29 0.25
12/15A C2V C2V C3V (µ4-C2)6(µ5-C)3 -3725 0 -3626 0 4.38 0.16 0.15
12/15B C1 C1 C3 (µ4-C2)6(µ3-C)3 -3629 96 -3499 127 5.72 0.15 0.22
12/15C C2V C2V C2V (µ3-C)4(µ4-C)5(µ5-C3)2 -3601 124 -3514 112 4.86 0.01 0.11
12/15D C1 D2h Oh (µ4-C)6(µ3-C)8(Ccentral) -3541 184 -3435 191 5.94 0.01 0.02
12/20A D2 D2 D2h (µ4-C2)6(µ3-C)8 -4160 0 -4031 0 5.76 0.03 0.2
14/14A D2h D2h D2h (µ4-C)10(µ4-C2)2 -3959 0 -3869 0 3.95 0.11 0.13
14/14B C2V C2V C2V (µ4-C)10(µ4-C2)2 -3916 43 -3820 49 6.29 0.13 0.13
14/15A D2h D2h D2h (µ4-C)10(µ4-C2)2 (Ccentral) -4129 0 -4037 0 3.99 0.12
14/16A D2h D2h D2h (µ4-C)8(µ4-C2)4 -4222 0 -4133 0 3.90 0.1 0.1

a Within each composition (x/y) group, the isomers are arranged in order of decreasing stability of the neutral cluster. Energies are internal
energies, without zero-point or thermal corrections.b Point group symmetry constraint used during exploration of the optimized structure.c Actual
point group symmetry of the molecule.d Highest idealized point group symmetry.e BE(0) and BE(+) are the cluster binding energies for neutral
and cation respectively:∆BE(0) and∆BE(+) are cluster binding energies relative to the most stable isomer.f Optimization yielded this structure.
g SCF convergence could not be achieved.
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Nb3C3. Of the six isomers of 3/3 (see Figure 2), two have
Nb3 as an equilateral triangle and four as an isosceles triangle;
the differences between the isomers are in the types and
locations of C atoms. Only3/3C has a C-C bond. The most
stable isomer is3/3A (Cs), which contains (µ3-C)1(µ-C)2 bridges
to an approximately equilateral Nb3 triangle. The alternative
bridging, (µ3-C)2(µ-C)1 in 3/3B, is destabilized by 14 kcal mol-1

for the neutral (17 kcal mol-1 for 3/3B+), possibly because of
the close proximity of the twoµ3-C atoms [(µ3-C)‚‚‚(µ3-C) is
less than 2.8 Å for both3/3B+ and3/3B0]. The Nb-C distances
of 3/3A are essentially unchanged between the two charge states,
as (µ3-C)-Nb ) 2.10 Å and (µ-C)-Nb ) 1.90 Å. The Nb-
Nb distances in3/3A0 are 2.85 and 2.89 Å, contracting to 2.83
Å in 3/3A+, which suggests a slight Nb-Nb antibonding
character of the3/3A0 HOMO (LUMO of 3/3A+). Both the
HOMO and the LUMO of3/3A+ consist mostly of contributions
from the 4d and 5s atomic orbitals of Nb. Structures with
different bridging qualities are considerably less stable. All of
the isomers considered for 3/3 contain three Nb-Nb distances
of between 2.6 and 3.1 Å, except for3/3E, which has only two
such Nb-Nb distances (ca. 2.9 Å). Folding3/3E along the
2-fold axis shortens one Nb-Nb distance and leads to the energy
minimum of 3/3A.

The high-symmetry (D3h) isomer3/3F is not stable. Displace-
ment of the carbon atoms by only 0.1 Å out of the plane
followed by optimization leads to the3/3D isomer, and it is
notable that the energy difference between3/3D+ and3/3F+ is
more than 70 kcal mol-1.

Like 3/3A, 3/3D can be considered as a depleted 2× 2 × 2
nanocrystallite;3/3E can be considered as the regular 3× 2 ×
1 nanocrystallite, whereas3/3B, 3/3C, and3/3F are not easily
recognized as fragments of the cubic crystal lattice.

Nb3C4 and Nb4C3. Both 3/4A and 4/3A are irregular
nanocrystallite fragments derived from cubanoid4/4A (the 2
× 2 × 2 nanocrystallite) by removal of a Nb atom or a C atom,
respectively. The minimized geometries are shown in Figure
3.

Nb4C2. The two structures evaluated for 4/2 are shown in
Figure 3. Both consist of a tetrahedron of Nb atoms,4/2A with
two Nb3 faces capped by carbon atoms and4/2B with the two
carbon atoms brought to within bonding distance.4/2B is not a
local energy minimum, and optimization breaks the C-C bond,
leading to4/2A. The Nb-Nb distances for4/2A0 range from
2.40 to 2.86 Å, while the Nb-C distances are 2.02 and 2.29 Å.
The shorter Nb-Nb distances in4/2A0 lengthen by about 0.05
Å in 4/2A+, indicating that the HOMO is slightly Nb-Nb
bonding in character. For this composition withy/x < 1, it
appears that Nb-C bonding contributes more to stability than
C-C bonding.4/2A is another example of a depleted 2× 2 ×
2 nanocrystallite.

Nb4C4. Eight structures calculated for 4/4 are shown in Figure
4. The cubanoid structure4/4A, which is clearly the most stable
isomer, is also the archetypal 2× 2 × 2 nanocrystallite
fragment. Isomer4/4C, also a nanocrystallite fragment but with
two fewer Nb-C bonds, is 60 kcal mol-1 less stable. Structure
4/4D is a fusion of two M4C2 cradles (see below), which are
the key C2 binding motif in Ti8(C2)6,54,81and as such4/4D was
expected to be more competitive, but is 68 kcal mol-1 less stable
than4/4A. We believe that the reason for this is that the Nb-
C-C angles involving the Nb atoms at the end of each cradle
are too acute, diminishing the C-C-Nb σ bonding. A similar
destabilizing effect occurs in4/4B. Structures4/4E and 4/4F
with undercoordinated C2 groups are quite unfavorable, while
the planar isomers4/4G (with C atoms) and4/4H with C4 are
worse. Structures that contain short Nb-Nb distances at the
expense of Nb-C bonds are energetically unfavorable.

For 4/4A0, there is a slight (<0.01 Å) distortion from the
optimalTd symmetry toD2d, but there is no obvious electronic
reason for this, and the energetic stabilization associated with
the distortion is less than 1 kcal mol-1. This distortion is
somewhat more marked (0.05 Å) in the cation, as evidenced
by the variation in both the Nb-Nb distances (four at 2.96 Å,
two at 2.91 Å) and the Nb-C distances (eight at 2.07 Å, four
at 2.02 Å). Calculated vibrational frequencies show that4/4A0

is a minimum on the local energy hypersurface. The Nb-Nb
distances in the neutral are two at 2.947 Å and four at 2.953 Å,
and the Nb-C distances range between 2.055 and 2.059 Å. Our
DF-calculated4/4A0 geometry compares well with that calcu-
lated by Freiser et al,47 who carried out calculations at the
closed-shell Hartree-Fock level on Nb4C4° using an effective
relativistic core potential for Nb and double-ú basis sets for Nb
and C (6-31G); they report Nb-Nb distances of 2.96 Å and

Figure 2. Optimized isomers of Nb2C2 and Nb3C3. Nb atoms are black,
C atoms are speckled, and point-group labels give the idealized
symmetry. The relative energy ER is the binding (internal) energy (kcal
mol-1) of the isomer (as the neutral) referenced to the most stable isomer
for that composition. Interatomic distances, where given, are in Å.

Figure 3. Optimized isomers of Nb4C2, Nb3C4, and Nb4C3. Symbols
as in Figure 2.
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Nb-C distances of 2.01 Å. They did not recognize any
distortion fromTd, as their optimization was constrained to that
symmetry.

