
Ionization Potentials of Tantalum-Carbide Clusters: An Experimental and Density
Functional Theory Study

Viktoras Dryza, M. A. Addicoat, Jason R. Gascooke, Mark A. Buntine, and
Gregory F. Metha*
Department of Chemistry, The UniVersity of Adelaide, South Australia 5005, Australia

ReceiVed: August 8, 2005; In Final Form: September 28, 2005

We have used photoionization efficiency spectroscopy to determine the ionization potentials (IP) of the
tantalum-carbide clusters, Ta3Cn (n ) 1-3) and Ta4Cn (n ) 1-4). The ionization potentials follow an overall
reduction as the number of carbon atoms increases; however, the trend is not steady as expected from a
simple electrostatic argument. Instead, an oscillatory behavior is observed such that clusters with an odd
number of carbon atoms have higher IPs and clusters with an even number of carbon atoms have lower IPs,
with the Ta4C4 cluster exhibiting the lowest IP. Excellent agreement is found with relative IPs calculated
using density functional theory for the lowest energy structures, which are consistent with the development
of a 2× 2 × 2 face-centered nanocrystal. This work shows that IPs may be used as a reliable validation for
the geometries of metal-carbide clusters calculated by theory. The variation in IP can also be interpreted
qualitatively with application of a simple model based upon isolobal frontier orbitals.

I. Introduction

The coupling of laser ablation, supersonic expansions, and
mass spectrometry has nurtured the growth of studies into
clusters containing refractive metals and other elements such
as carbon, nitrogen, and oxygen. Consequently, much has been
learned about the structures and bonding arrangements for
various gas-phase metal-ligand clusters.1-4 The Group 5
metal-carbide clusters have been shown to adopt either one of
two bonding motifs: metallocarbohedrenes or “met-cars”,
(M8C12) made up of 8 metal atoms and 12 carbon atoms, and
cubic crystalline structures or “nanocrystals” (e.g., M14C13) made
up of approximately equal numbers of metal and carbon atoms.
Work by the Castleman and Duncan groups has shown that
vanadium-carbon and niobium-carbon clusters (neutral and
ionic) form both met-car and nanocrystal structures under a
variety of conditions.2,3,5-8 In contrast, Castleman and co-
workers have shown that the next Group 5 element, tantalum,
forms metal-carbide clusters exclusively with stoichiometries
that are consistent with face-centered cubic nanocrystals (e.g.,
Ta14C13, and Ta24C24).9 Experimental work by us on neutral
tantalum-carbon clusters suggests the formation and enhanced
stability of the smallest possible type of tantalum-carbon
nanocrystal, Ta4C4.10 Our supporting DFT calculations show
that the structure of Ta4C4 consists of a distorted tetrahedron
of Ta atoms with a C atom bonded to each of the four faces.

Recent collaborative work by Meijer, von Helden, and
Duncan and co-workers has shown that infrared spectral
information can be obtained for transition-metal carbide clusters
via the application of IR-MPI using a tuneable infrared free
electron laser.11-14 The clusters are excited to energies at which
they undergo delayed ionization, a process enhanced on
vibrational resonances that relate to molecular structure. For
example, vastly different spectra are observed for the Ti8C12

met-car compared to the Ti14C13 nanocrystal.11,12 The former

has a strong absorbance near 1400 cm-1 that is attributed to
C-C bonding and the latter absorbs at 500 cm-1 and 650 cm-1,
which is attributed to Ti-C bonding. Further work on vana-
dium-, niobium-, and tantalum-carbide clusters show reso-
nances around 500 and 650 cm-1.13,14The observed frequencies
are similar to the IR-active phonon modes of the metallic NbC
(100) and TaC (100) surfaces and is direct evidence for the
proposed nanocystalline structure of M14C13 clusters. Although
Nb4C4 and Ta4C4 only show a single resonance at 650 cm-1,
the spectra are still consistent with these species existing as a
2 × 2 × 2 cubic structure.

