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lusters often portray strikingly dif-

ferent chemical and physical prop-

erties than their bulk counterparts,
and, perhaps more intriguingly, these prop-
erties vary widely with cluster size and com-
position. Clusters are of interest as poten-
tial building blocks of new materials and as
model catalysts, and, in terms of metal-car-
bon clusters, they provide insights into the
formation, stability, and electronic charac-
teristics of metal-carbon junctions. One ex-
ample observed in metal-carbon clusters
is the class known as metallocarbohedrenes
(Met-Cars), which was discovered in our
laboratory." Met-Cars, of stoichiometry
MgC,,, where M is an early transition metal,
are cage-like clusters that display enhanced
stability in the gas phase and exhibit low
ionization energies,? delayed ionization,?
and unique relaxation dynamics.* Collec-
tively, these findings imply that Met-Cars
possess some amount of free electron char-
acter. Recently, it has been suggested that
these clusters may be effective hydrodes-
ulfurization catalysts.” Implementing
cluster-assembled materials (CAMs), how-
ever, requires their production on larger
scales and especially a more thorough un-
derstanding of the electronic properties of
matter at finite dimensions. Currently, re-
search in our group and others®” is directed
toward elucidating the interplay between
transition metals and carbon, with an em-
phasis on understanding how the proper-
ties of their complexes evolve with size.

Of the many metal-carbon complexes,
niobium carbides exhibit rather interesting
properties. Previous research from our
group®? indicates that variations in cluster
source conditions result in two dominant
cluster structure types: Met-Cars and nanoc-
rystallite species, with the niobium system
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ABSTRACT Experimental photoelectron and computational results show diniobium—carbon (Nb,C,) clusters

to coexist in multiple structural isomers: three-dimensional geometries, planar rings, and linear chains. Three-

dimensional clusters having up to five carbons are formed preferentially with Nb—Nb bonding, whereas only

Nb—C bonding is observed experimentally at six carbons. Clusters consisting of an odd number of atoms are also

observed with linear geometries. The larger binary clusters (n = 7) display properties similar to those of pure

carbon clusters. We provide evidence for niobium substitution of carbon atoms.
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being the most facile in displaying the tran-
sition between structures. The early study
also demonstrated kinetic control over the
cluster type formed. lon mobility experi-
ments conducted by Jarrold and co-
workers'® revealed that fullerenes readily
incorporate niobium atoms by carbon re-
placement, an early finding suggesting that
niobium can substitute carbon atoms. Cur-
rently, there is little understanding of this
phenomenon; nonetheless, the many struc-
tural motifs of niobium—carbon clusters
may present a very versatile system to di-
rect the assembly of future CAMs. As re-
ported herein, we have taken a systematic
approach to addressing this problem by
analyzing the electronic and geometric
structures of diniobium—carbon clusters
through a combination of photoelectron
spectroscopy and density functional theory
(DFT) studies. The results clearly show that
multiple isomers are formed during the
nucleation process. Of these, direct evi-
dence for formation of linear Nb,C,,~ chains
is obtained for binary clusters that include
an odd number of carbon atoms. The na-
ture of the niobium—carbon interaction is
also found to change with cluster size. The
Nb,C, and Nb,Cs clusters contain
niobium—niobium bonding, but in going
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Figure 1. Anionic mass distribution of Nb,,,C,,~ clusters
formed under high (>10%) methane/helium. The Nb,C,,~
series, studied here, is labeled.

to Nb,Cg, niobium—-carbon interactions become
dominant.