The HOMO-LUMO gaps for both4/4A+ (0.31 eV) and
4/4A0 (0.27 eV) are smaller than those for the stable isomers
of smaller clusters, namely,2/2A0 ) 0.54 eV,3/3A0 ) 0.37
eV (see Table 1). For4/4A0, the binding energy per atom (BE′
) -126 kcal mol-1 atom-1) and the binding energy per valence
electron (BE′′ ) -28.0 kcal mol-1 e-1) are both larger than
any values calculated for smaller structures. The ionization
energy of4/4A at 5.12 eV continues a trend of decreasing IE
with increasing cluster size (2/2A, 6.33 eV;3/3A, 5.59 eV).
The high stability and low ionization energy calculated for4/4A
in comparison with those for smaller structures indicates that
this species should show strong abundance in this region of the
mass spectra, which is indeed the case.30

Figure 5 shows part of the MO diagram for4/4A0. The
HOMO is more than 2 eV higher in energy than the next-
highest-occupied molecular orbital (NHOMO) and is doubly
degenerate. The LUMO is triply degenerate, and its proximity
to the HOMO allows many low-lying excited spin states.

One of the questions for NbxCy clusters concerns the
magnitude of Nb-Nb bonding energy relative to Nb-C bond
energy. One way to estimate this issue is to explore symmetrical
breathing distortions of a structure such as4/4A0, in which the
Nb-Nb distance can vary with relatively minor angular
distortions. Therefore, we calculated the energies of4/4A0 with
Nb-Nb lengthened or shortened by 0.2 Å and the Nb-C
distance unchanged. Shortening Nb-Nb to 2.75 Å costs 32 kcal
mol-1, and lengthening to 3.15 Å costs 35 kcal mol-1. Although
these are upper bounds for Nb-Nb energies, it appears that

there are significant Nb-Nb contributions to the cluster energy
even at Nb-Nb ) 2.95 Å.

Nb5C3. Isomer 5/3A, shown in Figure 6, is generated by
replacing one C atom of the cubanoid4/4A with Nb. ThisC3V
structure distorts toCs on optimization. Interatomic distances
are given in Figure 6. The calculated stability of5/3A, a
substituted nanocrystallite, in relation to5/3B suggests that
minor substitution of atoms in nanocrystallites is energetically
feasible. Isomer5/3B is a trigonal bipyramid of Nb atoms with
a C atom between each pair of equatorial Nb atoms andD3h

symmetry, but it is much higher in energy than5/3A.
Nb5C6. Two related structures with a trigonal bipyramid of

Nb atoms were evaluated for 5/6 (see Figure 6). Isomer5/6A
has a single carbon atom capping each Nb3 face, whereas5/6B
contains three C-C bonds.5/6A is more stable than5/6B as
either the neutral (29 kcal mol-1) or the cation (23 kcal mol-1).
Both5/6A0 and5/6A+ are calculated to have onlyC2V symmetry
instead of the idealizedD3h symmetry. Nbeq-Nbeq distances in
5/6A+ are one at 2.68 Å and two at 2.95 Å, Nbax-Nbeqdistances
are four at 3.03 Å and two at 3.00 Å, while Nb-C distances
range from 1.97 to 2.33 Å, and C-C distances are greater than
3 Å. The occurrence of three C-C bonds in5/6B causes the
extension of three Nbeq-Nbeq distances to more than 3.6 Å.
Breaking three Nb-Nb bonds to form three C-C bonds could
be expected to stabilize5/6B over 5/6A, but the calculated
reverse energy ordering of these two isomers is believed to be
a consequence of the stereochemistry at the C atoms. In5/6A,
each C atom has threeσ C-Nb bonds in a trigonal pyramidal
arrangement. However, in5/6B, both theσ andπ interactions
of the C2 acetylide group are distorted: the Nbax-C-C angle
is only 123°, destabilizing the overlap of the C-C σ* orbitals
with Nbax, and the overlap of theπ orbitals of C2 with Nbeq is
also unfavorable because the Nbeq-(C2)-Nbeq angle is near
120° rather than the ideal 90°. Both the HOMO and the LUMO
in 5/6A+ consist mostly of Nb 4d and Nb 5s atomic orbital
contributions, and the HOMO of the neutral is bonding with
respect to the Nbeq-Nbeq bonds, which lengthen by more than
0.2 Å on ionization.

Nb6C6. The four isomers considered for 6/6 are shown in
Figure 6. The most stable isomer,6/6A, is based on two cubane
units (4/4A) fused together, whereas6/6B is a stacked pair of
Nb3C3 rings. 6/6B is 44 and 35 kcal mol-1 higher in energy

Figure 4. Optimized isomers of Nb4C4. Symbols as in Figure 2.
Significant Nb-Nb distances are as follows:4/4A0, 2.95 Å;4/4+, four
at 2.96 Å and two at 2.91 Å;4/4B0, four at 2.51 Å and one at 2.85 Å;
4/4B+, four at 2.53 Å and one at 2.86 Å Significant angles are as
follows: 4/4A0, Nb-C-Nb, 91.7° and C-Nb-C, 88.4°; 4/4A+ Nb-
C-Nb, eight at 92.7° and four at 89.2°, C-Nb-C, eight at 87.3° and
four at 90.4°

Figure 5. Calculated electronic structures of4/4A0 and 6/7A0.
Significant atomic orbital contributions to molecular orbitals are shown
to the right of each MO. Filled rectangles represent occupied orbitals;
open rectangles represent unoccupied orbitals. Symmetries of selected
orbitals are given.
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than6/6A as the neutral and monocation, respectively. Isomer
6/6C is a less stable derivative of6/6B containing three C-C
bonds, and6/6D, with two C-C bonds, is even less stable.6/6B
is related to6/6A by expansion of two parallel Nb-C diagonals
in the Nb3C3 rings. Although6/6A could haveD2h symmetry,
the optimized structure isC2V with one Nb-C-Nb ap-
proximately linear edge being different from the other. Selected
distances for6/6A as the neutral and monocation (in parentheses)
are shown in Figure 6. It is noted that marked distances lengthen
by as much as 0.2 Å on ionization, indicating that the HOMO
is significantly bonding with respect to all of the bonds shown.
Little variation is seen in other distances in the molecule for
this electron removal. The HOMO of6/6A shows major
contributions from Nb 4d and C 2p atomic orbitals, whereas
the LUMO shows contributions only from Nb 4d and Nb 5s. A
frequency calculation performed on6/6A0 showed only real
frequencies, indicating this to be a minimum on the energy
hypersurface.

Structure6/6B can be puckered in two ways to form stacked
chairs rather than stacked planes. As shown in Figure 7, both
of these alternatives have been optimized, yielding isomers6/6A
or 6/6B.

At this stage, considering 4/4, 5/6, and 6/6, it is evident that
the incorporation of C2 groups in MxCy where y/x ≈ 1 is
destabilizing.

Nb6C7. This is an unusual and informative composition for
metal-carbon clusters, and nine different structural isomers were
evaluated for Nb6C7 (see Figure 8). Generation of favorable
structures is accomplished by replacing a carbon atom in6/6A
with a C2 group. The most stable isomers,6/7A, 6/7B, and6/7C,
are formed in this fashion. The increased stability of6/7A over
6/7B can be attributed to an increased bonding interaction
between the two central Nb atoms, resulting in this Nb-Nb
distance decreasing from 2.98 Å in6/7B0 to 2.52 Å in6/7A0.
In isomer6/7C, the C2 group replaces aµ3-C of 6/6A rather
than aµ4-C atom. Isomer6/7D is derived from6/6A with a C3

group capping one end of the molecule, and the destabilization
is consistent with results from many other met-cars, which
indicate that C3 groups are unfavorable. The remaining 6/7
isomers were generated either by adding a central carbon atom
or by capping Nb3 faces of various 6/6 structures. These
strategies do not generate stable structures, particularly the
inclusion of a high-coordinate central C atom in6/7G, 6/7H
and6/7I. Structure6/7I, originally proposed by Freiser et al.,22

is a C-centered version of6/6A. When constrained toD2h

symmetry, this structure is almost 180 kcal mol-1 less stable
than6/7A, whereas optimization without constraints yields6/7B
with the formation of one C2 unit.