Apart from these IR-MPI data, no other spectroscopic
information exists for clusters containing both tantalum and
carbon atoms. Further spectroscopic investigations of various
sized TanCm clusters are required to gain an understanding of
how the structural, electronic, optical, and chemical properties
evolve with cluster composition and size. To help address this
deficiency, we have employed single-photon photoionization
efficiency (PIE) experiments to determine the ionization po-
tentials (IP) of these clusters. As well as being intrinsically
important quantities, where shifts in IPs (relative to the pure
clusters) can provide information about cluster-absorbate
interactions, knowledge of variations in IP is also essential for
experiments involving ionization (such as ZEKE or MATI). In
concert with the PIE experiments, we have used density
functional theory (DFT) to calculate globally minimized struc-
tures of the cationic tantalum-carbide clusters. Together with
the neutral structures we have calculated previously,10 we predict
the adiabatic ionization energies for comparison with the
experimental data.

II. Experimental and Computational Methods

A. Experiment. The experimental details of the laser
ionization experiments are similar, but not identical to, those
reported previously.10 Briefly, the tantalum-carbide clusters are
formed in a supersonic laser ablation source coupled to a time-
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of-flight mass spectrometer (TOFMS). A gas mix consisting of
0.01% acetylene seeded in helium is reacted with the ablation
products of a tantalum rod and is passed along a 15-mm-long
“condensation tube” before being expanded into the first vacuum
chamber. The clusters pass through a home-built skimmer into
the second chamber that contains a standard Wiley-McLaren
TOFMS arranged perpendicularly with the cluster beam source.
The neutral clusters are ionized with the frequency-doubled
output of a Nd:YAG-pumped dye laser. Because of inefficien-
cies in the dye laser grating near 425 nm (Wood’s anomaly),
data points between 210 and 214 nm are recorded using the 1st
anti-Stokes output from a Raman-shifter operating with H2. All
data points are collected at 0.2-nm intervals, and a typical scan
is of 1-2 hour duration. The resultant ions are detected by a
double multichannel plate detector, amplified×125 (Stanford
SR445) and sent to a digital oscilloscope (LeCroy 9350 AM,
500 MHz) for averaging (1000 laser shots) before being sent to
a PC for analysis. The time taken to average each mass spectrum
(100 s at 10 Hz) corresponds to one complete translation/rotation
of the tantalum rod. Typical laser powers used are around 50
µJ/pulse, collimated to a 5-mm-diameter beam, as measured
using an Ophir Nova II power meter. Under these conditions,
all ion signals are found to be linearly dependent with laser
fluence. During each wavelength (PIE) scan, the laser power is
maintained at the predetermined value by controlling the angle
of the frequency doubling crystal. Only data collected within
(7% of 50µJ/pulse were accepted, otherwise the crystal angle
was retuned and further data collected at that wavelength. For
each data point, normalization was then performed to further
reduce the effect of laser power. To check that long-term drift
in the cluster concentration does not occur, the laser is returned
to the starting wavelength immediately after each scan to ensure
that the cluster signal intensity had remained constant. Overlap-
ping scans across different laser dye regions were concatenated
by scaling the cluster signal intensities until they were consistent.

B. Computation. Geometry optimization and harmonic
vibrational frequency calculations were performed using DFT
in the Gaussian 98 suite of programs.15 The calculations were
performed with the B3P86 method using the LANL2DZ basis
set. The LANL2DZ basis set employs the Dunning/Huzinaga
double-ê descriptor for the carbon atoms and replaces the core
electrons of tantalum (up to 4f) with the effective core potentials
of Hay and Wadt.16,17 This method and basis set are the same
as those used by us previously, albeit with an earlier version of
the program (i.e., Gaussian 94), to calculate structures of various
neutral tantalum-carbide, TamCn (m ) 1-4, n ) 0-4),
clusters.10 In that case, only clusters having singlet (even number
of Ta atoms) and doublet (odd number of Ta atoms) multiplici-
ties were explored. In a recent paper on mixed-metal clusters
including Ta4,18 and this work, we have included an examination
of higher multiplicities (triplets, quartets, quintets, and sextets).
All structures were initially optimized without any geometry
constraint. All minima were characterized with vibrational
frequency calculations to determine whether the optimized
structure was a true minimum. The globally minimized structure
for each stoichiometry was then examined to determine any
symmetry properties, and the calculations were repeated again
within the highest symmetry point group. The symmetry-
constrained energy was subsequently compared to the uncon-
strained energy to ensure that there was no difference. Following
this, harmonic vibrational frequencies were also recalculated
within the point group to determine the frequency and symmetry
of each normal mode of vibration. Occasionally, the higher-
symmetry calculation could not be made to converge. In these