The instrument and experimental procedure have
previously been described in detail."" A typical anionic
niobium—carbon cluster distribution is shown in Figure
1. Diniobium—-carbon clusters are generated in a 10
Hz laser vaporization plasma reactor source. The sec-
ond harmonic (532 nm, 1 mJ/pulse) of a Nd:YAG laser
is focused on a translating and rotating rod, forming a
plasma. A helium carrier gas seeded with 10% methane
is passed over the plasma, leading to the formation of
metal- carbon clusters. Clusters are formed over a range
of sizes, but only the diniobium series, of interest here,
is labeled. Photoelectron spectra of Nb,C,, (n = 4-9)
clusters, taken with our laser-based magnetic bottle
time-of-flight apparatus at 4.0 eV detachment energy,
are shown in Figure 2. The energy associated with each
peak was ascertained by fitting each spectral feature
to a Gaussian function and reporting the center energy
as the electron binding energy. All measured electron
binding energies are reported in Table 1, along with
standard deviations determined to 2. The vertical de-
tachment energy of Nb,C," is determined to be 1.67 =
0.13 eV, which corresponds to the lowest binding en-
ergy feature, and a second peak is measured at 2.25 +
0.13 eV. As evidenced by the spectra in Figure 2 and the
values reported in Table 1, an increase in cluster size is
accompanied by a corresponding small but gradual
shift to higher binding energies. A third, less intense
feature in the Nb,C,  photoelectron spectra at 3.19 +
0.13 eV is also present. A high-binding-energy feature is
observed for all cluster sizes up to and including dinio-
bium clusters bound to nine carbon atoms, which shifts
to lower binding energy upon going from the Nb,C,~
to the Nb,C5™ species. Cluster sizes n = 4-6 display
photoelectron spectra with the peak at lower binding
energy appearing as the most intense feature. A transi-
tion is observed at n = 7, and the high-binding-energy
feature becomes the most intense. At n = 8, only a
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Figure 2. Anion photodetachment spectra of Nb,C,,~ clus-
ters (n = 4-9). Measured photoelectron counts are reported
as a function of electron binding energy (eV). All spectra
are obtained with fixed photodetachment energy (4.0 eV).

single feature corresponding to a binding energy of
2.75 = 0.14 eV is observed, whereas the spectrum of
the n = 9 cluster contains a feature at 2.37 = 0.13 eV
as well as one at 3.57 = 0.09 eV binding energy. All elec-
tron binding energy assignments are reported in Table
1.

To aid in the assignment of the experimentally mea-
sured electron spectra, we have carried out a first-
principle electronic structure investigation on Nb,C,,
clusters in a generalized gradient approximation (GGA)
within the density functional formalism."? Full geom-
etry optimizations were performed using the deMon2k
software.'® In order to avoid the calculation of four-
center electron repulsion integrals, the variational fit-
ting of the Coulomb potential’*'> was employed. The
numerical integration of the exchange-correlation en-
ergy and potential was performed on an adaptive
grid.’® The exchange and correlation effects were incor-

TABLE 1. Measured Electron Binding Energies (eV)“

cluster low energy high energy

Nb,C,~ X1.67 = 0.13 X3.19 = 0.13
A2.25*0.13

Nb,Cs™ X213 =011 X291+ 0.14

Nb,Cs~ X2.00 = 0.16 X3.02 = 0.13

Nb,G;~ X2.01 = 0.14 X3.06 = 0.15

Nb,Gg™ X275 = 0.14

Nb,Cy™ X237 =013 X3.57 = 0.09

“Experimentally measured electron binding energies determined from Gaussian fit.
Standard deviation determined to within 2o
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porated using the functional pro-
posed by Perdew, Burke, and Ernzer-
hof."” In this study, we used the
double-{ valence polarized (DZVP)
basis set'® for the carbon atoms, and

a)
m ' P o7 1%

. . AE. 34.10 33.77 31.15 41.13

the Nb atom was described using M P 2 ) 5
the 13-electron scalar quasi- VDE,, 4 1.70 2.08 113 1.88
VDE.4 2.53 2.1 3.15 3.18

relativistic effective core potential
(QECP) proposed by Andrae et al."®

in combination with the LANL2DZ>° e) f) 9)

valence basis. The auxiliary density .

was expanded in primitive Hermite p 000000

Gaussian functions using the A2 aux-

iliary function set for C atoms and AE. 40.74 38.02 48.50 47.89
the GEN-A2* auxiliary function set %EMJ 2_229 1?75 2_290 2_223
for Nb. A half-numeric integrator was VDEy,, 2.02 2.81 2.84 2.92

employed for the effective core po-
tential (ECP) integrals.”’