A frequency calculation on6/7A0 confirmed that it is a true
local energy minimum. Molecular orbitals for6/7A are shown
in Figure 5.6/7A has a singly degenerate HOMO that consists
mostly of Nb 4d and Nb 5s and less significant C 2p atomic
orbital contributions. Not surprisingly, the electronic structure
of 6/7B is very similar to that of6/7A. Ionization causes little
change in the geometry of6/7A, the only notable change being
a slight (∼0.05 Å) contraction of the central Nb-Nb distance
on ionization. The HOMO can be considered as mostly
nonbonding in character. The HOMO-LUMO gap for 6/7A+

is large (1.32 eV) when compared with those of either6/6A+

(0.20 eV) or6/7A0 (0.68 eV).
At this point, it is useful introduce an important structural

unit in met-car structures, the M4C2 cradle (see Figure 9), in
which a C2 group is bound along the long diagonal of an M4

quadrilateral. Each C atom is bonded to three M atoms. The C2

group hasσ andπ orbitals that define the two Mσ atoms near
the ends of C2 and the two Mπ atoms transverse to C2. A
significant variable in the cradle unit is the concavity of the M4

set. In conformer1A, the nonplanarity of M4 is such that the
Mσ-C-C-Mσ atoms approach linearity and the Mπ-C2-Mπ

set is near orthogonal. In the intermediate conformer1B, the
M4 set is planar. In1C, the folding of the M4 set is the reverse
of that in1A, causing increased bending of Mσ-C-C and less
bending of Mπ-C2-Mπ. Although there are obvious bonding
consequences within the cradle, the total energy of a met-car
is influenced by additional factors, and the cradle motifs are
employed mainly as an aid in the description of geometry in
met-car structures. Structure6/7A contains one1A, and6/7B
contains one1C. Isomer4/4D, described above, is believed to
be unfavorable because it contains two1C cradles.

Nb6C8. The five structures investigated for 6/8 are presented
in Figure 10. Isomers6/8A and6/8Bare appreciably more stable
than the others and have antecedents in earlier structures.6/8A
is 6/6C plus two µ3-C caps, and6/8B is 6/6A with the two
central µ4-C atoms replaced by C2. There are some notable
superficial anomalies: (1) Whereas the expansion of6/6A to
6/7A yielded the most favorable structure for 6/7, continuation
of this process to generate6/8B was not as competitive. (2)
6/6C is not a favorable isomer for 6/6, single capping of6/6C
to yield 6/7E does not yield a good structure for composition

Figure 6. Optimized isomers of Nb5C3, Nb5C6 and Nb6C6. Symbols
as in Figure 2. The mirror plane of5/3A is perpendicular to the page.
Interatomic distances are in Å where given; distances for the neutral
are given first, with the cation distances in parentheses. In5/3B, Nbax-
Nbeq is 2.74 Å in both the cation and the neutral; Nbax-Nbax is 3.04 Å
in the neutral and 2.96 Å in the cation. Interatomic distances (Å) for
neutral6/6A are given in the figure, with distances for the cation given
in parentheses.
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6/7, but double capping of6/6C yields the most stable neutral
isomer for composition 6/8. However,6/8B+ is 15 kcal mol-1

more stable than6/8A+, and6/8Bhas a lower ionization energy
than 6/8A, so it is likely that the species observed mass
spectrometrically is6/8B+. The Nb-C distances from the central
Nb atoms of6/8B to the surrounding C2 groups contract by
almost 0.1 Å on ionization, indicating that the HOMO is
antibonding with respect to these Nb-C bonds.

For the composition 6/8, with an M/C ratio greater than one,
it might be expected that favorable structures would contain
some C2 groups, and this is borne out by the results. Structures
6/8A and6/8Ehave similar arrays of Nb and C atoms and differ

mainly by the presence of three C-C bonds in6/8A; the
formation of C-C bonds by6/8E was prevented by theD2h

symmetry used in its optimization, as the maximum symmetry
of 6/8E is Oh. The unusual isomer6/8D with C4 cycles is
energetically uncompetitive; from our investigations of other
met-car structures, there is no indication that C4 cycles are
favorable.

Nb7C9. The three structures optimized for the composition
7/9 are pictured in Figure 10. Isomers7/9A and 7/9B each
contain three isolated C atoms and three C2 groups, and they
are much more stable than7/9C, which is composed of fused
cubanoid units with C atoms only. This discussion focuses on
7/9A and 7/9B and the relationships between them. In both
cases, the highest possible symmetry,C3V, is reduced in the
ground state toCs, but it is useful to consider7/9A and7/9B in
terms of theirC3V ideals. In7/9A, the Nb array is essentially a
monocapped octahedron, whereas in7/9B, it is a tricapped
tetrahedron.7/9A is elongated along its 3-fold rotation axis,
with three C2 groups aligned axially in type-1A cradles. In
contrast,7/9B is compressed, with three C2 groups perpendicular
to the molecular 3-fold axis, also in type-1A cradles. There are
also substantial differences in the bond angles at the C atoms.
Despite these geometrical differences, the energies of the two
isomers differ by only 7 kcal mol-1 for the neutral and 6 kcal
mol-1 for the cation. The relationship between7/9A and7/9B
can be described as a 90° rotation of the three C2 groups.

Ionization of7/9A0 results in the contraction of the Mπ-C
distances, from approximately 2.35 to 2.25 Å, indicating that
the HOMO is antibonding with respect to these bonds. The

Figure 7. The two different chair distortions of structure6/6B, and the results of their optimization.

Figure 8. Optimized isomers of Nb6C7. Symbols as in Figure 2. Nb-
Nb distances through the middle of6/7A and6/7B (perpendicular to
the 2-fold rotational axis) are as follows:6/7A0 ) 2.52 Å, 6/7A+ )
2.98 Å; 6/7B0 ) 2.58 Å, 6/7B+ ) 2.94 Å.

Figure 9. Cradle, wheel, and spire motifs commonly present in
calculated NbxCy structures.
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Nbπ-Nbπ distances show a marked change when the lone
electron is removed from the HOMO of the neutral. Two of
the Nbπ-Nbπ distances contract from more than 3.5 to about
2.95 Å, while the other shortens from 3.4 to 3.2 Å (the variation
in these Nb-Nb distances for each charge state illustrates the
major deviation from the idealC3V symmetry toCs). However,
it is noted that the potential energy curve for Nb-Nb > 3 Å is
likely to be quite flat. In fact, the difference between the energy
of 7/9A+ at the geometry of7/9A0 and the ground-state energy
of 7/9A+ is only 6 kcal mol-1.

Structures7/9A and7/9Bdemonstrate structural moieties that
become prevalent in larger cluster structures: these are the Nb4-
(C2)3 “spire” and the Nb4(C2)3 “wheel” presented in Figure 9.
The 3-fold spire is a tetrahedron of metal atoms elongated along
one 3-fold axis, whereas the 3-fold wheel is compressed and
almost planar{Mπ(Mσ)3}. Isomer7/9A is a spire mounted on
a Nb3C3 hexagon, whereas7/9B is a wheel attached to a Nb3C3

hexagon. Note that cradles of Figure 9 are generated only when
the spire or wheel is bonded to other metal atoms.

Nb8C12 and Nb8C13. Sixteen different structures were evalu-
ated for the key composition 8/12, and they are pictured in
Figure 11. Many of these isomers have been proposed previously
for other M8C12, whereas some are entirely new possibilities.
Our tetracapped tetrahedral (or bitetrahedron) structure8/12A,54,81

now generally considered most probable for Ti8C12,56 is found

also to be the most stable of the isomers of Nb8C12. This
structure has four inner (Nbi) and four outer (Nbo) metal atoms.
The isomers described by Benard55 (8/12A-E, H, I ), which
include Chen’s8/12E82 and are generated by 90° rotations of
the C2 groups in8/12A, make up seven of the nine most stable
isomers calculated for Nb8C12. Isomers8/12B and 8/12C are
quite close in energy to8/12A, being, respectively, 2 and 19
kcal mol-1 less stable as neutrals and 3 and 27 kcal mol-1 less
stable as monocations. The more stable isomers of8/12can be
described in terms of the motifs shown in Figure 9.8/12A
consists of four fused wheels, or four fused spires, or a coaxial
pairing of a wheel and a spire;8/12Bcontains two edge-shared
wheels;8/12C is a fusion of two coaxial spires;8/12Dcontains
a fused wheel and spire; and8/12G and8/12H consist of two
coaxial wheels.