cases we still assume the higher symmetry point group but it is
denoted with an asterisk (e.g., C2V*). For each optimized
structure, the Mulliken charge population and bonding popula-
tion (density terms involving pairs of basis functions on different
centers) were calculated. Bonding and antibonding interactions
are indicated by positive and negative values, respectively. For
all structures presented in this report, bonds are drawn between
atoms when the Mulliken bonding population is calculated to
be g0.070 (this corresponds approximately to Ta-Ta bond
lengthse2.8 Å and Ta-C bond lengthse2.1 Å).

III. Results and Discussion

A. Ionization Potential Measurements.Figures 1a-d show
a portion of the mass spectra of tantalum-carbide clusters
following ionization at four different wavelengths; 245, 230,
220, and 210 nm, respectively, under otherwise identical
conditions. In the spectrum recorded at 210 nm (Figure 1d) Ta3

clusters appear with 0-3 carbon atoms and Ta4 clusters with
0-4 carbon atoms attached; peaks corresponding to Ta3C2 and
Ta4C2 are labeled. All of these species are produced following
single-photon ionization. In contrast, the spectrum recorded at
245 nm (Figure 1a) shows that the intensity of all species has
decreased dramatically to near baseline levels. At this wave-
length, none of the species are ionized with one photon and the
residual signal is due to multiple photon absorption leading to

Figure 1. Mass spectra of Ta3Cn and Ta4Cn clusters at four different
ionization wavelengths.
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ionization, and possibly fragmentation. Although these peaks
could be diminished completely by lowering the laser power,
we found this was not possible without severely affecting the
S/N of the other spectra. Following ionization at 230 nm (Figure
1b), the Ta3C2 and Ta4C4 clusters display dramatically increased
intensity. At 220 nm (Figure 1c), the Ta3, Ta3C3, and Ta4C2

clusters appear. Finally back to 210 nm, the clusters Ta3C, Ta4C,
and Ta4C3 are now present. From this data, it is obvious that
there are significant differences between the wavelengths at
which specific clusters become ionized.

Photoionization efficiency (PIE) spectra were recorded by
monitoring the signal of each cluster as a function of wavelength.
The PIE spectra for the Ta3Cn (n ) 0-3) and Ta4Cn (n ) 0-4)
clusters are shown in Figure 2a-d and Figure 3a-e, respec-
tively. It is immediately apparent that the Ta3C2 and Ta4C4

clusters exhibit the lowest IPs for the Ta3Cn and Ta4Cn series,
respectively. Furthermore, most clusters show a dramatic rise
from the baseline (e.g., Ta3C, Ta3C2, and Ta4C2), indicating good
Franck-Condon overlap between the electronic states of the
neutral and cation. In contrast, the Ta4C4 cluster exhibits a
gradual onset of ionization, suggesting significant geometry
change between the neutral and cation. Appearance potentials
(AP) were determined by the intersection of two fitted lines on
each PIE trace; one to the linear portion of the rising slope and
the other to the baseline. This approach simplifies the data, is
internally consistent, and has an estimated error of(0.05 eV.
Because of the internal energy of the molecular beam, IPs

determined from PIE spectroscopy have absolute errors of∼0.1
eV. The appearance potentials were then converted to ionization
potentials after converting to vacuum wavenumber and correct-
ing for the residual static field in the extraction electrodes using
the term IP-AP ) 6.1 × E1/2 (in cm-1 with E in V/cm) as
recommended by Schlag and co-workers.19 As a check, the
ionization energies extracted for Ta3 and Ta4 are found to be in
good agreement with those determined previously.20