Several different bonding ar- ) b .

rangements, including three-

dimensional nonplanar cages, linear 0—0-0-0-0—-00-0—0

chains, and bicyclic rings, were con-

sidered. The stable isomeric struc- AE. 55.51 5186 62.28

tures relevant to these studies are M 2 8 2

.shown .|n Figure 3. The fmdlngs are xggm ggj g:gg ggg

in relative agreement with those of

Harris and Dance,?? where the geom- ') m) n) o)

etry of the Nb,C, cluster was deter-

mined. The results of the calculations /

suggest that the ground-state struc- ) / [ S W W WSS S e -

ture of the 2,2 species is that of a pla-

nar rectangle with alternating Nb—C

bonds. The most stable structure AE. 60.65 66,65 66.34 65.61

found has Nb—C distances of 1.94 A M 2 2 2 8

and Nb—Nb distancesof 2.72 Aanda  VDEw: 275 2.91 2.85 2.31
VDE,,,; 374 3.78 3.64 3.14

nonbonding HOMO for the neutral.

Investigation of other isomers re-
vealed that the formation of Nbo—C
bonds is stabilizing, whereas No—Nb

Figure 3. Optimized structures and computed atomization energy (AE), multiplicity (M), and
vertical detachment energies (VDE) of M + 1 and M — 1 states (VDE,,, , and VDE,,_,, respec-
tively). AE and VDE are given in electronvolts. Geometric structures are presented as follows:
Nb,C,™ (a—c), Nb,Cs~ (d—f), Nb,Cs ™ (g,h), Nb,C, ™ (i,j), Nb,Cg~ (k,l), and Nb,Cy~ (m—o0). Blue cor-

dissociation occurs without a barrier.
It is evident, then, that the Nb,C, cy-
clic ring forms in a way that maximizes the number of
niobium—carbon interactions, followed by C—C inter-
actions, both of which are preferential to Nb—Nb
bonds. For all sizes considered here, the calculated low-
est energy structure corresponded to a three-
dimensional geometry. The computational results indi-
cate that planar rings are stable for cluster sizes up to
and including Nb,C, ", but not for the larger clusters.
However, a linear structure converges for all cluster
sizes.

Figure 3 shows the results of theoretical investiga-
tions. For each cluster we have listed the atomization
energy (AE), indicating the energy required to break the
cluster into individual atoms/ion. In order to make a
comparison with negative-ion photodetachment spec-
tra, we also calculated the vertical detachment energy

www.acsnano.org

responds to niobium atoms, while gray represents carbon atoms.

(VDE) that represents the energy required to make a
vertical transition from an anion with multiplicity M to
the neutral species (of the same geometry) with multi-
plicity M + 1 and M — 1. The calculated VDEs are also
reported below each geometric structure.

Comparing the three experimentally measured pho-
toelectron peaks for Nb,C, " to the theoretical works,
the coexistence of multiple isomers is clear. The peak
corresponding to an electron binding energy of 1.67 eV
is in good agreement with computational predictions
for photodetachment from the doublet anion to neu-
tral state for the isomer shown in Figure 3a, the mini-
mum energy structure. The structure is three-
dimensional and consists of two NbC, units, with
Nb—Nb bonding at the center. Structurally, this isomer
is similar to V,C,, which we published previously.?* The
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feature appearing with 2.25 eV could arise from photo-
detachment to the triplet state of the minimum energy
isomer (Figure 3a), or it could correspond to the triplet-
state transition of the structure shown in Figure 3b.
The computational predictions for both are within the
experimental uncertainty. Support for the assignment
of the 2.25 eV transition to the triplet state of the iso-
mer in Figure 3b is gained when looking at the growth
pattern of larger clusters, as discussed below. Geometri-
cally, the difference between the two isomers is an out-
of-plane distortion for minimum energy, but both are
very similar and contain Nb—Nb bonding. The less in-
tense, higher binding energy feature at 3.19 eV matches
well with predictions for the transition from the quar-
tet to the quintet state of the structure seen in Figure
3c. The computationally predicted VDE for this structure
is 3.15 eV. The corresponding 1.15 eV transition, corre-
sponding to the triplet-state transition, is not observed.
This peak likely overlaps with the intense peak mea-
sured at 1.67 eV, corresponding to the singlet-state
transition of the minimum energy structure. The calcu-
lated atomization energy of the structure in Figure 3c is
approximately 3 eV less than that of the minimum en-
ergy structure (Figure 3a). This finding is suggestive of
high cluster source temperatures, likely owing to the
carbon-rich expansion. Also, the contribution of neu-
tral excited electronic states to experimentally mea-
sured higher binding energy features cannot be ruled
out.