A new structure8/12F, which consists of two fused6/8B
and contains a mix of isolated C atoms and C2 groups, is
calculated to have considerable stability, as is8/12G, which is
a lower-symmetry version of8/12H.

Castleman’s8/12K11 is more than 230 kcal mol-1 higher in
energy than8/12A as both the neutral and the monocation.
Neither8/12N nor 8/12P83 corresponds to a minimum on the
energy hypersurface, and when constrained toTh symmetry both
optimize to 8/12K. 8/12O84 also does not correspond to a
minimum on the energy surface, because optimization of this
isomer yields the high-energy isomer8/12M, which is the only
structure considered that contains only isolated C atoms.

Structures8/12Jand8/12L,85 with C chains longer than C2,
are calculated to have poor stabilities.

Interatomic distances for8/12A are given in Figure 11. The
small or nonexistent variations in geometry between charge
states suggest a HOMO that is mostly nonbonding in character,
and examination of the molecular orbital contours of the HOMO
shows lobes based mainly on Nbo and directed out of the
molecule. The electronic structure of8/12A is discussed in
further detail below.

The single isomer considered for 8/13 is C-centered8/12A
(retaining symmetryTd) which has been discussed for Ti and
other metals.50,51,58,86Experimental evidence for a C-centered
8/13 structure has been reported on the basis of reactive losses.46

Nb9C8, Nb9C9, and Nb9C10. Optimized structures for 9/8,
9/9, and 9/10 are presented in Figure 12. The most stable
structures for each of the three compositions are closely related,
being dominated by the presence of C atoms rather than C2

groups.9/8A and 9/10A are based on the structure of9/9A,
which has the connectivity of four fused cubane units, or two
fused6/6A units, or a 2× 3 × 3 nanocrystallite.9/8A is 9/9A
with the square-coordinated C atom removed, whereas9/10A
involves the replacement of one C atom along an edge of the
molecule with a C2 group, forming a type-1A cradle.9/8B is a
square antiprism of Nb atoms capped on one Nb4 face with an
extra Nb, which then accommodates four C2 groups in the cradle
configuration.9/8C is again a monocapped square antiprism,
but with isolated C atoms capping 8 of the resulting 12 Nb3

faces.9/9B and9/10Dare generated from9/8B by capping the
remaining Nb4 face with a C atom and a C2 unit, respectively.
9/10B is 9/8A with two C atoms replaced by C2 units in cradle
formation, 9/10C is generated from this structure by a 90°
rotation of the C2 groups.9/9C is an extension of6/6B and
consists of stacked Nb3C3 hexagons; in analogy to6/6B, the
three fewer Nb-C bonds of9/9C in comparison to9/9A result
in a net destabilization of 66 kcal mol-1. 9/8B and 9/9B are
most likely destabilized by the presence of undercoordinated
Nb atoms resulting from increased C-C bonding.9/8C is related

Figure 10. Optimized isomers of Nb6C8 and Nb7C9. Symbols as in
Figure 2. Nb-Nb distances in the two Nb3 triangles perpendicular to
the pseudo-3-fold axis of7/9A0 (7/9A+) are as follows: lower triangle,
one at 2.9 Å (3.7 Å) and two at 3.1 Å (3.8 Å); upper triangle, one at
3.4 Å (3.2 Å) and two at 3.6 Å (2.9 Å). The remainder of the Nb-Nb
distances in7/9A in both charge states range between 2.8 and 2.9 Å.
Nb-C distances in7/9A are mainly invariant with charge state:
Cisolated-Nb and C2-Nbσ range between 2.05 and 2.20 Å; however,
the C2-Nbπ distance increases from ca. 2.25 Å in the cation to ca.
2.35 Å in the neutral.
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to 6/8E and similarly demonstrates an unfavorability ofµ3-C
atoms, which is believed to occur because theseµ3-Cs are too
close together and repulsive but are unable to form C-C bonds
because of symmetry constraints.

Notably,9/8A and9/9A are very much more stable than the
alternatives. For9/8A, there is little structural variation between
charge states, suggesting a nonbonding HOMO. However, there
exists a wide range of Nb-C distances in this molecule, some
of which are shown in Figure 12.9/9A is very similar in
dimension to9/8A, and again the geometry changes little with
a change in charge state. The inclusion of the extra C atom in
9/9A introduces two new symmetry-independent Nb-C dis-
tances, radial and axial, which are marked in Figure 12. The

axial Nb-C bond in the cation, with a length of 2.54 Å, is still
quite long and is likely to be nonbonding, suggesting that the
contraction of this distance with the loss of an electron is likely
to be driven by the stereochemistry of the axial C atom rather
than increased bonding. It is noted that the axial C atom is
considerably out of the plane of the four Nb atoms surrounding
it, and this deviation from planarity is sensitive to the charge
state of the cluster.

In the 9/10 series,9/10A is derived from9/9A by a Cw C2

substitution, in close analogy to the generation of6/7A from
6/6A. The composition 9/11 is observed experimentally, but 9/12
is neither abundant nor identified, which supports the conclusion
that one or two Cw C2 substitutions in a nanocrystal fragment

Figure 11. Optimized isomers of Nb8C12. Symbols as in Figure 2.
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of this size can be accommodated and are feasible, but no more.
From Table 1, it is noted that9/10A has a slight advantage
over9/9A in normalized binding energy and ionization energy,
but 9/10 is not more abundant than 9/9.

Nb10C12. The six isomers optimized for 10/12 are shown in
Figure 13. The first three are much more stable than the
remainder. The most stable structure,10/12A, is a fusion of
9/8A and a 4-fold spire; there are four C2 groups in cradles
that are close to planar (type1B) and four C atoms with 4-fold
orthogonal stereochemistry. Structure10/12B, which is only
marginally less stable than10/12A, is a fusion of9/9C and a
3-fold spire, possessing three C2 groups and six isolated C atoms.
10/12Cis a fusion of9/9C and a 3-fold wheel and is related to
10/12Bby a 90° rotation of all C2 units. An alternative view of
the construction of10/12Band10/12C involves addition of a
Nb3C3 base to7/9A and7/9B, respectively. The stability of10/
12B and10/12Ccan be related to the stability of the smaller
units that compose them.

The 4-fold spire, which appears for the first time in10/12A,
has cradled C2 groups with dimensions different from those of
the 3-fold spire. Comparing the cradles in8/12A and10/12A,
the Mσ-C distance in10/12A increases from 2.04 to 2.38 Å,
whereas the Mπ-C distances decrease from 2.37 to 2.20 Å.

The increase in Mσ-C is partly a consequence of the increased
coordination number of the apical Mσ in 10/12A.

Structure10/12Dcould be regarded as10/12Bwith the lowest
Nb3C3 hexagon rotated to form three more cradled C2 units or
as the fusion of6/6C and a 3-fold spire. The lesser stability of
10/12Dcould thus be related to the lower stability of the features
of 6/6C. Isomer10/12Eis an axially bicapped square antiprism
of Nb atoms, with four C2 groups cradled as type1B and four
µ3-C atoms. The low stability of10/12E can be attributed to
the flattening of the trigonal coordination of theµ3-C atoms,
away from the more orthogonal coordination of C, caused by
the 4-fold nature of the Nb polyhedron. The occurrence of
uncapped Nb3 faces in10/12Eis presumably also a contributor

Figure 12. Optimized isomers of Nb9C8, Nb9C9, and Nb9C10. Symbols
as in Figure 2. Selected distances (Å) are marked for the monocations;
distances for the neutral are given in parentheses when they differ by
more than 0.01 Å from those for the cation.9/9B and9/9C are labeled
in reverse energetic order to maintain consistency with the9/8 series.