The resultant IPs determined for each of the Ta3Cn (2) and
Ta4Cn (9) clusters are plotted in Figure 4 as a function of the
numbers of carbon atoms attached to each cluster and are also
listed in the second column of Table 1. First, it can be seen
that Ta4 has an IP that is 0.23 eV higher than Ta3 (5.83 cf. 5.60
eV), which has been found previously.20 This behavior is not
unusual for transition-metal clusters in the small-size regime
where the IPs do not drop monotonically with cluster size but
rather are highly irregular. The IP of the vanadium tetramer is
0.16 eV higher than the trimer (5.66 cf. 5.50 eV), although the
reverse is true in the case of niobium clusters (5.64 cf. 5.81

Figure 2. Photoionization efficiency spectra for Ta3Cn clusters. The
arrows indicate the onset of ionization (appearance potential) for each
cluster.

Figure 3. Photoionization efficiency spectra for Ta4Cn clusters. The
arrows indicate the onset of ionization (appearance potential) for each
cluster.
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eV).21-24 We also note that Ta7 and Ta8 clusters have higher
IPs than Ta6.20

Upon addition of one and three carbon atoms, very little
change in IP is observed for the Ta3Cn and Ta4Cn clusters;
indeed, the IP of Ta3C has increased slightly by 0.07 eV.
However, addition of two carbon atoms results in an IP reduction
of 0.36 and 0.28 eV for the Ta3C2 and Ta4C2 clusters,
respectively. For Ta3C3 and Ta4C3, reductions of only 0.09 and
0.04 eV are observed. Addition of four carbon atoms produces
the relatively large reduction of 0.68 eV for Ta4C4. Overall,
there appears an oscillatory pattern to the IPs where clusters
with an odd number of carbon atoms have relatively higher IPs
than clusters with an even number.

To our knowledge, there have been no studies on the effect
of carbon addition on the IPs of Group 5 metal clusters apart
from the PIE and PFI-ZEKE study of Nb3C2 by Yang et al.,25

which shows an IP reduction of 0.76 eV, twice the shift we
observe for Ta3C2. Unfortunately, no other Nb3Cn species were
explored and so the effect of more or less carbon atoms cannot
be compared. In their paper, Yang et al. also report the IPs of
Nb4C4 and Nb5C2 to be 4.43 and 4.59 eV, respectively.25 Again,
the IP reduction of 1.17 eV for Nb4C4 (relative to Nb4) is much
larger than the reduction of 0.68 eV found for Ta4C4. The IP
reduction of 0.85 eV for Nb5C2 (relative to Nb5) is even greater
than what we observe for either Ta3C2 or Ta4C2.

Although the IP information on carbon addition onto Group
5 clusters is sparse, addition of other ligands is more abundant.
Addition of Arn to niobium clusters shows a steady lowering
of the IP with increasingn.26 This has been accounted for by a

simple electrostatic argument in which the cation experiences
a stabilizing charge-induced dipole interaction that lowers the
IP.27 In contrast, the effect of adding two hydrogen atoms onto
Vm and Nbm (following dissociative chemisorption of H2) leads
to an increase in IP because of an effective loss of two electrons
from the cluster’s valence orbitals to form two low-energy
metal-hydride bonds.21 This effect is observed for the addition
of up to four H2 molecules onto V4 and Nb4. The effect on IP
following the addition of oxygen onto niobium clusters has also
been examined.24 Addition of one and two oxygen atoms onto
Nb4 results in an IP reduction of 0.3 and 0.03 eV, respectively,
which is oscillatory in the opposite sense to the carbon addition
observed here. The smallest cluster for which four oxygen atoms
is added is Nb9, and this shows IP changes of-0.16,+0.63,
+0.10, and+0.08 eV, upon addition of one to four oxygen
atoms, respectively.