When going to Nb,C; ", the lowest measured bind-
ing energy is 2.13 = 0.11 €V, in relative agreement with
the theoretically predicted value of 2.02 eV for the ver-
tical detachment from the doublet state of the anion to
the triplet state of the isomer shown in Figure 3e, which
corresponds to the planar two-dimensional structure.
Likewise, the experimentally measured peak at higher
binding energy, 2.91 eV, matches the computational re-
sult for the transition from a spin multiplicity of 8 to
the higher state of the linear isomer (Figure 3f). It should
be noted that, within experimental uncertainty, the
measured electron kinetic energy overlaps with that
predicted for the triplet state of the structure shown in
Figure 3d. The 2.13 eV binding energy peak measured
in the Nb,C.;~ photodetachment spectra is energeti-
cally very similar to the 2.25 eV peak measured for
Nb,C, ™ electron detachment, which was assigned to
the two-dimensional planar structure shown in Figure
3b. The computational prediction that best matches the
2.13 eV experimental measurement for Nb,Cs ™ corre-
sponds to the isomer in Figure 3e, which is also a pla-
nar two-dimensional structure. The strong similarity be-
tween the experimental binding energies and
computational results for the Nb,C,” and Nb,C.™
structures supports assignment of the 2.25 and 2.13 eV
transitions to the isomers shown in Figure 3, panels b
and e, respectively. Central to the two- and three-
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dimensional structures calculated for Nb,C,™ and
Nb,C; ™ is Nb—Nb bonding.

Both photodetachment peaks measured for the
Nb,Cg ™ cluster (2.01 and 3.06 eV binding energies) are
in relative agreement with assignment to the isomer
shown in Figure 3h; the peaks with low and high bind-
ing energy correspond to the singlet and triplet transi-
tions, respectively. The central moiety of this cluster is a
Nb,C, planar ring that closely resembles the structure
proposed by Harris and Dance?? for neutral Nb,C,,
which could serve as a building block for these clus-
ters. This is the smallest diniobium—carbon cluster size
that provides experimental evidence for Nb—C bond-
ing being preferential to No—Nb bonding.

The two measured photoelectron peaks of Nb,C, ™~
(2.01 and 3.06 eV binding energies) are in good agree-
ment with computational predications for the lower
(septet) and higher transitions of the linear cluster (Fig-
ure 3j), with the septet having the lower binding en-
ergy. The higher transition is observed as the primary
peak. Again, the possible existence of a higher energy
isomer present in small abundance is not ruled out. The
computational photodetachment values exhibit a
strong dependence on the sequence of niobium and
carbon atoms in the linear chain. Electron binding ener-
gies that best match the experimental photodetach-
ment energies are obtained for structures where the
carbon chain is terminated by a single niobium atom
at both ends. Attempts to reproduce the experimental
values with a linear carbon chain attached to a niobium
dimer, as well as isomers with niobium atoms placed
in the middle of the chain, failed. The lone photoelec-
tron peak (2.75 eV binding energy) measured for the
Nb,Cg ™ cluster does not match predictions for either
quintet or septet states of the linear structure. Rather,
the geometric structure assigned to the Nb,Cg ™ clus-
ter (Figure 3l) is three-dimensional and contains a cen-
tral planar Nb,C, moiety, similar to Nb,Cq ™. The low-
binding- energy peak measured for Nb,Cy~ closely
matches the prediction for the linear septet state (Fig-
ure 30).

The close match between experiment and theory
for each cluster size is shown in Figure 4. The VDEs plot-
ted in Figure 4a correspond to nonlinear geometries,
that is, three-dimensional and planar two-dimensional
structures. An increase of the number of carbon atoms
results in an overall increase in the electron binding en-
ergies. The comparisons presented in Figure 4b corre-
spond to lower (septet) and higher photodetachment
transitions of linear isomers. Linear structures are ob-
served only for clusters containing an odd number of
atoms; concomitant increases in electron binding en-
ergy and cluster size are observed. These finding are
consistent with previous observation on pure linear car-
bon clusters.>***