Figure 13. Optimized isomers of Nb10C12 and Nb10C16. Symbols as
in Figure 2. The primary rotation axes of each structure are near vertical
and near the plane of the page.
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to its lower stability. Structure10/12F is a depleted fragment
of the cubic crystal lattice, with very low relative stability
because of the two-coordinate C atoms.

The relative energies of the six 10/12 structures do not
correlate with the relative numbers of C atoms or C2 groups
but demonstrate the importance of appropriate local coordination
geometry and how the fusion of moieties can enhance or upset
local coordination stereochemistry.

Nb10C16. Two structures were evaluated for 10/16 (see Figure
13). The more stable structure,10/16A, is generated from10/
12A by four Cw C2 replacements. A conceivable structure for
10/16 is a 4-fold spire bound to a 4-fold wheel, in the same
way that 8/12A is a 3-fold spire bound to a 3-fold wheel.
However, a 4-fold wheel is not geometrically feasible, as the
increased radius would lengthen the Nbπ-C distance to a point
where strong bonding is not possible.10/16A is as close to this
ideal as possible, with a 4-fold spire bound to a Nb5(C2)4

fragment that is part wheel and part spire. In the optimized
structure, there is severe distortion of two of the cradles at the
base of10/16A, which occurs because the axial Nb atom at the
base has moved inside the cluster to 2.98 Å from the apical
axial Nb atom, providing some Nb-Nb bonding stabilization.
This is not present in10/16B, which is derived from10/16A
by rotation of just two C2 groups. Structure10/16Bcan also be
derived from10/12Eby converting all remaining C atoms to
C2 groups such that there are eight cradle formations surrounding
a bicapped square antiprism of Nb atoms. Isomer10/16Bcan
also be described as base-to-base fusion of two 4-fold spires.

The normalized binding energy of10/16A+ [BE′′(+) ) -31.1
kcal mol-1 per valence electron, see below] is more negative
than those of other nearby compositions and is comparable to
the values for8/12A and8/13A, supporting the hypothesis that
the occurrence of cradles, spires, and wheels confers stability.
The slightly higher calculated ionization energy of10/16A0 (5.7
eV) over8/12A0 (5.3 eV) provides a partial explanation for its
low observed abundance.

Nb11C13. Only one isomer,11/13A, was optimized, to the
structure shown in Figure 14. It hasC3V symmetry and contains
a centralµ4-C atom bonded to the hub Nb atom of a wheel
moiety.11/13Acan also be regarded as10/12Cwith a central
C atom and an extra Nb atom capping the end Nb3C3 hexagonal
face.

Nb11C15. Three structures were evaluated for the composition
11/15 (Figure 14). They are most readily understood as fusions
of 3-fold spires and/or wheels to both sides of a Nb3C3 hexagon.
The most stable structure11/15A is a pair of spires extending
in both directions from the central Nb3C3 cycle, and ideally has
D3h symmetry.11/15B, also ideallyD3h, is similarly a pair of
wheels fused to the central cycle, whereas11/15Chas a spire
on one side and a wheel on the other side of the Nb3C3 cycle
and is ideallyC3V. There are analogies between these three 11/
15 structures and the structures of7/9A and7/9B, which have
a single spire or wheel fused to the Nb3C3 cycle. In effect, the
11/15A,B,C isomers are double-ended versions of the single-
ended7/9A,B structures. All three11/15A,B,C isomers exhibit
distortion to lower symmetry,C2V for 11/15A and11/15Band
Cs for 11/15C, in a fashion similar to the symmetry reduction
of 7/9A and 7/9B. This distortion is reflected in the Nb-Nb
distances around the central belt of the molecules, which are as
follows: for 11/15A0, two at 3.1 Å and one at 3.0 Å; for11/
15B, two at 2.7 Å and one at 3.3 Å; and for11/15C, two at 3.0
Å and one at 3.2 Å. These three structures can also be thought
of as8/12C, 8/12H, and8/12A, respectively, extended by adding
an equatorial Nb3C3 hexagon. All three of these isomers of 11/

15 have favorable normalized binding energies (see below),
which is consistent with the occurrence of the favorable spire
and wheel moieties (however, see note in discussion regarding
normalized binding energies of carbon-rich species).

Nb12C12. The four isomers considered for 12/12 are pictured
in Figure 15.12/12A is six fused cubanes, or the 2× 3 × 4
nanocrystallite, whereas12/12B is an alternative fusion of six
cubanoid units but with the central Nb atom removed.12/12B
can be readily visualized as the 3× 3 × 3 nanocrystallite with
the central Nb atom and two diagonally opposite corner C atoms
removed. Of these two structures, the more regular and
orthogonal fragment,12/12A, is favored by 90 kcal mol-1 (in
the neutral) or 100 kcal mol-1 (in the cation).12/12C is two
fused6/6Bmolecules or six stacked Nb3C3 hexagons. Structure
12/12Cis a more open, pseudohexagonal form of12/12A, with
fewer Nb-C bonds, resulting in destabilization relative to12/
12A by more than 100 kcal mol-1; this is analogous to the
destabilization of6/6B relative to6/6A and of9/9C relative to
9/9A. The high-symmetry (Th) structure12/12D is based on a
cuboctahedron of Nb atoms with C2 groups on the quadrilateral
faces. There is a distortion of the cuboctahedron toward an
icosahedron, which shortens slightly the Mπ-Mπ distances in
the cradles, which are distorted slightly from type1B toward
type1C. The lesser stability of12/12D(with C2 groups) relative
to 12/12A(with C atoms) is probably a consequence of reduced
or poor coordination of the Nb atoms. Indeed, capping two Nb3

faces of12/12D to yield 12/14Bresults in an improvement in
the normalized binding energy.

The bond distances in12/12A are similar to those in9/9A,
with the less-coordinated atoms at the extremes being more
closely bound to neighbors than those with higher coordination.
12/12A also shows the distortion seen for9/9A, where the
square-coordinate carbon atoms are pushed out of the plane of

Figure 14. Optimized isomers of Nb11C13 and Nb11C15. Symbols as
in Figure 2. The primary rotation axes of each structure are near vertical
and lie within the plane of the page.
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the four surrounding Nb atoms, and as in9/9A, this distortion
is more than 0.2 Å larger in the neutral than in the cation.

Nb12C14. Two structures were evaluated for 12/14 (see Figure
15). The high-symmetry (Oh) isomer12/14A is a 3× 3 × 3
nanocrystallite (i.e.,13/14A) with the central Nb atom removed.
This isomer is 76 kcal mol-1 more stable than12/14B, which
is 12/12Dwith two extra C atoms capping opposite Nb3 faces.
12/14A has a HOMO-LUMO gap of less than 0.03 eV, and
many low-lying electronic states are accessible.

Nb12C15. The four structures evaluated for 12/15 are pictured
in Figure 16.12/15A is derived from11/15Bby the addition
of a central Nb atom, but on optimization, the idealizedD3h

symmetry is lost, and the central Nb atom forms a short bond
to one of the three Nb atoms in the central Nb3C3 hexagon at
a distance of 2.51 Å in the neutral and 2.45 Å in the cation.
There is not enough room for the insertion of a central Nb atom
in either 11/15A or 11/15C. Structure12/15B, which is 12/
12Daugmented by capping C atoms on three Nb3 faces, distorts
from its ideal symmetry ofC3 to C1. Structure12/15Cdiffers
from the others considered so far in that it has no C2 groups
but rather two C3 groups and nine C atoms (fiveµ4, four µ3),
and its energy indicates that these are not stabilizing features.

Structure12/15Dwith idealizedOh symmetry is C-centered12/
14A, but it is better seen as the 3× 3 × 3 nanocrystallite with
the central Nb replaced by C, which is clearly an unfavorable
feature because the central C atom is unbound.