The data presented in Figure 4 are clearly different from that
reported for the sequential addition of other ligands onto Group
5 clusters, and it is tempting to rationalize the IP oscillation in
terms of significant geometry change rather than electronic
effects. Because the data is oscillatory between even and odd
numbers of carbon atoms, it is possible that molecular C2 units
are formed for clusters with two or four carbon atoms. However,
we have shown previously with our DFT calculations that the
lowest energy structures for tantalum-carbide clusters all have
separated carbon atoms.10 Unfortunately, there are very few
experimental structure determinations of metal-carbide clusters,
although the structure of the Nb3C2 cluster has been elucidated
using PFI-ZEKE spectroscopy.25 The cluster has a trigonal
bipyramid geometry with two separated carbon atoms bonded
to either side of the niobium triangle. Furthermore, the IR-MPI
spectrum recorded for Ta4C4 does not reveal any vibrational
features, suggesting the presence of a molecular C2 unit.14 On
the basis of this evidence, we postulate that the oscillatory IP
pattern does not result from significant geometry changes as
more carbon atoms are added. To test this, we look to DFT to
calculate the expected IP changes as carbon atoms are added to
Ta3 and Ta4. The next section examines the lowest energy
structures for neutral and ionic Ta3Cn (n ) 0-3) and Ta4Cn (n
) 0-4) clusters. Thereafter, we compare the theoretically
calculated ionization potentials to those observed experimentally.

B. Calculated Geometries, Electronic States, and Mulliken
Populations.We have used DFT previously10 to calculate the
lowest energy structures ofneutralTa3Cn (n ) 0-3) and Ta4Cn

(n ) 0-4), and as part of this work we have reexamined each
of the neutral clusters. Using the same procedure as reported
previously,10 we have now calculated the lowest energy
structures for thecationicspecies and consequently determined
the adiabatic ionization energy for each cluster. Table 2 shows
the calculated lowest energy structure, including symmetry and
vibrational frequencies, for Ta3Cn (n ) 0-3) neutrals and
cations. For neutral and cationic Ta3C, higher energy structures
are also given for the reasons discussed below. Table 3 gives
the same information for neutral and cationic Ta4Cn (n ) 0-4)
clusters. We also present the Mulliken bonding population
(number of shared electrons between two atoms) and atomic
net charges calculated for each Ta3Cn and Ta4Cn cluster. The
values for the neutrals and cations are presented together as
half matrices in Table 4 (Ta3Cn) and Table 5 (Ta4Cn); the
neutrals as unbold numbers (bottom LHS) and the cations as
bold numbers (upper RHS).

The lowest energy Ta3 cluster we now find to be a quartet
state with an isosceles triangle (C2V*) structure, which is almost
300 kJ/mol lower in energy than the doublet (Cs) structure we

Figure 4. Experimental values of IP for Ta3Cn and Ta4Cn clusters as
a function ofn. Also shown on the same scale are relative values,∆IP,
calculated using DFT.

TABLE 1: Experimental Ionization Potentials Observed for
Ta3Cn, Ta4Cn

a

cluster exptl IP calculated transition
calculated IP
(exc. ZPE)

calculated IP
(inc. ZPE)

Ta3 5.60 S) 3/2 f S) 1 6.228 6.267
Ta3C 5.67 S) 1/2 f S) 0 6.341 6.352
" S) 1/2 f S) 1 6.921 6.923
" S) 3/2 f S) 1 6.977 7.002
Ta3C2 5.24 S) 1/2 f S) 0 5.823 5.841
Ta3C3 5.51 S) 1/2 f S) 0 6.371 6.398

Ta4 5.83 S) 0 f S) 1/2 6.230 6.218
Ta4C 5.80 S) 0 f S) 1/2 6.260 6.258
Ta4C2 5.55 S) 0 f S) 1/2 6.080 6.078
Ta4C3 5.79 S) 0 f S) 1/2 6.264 6.264
Ta4C4 5.15 S) 1 f S) 1/2 5.527 5.541

a Also listed are calculated transitions and corresponding ionization
potentials for Ta3Cn and Ta4Cn clusters.
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reported previously. A Raman study on Ta3 clusters deposited
onto an argon matrix by Lombardi and co-workers reveal a
(symmetric) vibration of frequency of 251 cm-1 and postulated
a nonequilateral structure that is consistent with both the doublet
and quartet state structures.28 The lowest energy Ta3+ cluster
is calculated to be a similarly shaped isosceles (C2V*) structure
with triplet multiplicity. In the neutral, the Mulliken bonding
density is approximately equal between all three bonds.