To discuss our experimental measurements in light
of niobium substitution for carbon, it is first necessary to
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Figure 4. Comparison of experimental and computational elec-
tron binding energies (eV) of Nb,C,,~ (4 = n = 9) clusters. Experi-
mental values are obtained from the spectra shown in Figure 2
with fixed photodetachment energies. The results in panel a
compare vertical detachment energies of nonlinear isomers to

track very well with those observed for the pure car-
bon and mononiobium—carbon clusters but with
slightly lower electron affinity. This is likely owing to
the presence of niobium, which has a much lower
electron affinity (0.893 eV)32 than all carbon clusters
considered in this manuscript. This also suggests
the linear anion-to-linear neutral transition is cen-
tered on the niobium atom. All VDEs measured pre-
viously for linear mononiobium carbon clusters fall
within the range of 2.5-4.0 eV, in relative agreement
with those reported here, which for the
diniobium—carbon system ranged from 2.0 to 3.6
eVv.

Our data indicate that the dominant isomer for
the Nb,C, cluster is one with a linear structure. In
addition, independently conducted theoretical and
experimental studies have concluded that the Cq
species of the pure carbon analogue is most stable
in linear form.2*?>33 Linear isomers of Nb,C, and

computational predictions. Energies of M + 1 and M — 1 transi-
tions of linear isomers are compared in panel b. All experimen-

tal values are reported to 2o deviation.

review existing literature on pure carbon and mono-
metal-carbon clusters. Low- and high-binding-energy
features have been observed previously in the anion
photodetachment spectra of both pure carbon
clusters®*?* and mono transition metal-carbon-rich
clusters.?°73° These have been assigned to electron de-
tachment from the ground state of two different iso-
mers. The low-energy feature observed in pure carbon
clusters is attributed to monocyclic rings.?* These prior
studies report an odd-even alternation of the vertical
electron affinity, where clusters containing an even
number of carbon atoms exhibit lower electron affini-
ties than those containing an odd number of carbon at-
oms. The low electron affinity arises from a shell clos-
ing for monocyclic rings with an even number of carbon
atoms, which results in an enhanced stability for the
neutral ground state when compared to those contain-
ing an odd number of carbons. Conversely, shell clos-
ings occur for the linear isomer when the cluster con-
tains an odd number of carbons, resulting ina 'S
ground state as opposed to the open-shell 3%~ ground
state that results from even-membered chains.®' Ex-
perimentally, this is reflected as an even-odd alterna-
tion, where clusters comprising an odd number of at-
oms exhibit the lowest electron affinity, consistent with
theoretical calulations.' Linear isomers with an odd
number of total atoms are found to be especially
stable.?® The low- and high-binding-energy features
are documented in anion photodetachment spectra
by Wang and co-workers®® in mononiobium carbides
and is attributed to the transition from the anionic
ground state to the neutral ground state of the mono-
cyclic ring and linear isomers, respectively. The electron
affinities assigned here to the linear Nb,C,, isomers
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Nb,C, are also observed here. With regard to our
present data, this is consistent with the notion that
niobium can replace an atom in a carbon network
with the Nb,C, taking on some of the character of
C, and, likewise, Nb,Cs and Nb,C, for C, and C,,,
respectively.

Upon formation of the Nb,C, cluster, a single fea-
ture with a measured VDE of 2.75 eV was observed in
the electron kinetic energy spectrum, corresponding to
a nonlinear structure. The results from Arnold et al.>®
confirm assignment of linear anionic clusters for C,—C,
and C,,; however, no evidence for linear C,, " is found.
In keeping with the analogy of niobium substitution for
carbon, the analogue to C,, for the diniobium series is
Nb,Cg, which also shows no evidence for a linear iso-
mer. The VDE of Nb,C, was determined to be 2.37 eV,
assigned to the linear isomer in the septet electronic
state; the spectrum also contains a higher energy fea-
ture at 3.57 eV, which may correspond to the higher lin-
ear state energy. This assignment agrees well with the
experimental data of Smalley and co-workers** on pure
carbon anions, in which a linear geometric structure in
the singlet electronic state was found for the C,, spe-
cies. The enhanced stability that we report here for lin-
ear diniobium—carbon clusters containing an odd
number of atoms, and the lack of a linear Nb,Cg spe-
cies, directly replicates the behavior of pure carbon
clusters.