The relative stability of12/15A is presumed to be due to the
occurrence of two wheel units and a suitable mix of C atoms
and C2 groups.12/15B is of somewhat lower stability, most
likely because of the poorer geometry of the Nb4C2 cradles in
that the Mπ-C-Mπ angles are greater than in12/15A (type
1B versus1A).

Nb12C20. [Nb12C20]+ is not observed with significant abun-
dance (see Figure 1), but one isomer,12/20A, is calculated as
an extension of the structure type introduced with12/12D. 12/
20A (see Figure 16) has the high symmetryTh and is generated
by the µ3-C capping of all eight Nb3 faces of12/12D. The
electron-normalized binding energy for12/20A is not competi-
tive, which can be attributed to the distortion of the six type-
1B cradles in which the Mπ-C2-Mπ angles are too large. The
ionization energy of12/20A is relatively high.

Nb13C14, Nb14C12, Nb14C13, Nb14C14, Nb14C15, and Nb14C16.
The 3× 3 × 3 nanocrystallite allows two compositions, 14/13
and 13/14, related by interchange of Nb and C atoms. The
optimized structures for these species are pictured in Figure 17
as 14/13A and 13/14A. The 14/13A structure is regarded as
the “normal” 3 × 3 × 3 nanocrystallite and13/14A as the
“inverse” 3× 3 × 3 nanocrystallite for the reason that14/13+

is abundant in the experimental distribution, whereas13/14+ is
essentially nonexistent (this is also true for other metals). Even
though the total number of bonds is the same in the two

Figure 15. Optimized isomers of Nb12C12 and Nb12C14. Symbols as
in Figure 2. The primary rotation axes of each structure are near vertical
and the plane of the page, except for12/12A and12/12B.

Figure 16. Optimized isomers of Nb12C15 and Nb12C20. Symbols as
in Figure 2. The 3-fold axis of12/15Bis perpendicular to the plane of
the page, whereas all other structures have their primary rotation axes
near vertical and in the plane of the page.
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structures, the local stereochemistries are different, with the
normal structure14/13A possessing 1 octahedral C atom and
12 four-coordinate C atoms, whereas13/14A has 8 trigonal-
orthogonal C atoms and six square-pyramidal C atoms. Because
it is likely that the bonding requirements of carbon are less
flexible than those of niobium and because valence bond
concepts allow 2sp+ 2p hybridization for the four-coordinate
C atoms in14/13A, this normal nanocrystallite structure would
be expected to be more stable. The normalized binding energies
(see Figure 18) for the neutral clusters show only a modest
advantage of14/13A0 over13/14A0 but a larger advantage for
the cations, consistent with the experimental data in which 14/
13 is considerably more abundant than 13/14. The significant
result of the DF calculations is that the ionization energy of
13/14A, 5.6 eV, is much larger than those of14/13A, 3.9 eV,
and other clusters of similar size, and so the poor abundance of
13/14+ is attributed to the excessive ionization energy of its
most symmetrical isomer.

Structure14/12A is 14/13A without the centralµ6-C atom,
and it has similarly favorable normalized binding energies and
ionization energy. The composition 14/14 is generated from14/
12A by two C w C2 substitutions. Two of the many ways in
which the C2 groups can be positioned are shown as14/14A
and14/14B, with an energy advantage for the trans isomer14/
14A in which the C2 groups are not bound to the same Nb atom.
There is a large difference in the calculated ionization energies
of these two isomers, with14/14A having an IE (3.9 eV) that

is similar to those of other clusters of this size but with14/14B
having an unusually large ionization energy of 6.3 eV.

The compositions 14/15 and 14/16 can be modeled by Cw
C2 substitutions in the preceding structures, without or with the
central µ6-C atom, respectively, and two such symmetrical
isomers are shown in Figure 17 as14/15A and14/16A. Both
have competitive normalized binding energies. It is significant
that all of the most stable isomers for the Nb14Cy clusters have
calculated ionization energies between 3.9 and 4.0 eV and that
such low ionization energies are not calculated for compositions
with fewer atoms.

Absolute Stabilities. To compare stabilities of different
compositions we have calculated normalized binding energies.
Figure 18 shows the normalized binding energies per atom (BE′)
for the most stable isomer of each composition, plotted versus
the cluster mass for both the neutral and cationic clusters. Also
shown is a similar plot of the normalized binding energies per
valence electron (BE′′), with the assumption that, in general,
four C electrons and five Nb electrons will contribute principally
to the bonding. BE′′ is intended to take better account of the
range between C-deficient and C-rich clusters. All four plots
show the same general pattern, which will be discussed below
in the context of the formation and observed distributions of
NbxCy clusters. We note that the similarity between the plots
(Figure 18) for the different charge states reinforces the general
conclusion that the electrons at the Fermi level in these
compounds are not strongly bonding or antibonding.

Discussion

This discussion reflects the questions raised in the Introduc-
tion: What are the geometrical structures and structural
principles for the NbxCy clusters? What are the bonding
principles? Which properties account for the distributions and
reactivities of the observed ions? We then consider distortions
in the nanocrystallite structures and the implications of our
results for the photodissociation of [Nb14C13]+ and for met-
cars with other metals.

Geometric Structure Types and Principles.Readily cat-
egorized structure types and substructures are recognized. We
consider first those with only C atoms and no C-C bonds.

(a) Symmetrical Fragments of the Cubic NbC Lattice.The
compositions 4/4, 6/6, 9/9, 12/12, and 14/13 are most stable
(in isomers4/4A, 6/6A, 9/9A, 12/12A, and14/13A) as sym-
metrical fragments of the cubic NbC lattice.

(b) Stacked Nb3C3 Hexagons.Intersecting set a is a related
set consisting of stacked Nb3C3 hexagons, namely,6/6B, 9/9C,
and12/12C; 3/3F is the single hexagon. This stacked-hexagon
structure type has been established as stable for these composi-
tions of manganese sulfide clusters MnxSy.75 Key distinctions
between sets a and b are the orthogonality of local coordination
stereochemistry at C and the absence of some transannular
Nb-C bonds in the stacked-hexagon type b. Our results show
conclusively that the more favorable of these two structural types
is the regular fragment of the cubic lattice a.

(c) Substructural Fragments of the Cubic NbC Lattice.The
small structures2/2A, 3/3A, 3/4A, and4/3A are less regular
fragments of the cubic lattice but are relatively stable. A
comparison of3/3A and3/3E, which have the same connectivity
and are both lattice fragments, shows that the tri-orthogonal
coordination of C in3/3A is preferable. The isomer5/6A is a
fusion of two cubanes. The isomers9/8A and9/10A are minor
modifications of9/9A and largely consist of the cubic NbC
lattice, as does10/12A. Whereas these results indicate the
stability of the cubic lattice, less symmetrical or more exten-

Figure 17. Optimized isomers of Nb14C13, Nb13C14, Nb14C12, Nb14C14,
Nb14C15, and Nb14C16. Interatomic distances in14/13A0 (14/13A+) are
as follows: Nbfacial-C ) 2.31 Å (2.30 Å), Nbapical-C ) 2.13 Å (2.12
Å), Nbfacial-Ccentral) 2.13 Å (2.13 Å), Nbfacial-Nbapical ) 2.98 Å (2.98
Å), and Nbfacial-Nbfacial ) 3.00 Å (3.02 Å).
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sively voided fragments of the cubic lattice (4/4C, 7/9C, 10/
12F) are very much less stable than alternative structures. Isomer
12/15Dshows that substitution of C for Nb with concomitant
overcoordination of C with other C atoms is quite unfavorable.

We now consider involvement of C2 groups.