However, the Ta′ and Ta atoms have quite different charges of
-0.03 and+0.06, respectively, which results in a shortened
Ta-Ta′ bond due to electrostatic attraction. Upon ionization,
the Ta-Ta′ bonding increases, the Ta′-Ta′ bonding decreases,
the atomic charges on the two Ta′ atoms increase by 0.37, and
the Ta atom charge increases by 0.25.

For Ta3C, we have identified a quartet state (Cs) that is only
∼5 kJ/mol (450 cm-1) lower in energy than the doublet state

TABLE 2: Structures, Selected Geometric Parameters, Energies, and Vibrational Frequencies of Neutral (LHS) and Cationic
(RHS) Ta3Cn Clusters

a Bond lengths in Angstroms, angles in degrees.
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reported previously (Cs*). Because of the similarity in energy,
details of both the neutral doublet and quartet states are presented
in Table 2. Furthermore, we also present the lowest energy
singlet and triplet states of the cation (because ionization
transitions follow the∆S) (1/2 selection rule) in Table 2. The
quintet energy is much higher in energy and is not considered.

In Table 4, we have arbitrarily grouped theS) 1/2 neutral and
S ) 0 cation as system I, and theS ) 3/2 neutral andS ) 1
cation as system II. (In Table 1, we have included all
experimentally possible transitions, that is, from the doublet
neutral state, transitions to both the singlet and triplet states of
the cation are considered, whereas from the quartet state only

TABLE 3: Structures, Selected Geometric Parameters, Energies, and Vibrational Frequenies of Neutral (LHS) and Cationic
(RHS) Ta4Cn Clusters

a Bond lengths in Angstroms, angles in degrees.
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the triplet state is shown.) Despite the similar energies of the
two neutral states, the bonding of the carbon atom is significantly
different between them. The doublet state has the carbon atom
bound to the two Ta′ atoms, resulting in a very open dihedral
angle of 87°. In contrast, the quartet state has the carbon atom
(almost equally) bound to all three Ta atoms giving rise to a
closed structure with a dihedral angle of 65°. These differences
are reflected clearly in the Mulliken population. In the cation,
the singlet state is∼55 kJ/mol lower than the triplet state. Both
structures exhibitCs symmetry and have a doubly bridged C;
however, the significant difference is that the Ta′-Ta′ bond is
antibonding in the triplet state. With respect to the net charge,
in system I the Ta′ atoms gain 0.33 and the Ta atom gains 0.36
but the carbon atom loses charge, dropping from-0.45 to-0.47
upon ionization. In system II, the Ta′ atoms gain 0.38, the Ta
atom gains 0.25, and the carbon atom gains 0.02 charge upon
ionization.

For Ta3C2, the doublet state (Cs*) shown in Table 2 is the
same structure as that reported previously.10 For the cation, the
lowest energy state is a singlet state withD3h symmetry. This
system is analogous to Nb3C2, which has been studied in
spectroscopic detail by Yang et al. using PFI-ZEKE.4 Structur-
ally, the isovalent species are identical to one another with the
cation having a highly symmetric trigonal bipyramid structure
in which both carbon atoms are triply bound to either side of
the equilateral metal face. Addition of another electron into a
degenerate orbital leads to Jahn-Teller distortion into lower
symmetry and both carbon atoms remain triply bound to the
three metal atoms. The Mulliken analysis shows that the metal-

carbon bonding changes very little upon ionization. However,
the metal-metal bonding changes significantly, where the Ta-
Ta′ and Ta′-Ta′′ bonds gain significant bonding character in
the cation. The atomic charges for two of the metal atoms gain
by ∼0.33 each and the third gains 0.24. The two carbon atoms
each gain 0.06 of the charge.