To summarize, the photoelectron spectra indicate
that carbon-rich diniobium—carbon clusters exist in
multiple isomeric forms. The low-binding-energy peak
measured in the Nb,C, ™ photodetachment spectrum is
assigned to the singlet state of the three-dimensional
structure shown in Figure 3a. This structure is similar to
that measured for the V,C, anion®® and consists of
two NbC, moieties believed to be important for the for-
mation of larger metal carbides. The peak measured at
2.25 eV binding energy is assigned to the planar isomer
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Figure 5. Schematic representation of bonding arrange-
ments of Nb,C,~ (5= n = 7) clusters using computationally
determined structures. The illustration depicts the signifi-
cant influence of cluster size; addition of only a single car-
bon atom dramatically alters the formed cluster geometry.

in Figure 3b. The calculated structure of Nb,C ™, shown
in Figure 3e, matches the binding energy of the experi-
mentally measured 2.13 eV peak. The planar geometry
of the Nb,C; ™ cluster is very similar to the Nb,C, ™ iso-
mer corresponding to the 2.25 eV photodetachment
peak. For both species, the cluster is formed by a
Nb—Nb dimer that is bridged by C, and C; units. A simi-
lar growth pattern was predicted over a broad cluster
range by Harris and Dance.*

The Nb,C¢ ™ cluster forms primarily through Nb—C
bonding, with no direct No—Nb bonds. In going to
Nb,C, ™, only photoelectron peaks corresponding to a
linear structure are observed. Linear isomers are also
observed for Nb,C;~ and Nb,C, . For all sizes consid-
ered here, a carbon chain is terminated by a single nio-
bium atom at each end. The photodetachment spec-
trum of Nb,Cg™ contains a single peak at 2.75 eV
binding energy, assigned to the structure in Figure 3.
A transition from Nb—Nb-centered bonding to
niobium-separated moieties is observed. This finding is
consistent with previous work?? that showed Nb—C
bonding is preferentially stabilizing, followed by C—C
bonding, while Nb—Nb bonding is much less signifi-
cant. Interestingly, the Nb,C¢™ and Nb,Cg ™ isomers,
shown in Figure 3, panels h and |, include a central
Nb,C, moiety that matches the planar Nb,C, ring struc-
ture calculated previously,** but with multiple bridg-
ing NbC, units that bend out-of-plane. The nonlinear
geometries likely deviate slightly from planar structures
due to increased ring strain in the binary system.

The experimental photoelectron measurements,
compared with computational results, clearly show the
diniobium—carbon clusters exist in several structural
motifs. Moreover, abrupt changes are observed over a
small, critical size range. Incorporation of only a single
additional carbon atom, in going from Nb,Cs™ to
Nb,Cs™ and again to Nb,C,, induces a dramatic alter-
ation in the dominant geometric isomer. This trend is
shown schematically, with computational structures, in
Figure 5. These findings support suggestions that the
niobium—carbon system is a versatile one for the devel-
opment of CAMs. It is also clear that formation of de-
sired “target” species is likely highly dependent on
nucleation conditions.

It has been suggested previously® that niobium
may readily substitute carbon in large networks. To
our knowledge, the present study, that investigates
both electronic and geometric structures of Nb,C,,~
clusters, provides the most direct evidence of this
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behavior. Our own research has shown that vana-
dium carbides in this size range, generated under
similar source conditions, are likely formed by an
ionic interaction between the metal and carbon.?
Other groups have reported analogous results for
early transition metals.>* Niobium, on the other
hand, may form a covalent linkage with carbon;*?
this is likely the reason it substitutes readily for car-
bon. Niobium is unique because it is the first Group
V metal to display an s-to-d electron promotion, re-
sulting in four d valence electrons and an open s or-
bital. This electron promotion is likely responsible
for the unique bonding behavior exhibited by
niobium—carbon clusters. The four d electrons may
hybridize and form covalent bonds similar to those
formed by sp-hybridized carbon, and the open s or-
bital is available for strong o bonding between the
metal and carbon. Conversely, earlier transition met-
als such as titanium and vanadium do not promote
an s electron; they have only two and three d va-
lence electrons, respectively, and the s orbitals are
filled. This results in preferential ionic bonding be-
tween the metal and carbon. We have demonstrated
that niobium mediates growth of a diverse and com-
plicated array of clusters, whereas vanadium re-
stricts it when source conditions favor high-carbon-
content clusters.>® This finding likely arises from the
difference between the covalent and ionic bonds
made with carbon by niobium and vanadium, re-
spectively. As stated above, our cluster source tem-
peratures are likely high; therefore, linear chains may
be more dominant. Many pure carbon clusters of cy-
clic geometry obey Hiickel’s rule and may exhibit ar-
omaticity (for example, n = 6 and 10).2® Niobium re-
placement of carbon provides an opportunity to
explore metal-containing aromatic molecules, which
we are actively pursuing. Also, the possible incorpo-
ration of other metals such as chromium (3d°4s")
and tungsten (5d*6s?) in the carbon network is un-
der study. Studies of these metals will provide sig-
nificant insight into the influence of the promotion
of the valence electron from the s to the d orbital on
the metal-carbon interaction.