(d) Structures Containing Only C2 Groups.These are2/2B,
4/2B, 4/4B, 4/4D, 5/6B, 6/6C, 6/6D, 6/8D, 8/12A, 8/12B, 8/12C,
8/12D, 8/12E, 8/12G, 8/12H, 8/12I, 8/12K, 8/12P, 9/8B, 9/10D,
10/12D, 10/16A, 10/16B, and12/12D. Of these, only two C-rich
compositions, 8/12 and 10/16, have C2-only isomers as the most
stable, namely,8/12A (and 8/12B, which is very similar in
energy to 8/12A) and 10/16A. This reinforces the general
conclusion that can be drawn simply from the ion map (Figure
1) for [NbxCy]+ clusters, thaty-odd and C-atom structures are
common.

(e) Longer Carbon Chains.Carbon chains C3 or C4, or carbon
cycles, are not stable in the NbxCy clusters. Structures6/7D,
8/12J, 8/12L, 8/12D, and12/15Cdemonstrate this conclusion.

(f) C w C2 Substitution.For NbxCy clusters withy > x,
energetically favorable structures are commonly related toy ≈
x isomers by substitution of C atoms with C2 groups. The
smallest example of this is seen for6/7A, where a C atom on
the long edge of6/6A is replaced, resulting in a structure with
a single type-1A cradle. Other instances of this Cw C2

substitution generate6/7B, 6/7C, 6/8B, 8/12D, 9/10A, 9/10B,
9/10C, 14/14A, 14/14B, 14/15A, and14/16A, including many
of the most stable isomers.

(g) Spire and Wheel Substructures.The placement of C2
groups in the cluster structures is favorable when they generate
the 3-fold spire or wheel moieties (Figure 9). This is evident in
the isomers7/9A, 7/9B, 8/12A, 8/12B, 8/12C, 10/12A, 10/12B,
10/12C, 11/13A, 11/15A, 11/15B, 11/15C, and12/15A, which
include the most stable isomers for these compositions. The spire

and the wheel of Figure 9 are regarded as the key substructures
to be incorporated in the postulation of structures for met-
cars.

(h) Fusion of Spires or Wheels with C-Atom Sections.Larger
structures for NbxCy can successfully fuse a 3-fold spire or 3-fold
wheel (or both) containing C2 groups with a section that contains
isolated C atoms. Because the C-atom structures are more stable
when orthogonal rather than 3-fold or hexagonal, there is a
conflict between the geometrical requirements of the two fused
substructures. This occurs in7/9A, 7/9B, 10/12B, 10/12C, 11/
15A, 11/15B, and11/15C. In general, the optimizations of these
structures have caused the C-atom section of the cluster to
comply with the 3-fold geometry of the C2 section, which
indicates the greater stabilization achieved by regular spire and
wheel substructures.

(i) Nb4C2 Cradle. The Nb4C2 cradle is another important
substructure for met-cars with C2 groups (Figure 9). The
general conclusion is that, although there is considerable
variability in the geometry of the cradle, the general order of
stability by cradle type is1A > 1B > 1C. This is borne out by
results for the structures11/15A and11/15B, among others.

Finally in this discussion of geometric structure, we comment
that there are other untested lower-symmetry structures, par-
ticularly for the larger clusters. Our conclusions have been drawn
from the large but limited number (100) of structures calculated.
However, the process of generating structures was expert in the
sense that the principles of local coordination from small
structures, and the evolving favorable substructures, were
incorporated in postulated structures of the larger clusters.

Which Properties Account for the Observed Distribu-
tions? The accumulated results in Table 1, and the recognition
of structural principles, allow some response on the question
raised in the Introduction about the factors which influence the
observed patterns of [NbxCy]+ ions. The three main factors

Figure 18. Plot of the normalized binding energies per atom (BE′) and per valence electron (BE′′) versus cluster mass for the neutrals (top) and
cations (bottom) of the most stable isomer found for each of the experimentally observed compositions.
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considered as most influential on the observed distributions of
[NbxCy]+ clusters are (i) thermodynamic stability; (ii) the
competition for electrons in the plasma, such that species with
high ionization energies are likely to exist as (unobserved)
neutral clusters in the presence of observed species with lower
ionization energies; and (iii) kinetic and entropic limitations.

Thermodynamic stabilities are compared through normalized
binding (internal) energies (Figure 18). The ionization energies
for the most stable isomer of each composition are plotted in
Figure 19. A general pattern evident in the ionization energies
is that clusters that are C-rich, i.e., havey > x, have higher
ionization energies; some of the lower ionization energies are
for Nb-rich clusters. Pronounced differences between the IEs
for 5/3A and5/6A, 10/12A and10/16A, and12/15A and12/
20A illustrate this generalization, but exceptions also occur
(Figure 19). We suggest that the limitation on formation of more
C-rich [NbxCy]+ clusters could be the uncompetitive ionization
energies of the corresponding neutrals.

A general result is that the normalized binding energies are
low for the smaller clusters 2/2, 3/3, 3/4, 4/2 and 4/3, particularly
for the cations. The unavoidable undercoordination in these
clusters is responsible for their low normalized binding energies.
In addition, these smaller clusters have above-average ionization
energies (see Figure 19), and these two properties are probably
the reason for the low-mass limits of the ion map. The kinetics
of formation of these small clusters should not be limiting.

The cubane cluster4/4A with favorable coordination shows
local maxima in BE′ and BE′′ for both neutral and cation, as
well as a relatively low IE, consistent with its abundance in the
mass spectra. Cluster5/3A has a competitive BE and a very
favorable IE, whereas5/6A is probably observed because of its
BE. The abundance of the compositions 6/7 and 7/9 is distinctive
to Nb among MxCy systems, and this observation can be
understood from the relatively high BE and low IE values
calculated for6/7A and 7/9A. Comparative data for these
compositions in other metal systems will be useful.

From 8/12 to higher masses, normalized binding energies of
the cations (both BE′ and BE′′) are roughly constant, with
notable excursions above (8/12A, 8/13A, 10/16A, 11/15A, and
14/xA) and below (11/13A, 12/13A, and12/20A) the norm. Of
the species with above-average binding energies, those with low
or average ionization potentials (8/12A, 8/13A, 11/15A, and
14/xA) tend to show high relative abundances in the mass
spectrum. A locally high IE for8/12A might be the reason for
the variations in abundance of 8/12 with experimental condi-
tions. The low IEs of 11/13A and 12/15A are probable
contributors to their experimental abundance, whereas10/16A,
12/14A, 12/20A, and the inverse 3× 3 × 3 nanocrystallite13/

14A all have high ionization potentials explaining their low
relative abundances.

Figures 18 and 19 show that the stabilities increase and the
ionization energies decrease with increasing mass, and that these
two properties are favorable in the upper mass range. The
diminishing abundance at high mass must be due to kinetic
rather than thermodynamic factors.

Principles of Electronic Structure and Reactivity. Dia-
grams of the energies and compositions of frontier molecular
orbital are presented for4/4A0 (Figure 5),6/6A0 (Figure 20),
6/7A0 (Figure 5), and8/12A+ and 8/12B+ (Figure 21). The
general MO pattern for the neutral clusters is as follows (with
the orbitals for the cations shifted to more negative energy):
Below the orbitals included in the figures lie the Nb 4s atomic
orbitals at ca-55 eV, the Nb 4p orbitals at ca.-35 eV, and
the C 2s orbitals (between-11 and-13 eV in structures without
C-C bonds or below-15 eV and above-10 eV with C-C
bonds). As shown in Figures 5, 20, and 21, the Nb 4d and C 2p
atomic orbitals combine to form a large number of bonding MOs
in the vicinity of -10 to -5 eV, distributed according to the
symmetry and size of the cluster. Further above this in the

Figure 19. Plot of the calculated vertical ionization energies (eV)
versus cluster mass for the most stable isomer found for each of the
experimentally observed compositions.

Figure 20. Calculated electronic structures of6/6A+ as calculated
within the C2V and D2h point groups. Significant atomic orbital
contributions to molecular orbitals are shown to the right of each MO.
Filled rectangles represent occupied orbitals, open rectangles represent
unoccupied orbitals. Symmetries of selected orbitals are given.

Figure 21. Calculated electronic structures of8/12F+ and 8/12H+.
Filled rectangles represent occupied orbitals, open rectangles represent
unoccupied orbitals, and half-filled rectangles indicate partially occupied
orbitals.
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HOMO-LUMO region are MOs composed mainly of Nb 4d
and Nb 5s atomic orbitals. These are either weakly Nb-Nb
bonding interactions or more commonly nonbonding MOs with
outward pointing lobes based on Nb.

The ground-state electronic structure of4/4A has a doubly
degeneratee-symmetry HOMO and a triply degeneratet2
LUMO lying only 0.3 eV above the HOMO in the neutral and
in the cation. The small HOMO-LUMO gap and the partially
occupied HOMO of the cation suggest significant reactivity,
which, in fact, is observed. It is reported that Nb4C4

+ reacts
with oxygen to form Nb4C2

+ (and presumably CO2) and that it
reacts with water and alcohols, adding four ligands sequentially
with concurrent loss of some H2.47

Freiser et al. have also reported reactions of [Nb6C7]+ with
water, alcohols, ammonia, acetonitrile, and benzene.22 The
general pattern is efficient addition of four ligands, with limited
addition of fifth and sixth ligands. This is entirely consistent
with our structure6/7A, which contains four Nb atoms with
only trigonal three-coordination and two Nb atoms with four-
coordination (3C+ C2). Facile addition occurs at the under-
coordinated Nb atoms and then reluctant addition at the more-
coordinated Nb atoms (with assumed integrity of the [Nb6C7]+

core). The only case where dehydrogenation was observed in
reactions with [Nb6C7]+ was with the addition of the fifth and
sixth molecules of water to yield [Nb6C7(H2O)5O]+ (or [Nb6C7-
(H2O)4(OH)2]+). The lower reactivity (in terms of both speed
of reaction and extent of dehydrogenation) of [Nb6C7]+ in
comparison with [Nb4C4]+ is interpreted as being due to the
larger HOMO-LUMO gap and smaller number of close-lying
excited states of6/7A.

Castleman and co-workers43 have suggested that the number
of unpaired electrons in these met-car species can be measured
as the number of iodine atoms they add on reaction with methyl
iodide. Freiser and co-workers report that both [Nb6C7]+ 22 and
[Nb4C4]+ 47 add only one iodine atom, which is consistent with
our calculated electronic structures (see Figure 5) in which
4/4A+ and6/7A+ have one unpaired electron each. [Nb4C4]+

reacts further with methyl iodide via dehydrogenation followed
by addition to form [Nb4C4I(CHI)(CH3I)0-2], whereas [Nb6C7]+

shows no further reactions with CH3I after the first iodine
abstraction. Freiser suggests that this indicates that [Nb4C4]+

has three nonbonding electrons, on the assumption that I and
CHI bond with one and two electrons, respectively. This is
consistent with our calculated electronic structures, which predict
that [Nb4C4]+ is more reactive than [Nb6C7]+ and that [Nb4C4]+

has three nonbonding electrons.
Figure 21 shows the calculated electronic structures for

8/12A+ and8/12B+, which are calculated to be very similar in
total energy. The high symmetry of8/12Aand lower symmetry
of 8/12B are evident in the orbital dispersion, and in8/12A+

there is characteristic gap of 2 eV below the close-lying HOMO
and NHOMO.8/12A+ is predicted to be a spin quartet, and
8/12B+ a spin doublet. The principal data through which8/12A+

and8/12B+ could be differentiated are the reactivity data. Freiser
and co-workers report that [Nb8C12]+ reacts with methyl iodide
and abstracts five iodine atoms and that [Nb8C12]+ reacts with
water, alcohols, acetonitrile, ammonia, and benzene via stepwise
addition, which is truncated after the addition of four ligands.20

Assuming the Castleman hypothesis relating the number of
unpaired electrons to the number of added iodine atoms,
structure8/12A+ is closer to the observation, as there are three
unpaired electrons in the ground state and another close-lying
t1 orbital that could contribute unpaired electrons after the first
abstractions of iodine atoms. The weakness in this interpretation

is that the iodinated intermediates are likely to undergo
geometrical and electronic rearrangement, but in the absence
of calculations on such intermediates, it seems that8/12A is
the more probable structure. This is also consistent with the
addition of four Lewis base ligands, which would coordinate
at the four outer Nb atoms of8/12A.

Distortion of Nanocrystallite Structures. Significant distor-
tions are noted for6/6A and9/9A. This involves differentiation
of the C atoms on the 2-fold axis of the molecule for the6/6A
structure and a similar outward displacement of theµ4-C atom
on the 4-fold axis of9/9A. Figure 20 shows the calculated
electronic structures for6/6A0 in the more stable lower-
symmetryC2V isomer (detailed in Figure 8), in comparison with
the constrainedD2h structure. In theC2V structure, there is general
lowering of the orbital energies, and the three highest occupied
MOs are reduced by an amount (0.5 eV) roughly equivalent to
the total energy advantage of theC2V structure. Further, there
is a significantly higher contribution of C 2p orbitals to the MO
of b symmetry, which is stabilized most in theC2V structure. It
seems that the relaxation in symmetry allows for an increased
bonding interaction between Nb 4d and C 2p atomic orbitals
that was unavailable in theD2h structure. Similar distortions
are noted for7/9A, 7/9B, and11/15C (C3V to Cs), as well as
11/15A and 11/15B (D3h to C2V), which are nanocrystallites
altered by Cw C2 substitution. However, the reason behind
these distortions remains unclear.

Photodissociation of Nb14C13
+. The observed photodisso-

ciation of [M14C13]+ (M ) Ti, V, and Zr) involves the sequential
loss of M atoms, resulting in the dominant products with
compositions 8/12 and 8/13, or the loss of MC or MC2 moieties,
resulting in less abundant product species such as 9/9.15 In
comparison, the photodissociation of [Nb14C13]+ does not result
in significant amounts of 8/13, 8/12 or 9/9 but mostly 6/7 and
4/4 products.30 The absence of the 8/12, 8/13, and 9/9 composi-
tions in the photodissociation spectrum of [Nb14C13]+ could be
because (1) these compositions are not produced, or (2) they
are produced, but have higher ionization energies than the
smaller fragments, and hence are not observed as positive ions.
The results show a general downward trend in ionization energy
as cluster size increases, which discredits the second possibility.
If, then, the first situation is the case, i.e., the dissociative
mechanism for [Nb14C13]+ does not produce the 8/12, 8/13, and
9/9 compositions, even as neutrals, then the fragmentation
observed in this system is far more extensive than that observed
for [M14C13]+ with Ti, V, and Zr. One interpretation of this
result is that the 8/12, 8/13, and 9/9 compositions are not as
stable for the niobium-carbon system as are the smaller
compositions; however, this is opposite to the calculated trend
in normalized binding energies (Figure 18). An alternative
possibility is that the preferred dissociation mechanism for
[NbxCy]+ clusters involves loss of large NbxCy fragments and
does not allow the formation of the 8/12, 8/13, or 9/9
compositions.

In conclusion, we believe that our calculations and interpreta-
tions generate a broad picture of the structures and properties
of the observed NbxCy clusters and provide specific structures.
The reactivity patterns can be explained (although the photo-
dissociation of [Nb14C13]+ remains uncertain). Most importantly,
the structural principles and the key substructural components
have been defined. At the local level, Nb-C bonding is the
principal source of stability, with Nb-Nb bonding energy less
important but still significant. Cradle-motif Nb4C2 moieties are
important, but not if they are strongly distorted. The 3-fold wheel
substructure and the spire (3-fold or 4-fold) are key substructures
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involving C2. Fused cubanoid units, such as occur in the
nanocrystallites, are the main containers of C atoms and are
usually slightly distorted. Substitution of C2 in place of C in a
nanocrystallite occurs in some NbxCy clusters that are slightly
C-rich. Fusion of wheels or spires onto nanocrystallite sections
occurs with increasing C content, and the most C-rich clusters
contain C2 units only, but not longer Cn chains.

We expect that these structural principles will be broadly
applicable to other MxCy clusters.
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