In conclusion, we have investigated the evolving
electronic and geometric properties of carbon-rich
diniobium—carbon clusters as a function of cluster
size. We present clear evidence for the coexistence of
multiple isomers and find a strong size dependence on
the preferred geometry. The linear isomer is observed
for clusters containing an odd number of atoms, which
is commonly seen for pure carbon clusters. In fact, the
spectra agree well with those obtained for analogous
carbon clusters, in support of niobium substitution for
carbon in a network. The data suggest that, for cluster
sizes between Nb,C, and Nb,C,, the behavior directly
mimics that of pure carbon, including the absence of
linear Nb,Cg. A detailed study of the organometallic
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chemistry of niobium—carbon systems would seem to
be a very promising endeavor for new discoveries.

METHODS

Experimental Procedures for Cluster Formation and Anion Photoelectron
Spectroscopy. A detailed description of the experimental appara-
tus is the primary focus of a separate report,'"' and as such only
a brief overview will be provided here. Niobium—carbon clusters
are generated in a 10 Hz laser vaporization plasma reactor source
in which the second harmonic (532 nm, 1 mJ/pulse) of a Nd:
YAG laser is focused on a translating and rotating niobium rod,
forming a plasma. Typically, a helium carrier gas is seeded with
10% methane and passed over the plasma, leading to the dehy-
drogenation of methane and the formation of metal-carbon
clusters. The anions are subsequently pulse extracted, and the
cluster distribution is analyzed by a linear time-of-flight mass
spectrometer. The resolution (m/Am) of the mass spectrometer
is currently greater than 500, which is more than sufficient for the
cluster sizes studied here. The cluster of interest is then mass se-
lected prior to photodetachment. Following mass selection, elec-
trons are detached with a XeCl excimer laser (308 nm, 3.02 eV).
Detached electrons are collected by a “magnetic bottle” type
photoelectron spectrometer, where a strong (1 T) permanent
magnet is used to collect electrons over 41 radians. The de-
tached electrons traverse a low-field (103 T) drift region before
detection by a Z-stack microchannel plate (MCP) detector. The
measured ion current from the MCP is then amplified before col-
lection by a digital oscilloscope and is transferred to a PC for
analysis. The magnetic bottle electron kinetic energy analyzer is
calibrated daily by photodetachment of Cu ™. The known photo-
detachment spectrum®2 of Cu™ includes transition from the
Cu~ ground state ('S, 3d'%4s?) to the Cu ground state (%S, ,,
3d'%4s”) as well as the first two Cu excited states (°Ss,,, 3d%4s%
(%S5, 3d%4s?). The electron kinetic energy resolution of the ex-
periments is better than 150 meV at 1.2 eV.

Computational Procedures. First-principle electronic structure in-
vestigations on Nb,C, clusters were carried out in a GGA within
the density functional formalism.'? Full geometry optimizations
were performed using the deMon2k software.® In order to avoid
the calculation of four-center electron repulsion integrals, the
variational fitting of the Coulomb potential’*'® was employed.
The numerical integration of the exchange-correlation energy
and potential was performed on an adaptive grid."® The ex-
change and correlation effects were incorporated using the func-
tional proposed by Perdew, Burke, and Ernzerhof.'” A DZVP ba-
sis set'® was used for the carbon atoms, and the Nb atom was
described using the 13-electron scalar QECP proposed by Andrae
et al."® in combination with the LANL2DZ?° valence basis. The
auxiliary density was expanded in primitive Hermite Gaussian
functions using the A2 auxiliary function set for C atoms and the
GEN-A2* auxiliary function set for Nb. A half-numeric integrator
was employed for the ECP integrals.?'
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