The doublet state (Cs) shown in Table 2 is the same structure
as that reported previously for Ta3C3.10 In the cation, the lowest
energy state has singlet multiplicity andCs symmetry. Both
structures consist of one carbon atom triply bridged across the
three metal atoms, and the other two carbon atoms are bound
across a metal-metal bond and face away from top carbon atom.
The population analysis indicates that all three C atoms decrease
the bonding population with the metal atoms upon ionization,
and the metal-metal bonding is similarly weakened. The atomic
charges in the cation show that two of the metal atoms gain
0.33 each and the third gains 0.30. The two C′ atoms lose 0.04
of the charge each, but the C atom gains 0.03, increasing from
-0.51 to-0.55 upon ionization.

For Ta4, we previously calculated a singlet state withC2V
symmetry to be lowest in energy.10 More recently, as part of
an investigation into mixed-metal clusters, we have recalculated
a higher symmetryTd singlet state that is 128 kJ/mol lower in
energy.18 For the cation, we find the lowest energy structure to
be a doublet state. Although the symmetry isC2V, the structure
is only slightly distorted from the tetrahedral structure with a
dihedral angle of 69°. Because of the relative high symmetry
of the neutral, the Mulliken population shows that all Ta atoms
have zero charge. Upon ionization, the Ta′ pair gains 0.23 and
the Ta pair gains 0.27 of the net charge. Furthermore, four of
the bonds slightly increase in bonding character and two slightly
decrease.

The singlet state calculated previously (Cs) remains the lowest
energy structure for Ta4C.10 The lowest energy cation is a
doublet state (Cs) state with a structure similar to the neutral.
The carbon atom is doubly bridged across the Ta′-Ta′ bond.
The metal framework has opened slightly with a dihedral angle
of 77° and 76° for the neutral and cation, respectively. The
bonding analysis reveals that the metal-carbon bonding and
metal-metal bonding is similar in both the neutral and cation.
All four metal atoms experience approximately the same
increase in atomic net charge,∼0.25 each, upon ionization
although they have quite different initial charges. The C atom
also increases the net charge very slightly.

The lowest energy structure for neutral Ta4C2 is the same as
that calculated previously;10 a singlet state with no symmetry
(C1). One tantalum atom (Ta) retains bonds to the other three
metal atoms. The C atom is triply bridged, and the C′ atom is
doubly bridged. The cation is a doublet state, also with no
symmetry (C1) but both carbon atoms are now triply bridged
as reflected in the Mulliken population, although the Ta′-C
bond is much weaker than the other two bonds. Another change
is that the Ta atom has bonding density to all other metal atoms
in the neutral but the Ta-Ta′′ and Ta-Ta′′′ interactions become
antibonding in the cation. Upon ionization, the four metal atoms
gain 0.3, 0.28, 0.24, and 0.23 charges. The C atom gains 0.02
but the C′ atom loses charge, becoming more electronegative
by 0.07 in the cation.

For neutral Ta4C3, we calculate a singlet state (C3V) that is
184 kJ/mol lower than the singlet state reported previously
(C2V).10 The cation is a doublet state with reducedCs* symmetry.
In both structures, all carbon atoms are triply bridged; however,
the three Ta′-Ta′ bonds in the neutral have become substantially
weaker in the cation, as reflected in the Mulliken population.

TABLE 4: Summary of Mulliken Bonding Population and
Mulliken Charges for Ta3Cn Neutral (Normal) and Cationic
(Bold) Clustersa

Ta3 Ta′ Ta′ Ta
charge

(neutral)
charge
(cation)

Ta′ 0.299 0.398 -0.032 0.341
Ta′ 0.339 0.386 -0.032 0.341
Ta 0.325 0.325 0.064 0.317

Ta3C (I) Ta′ Ta′ Ta C
charge

(neutral)
charge
(cation)

Ta′ 0.161 0.328 0.272 0.196 0.526
Ta′ 0.164 0.328 0.272 0.196 0.526
Ta 0.267 0.267 0.051 0.058 0.420
C 0.320 0.320 0.027 -0.450 -0.472

Ta3C (II) Ta′ Ta′ Ta C
charge

(neutral)
charge
(cation)

Ta′ -0.015 0.388 0.300 0.159 0.542
Ta′ 0.210 0.388 0.298 0.159 0.542
Ta 0.212 0.212 0.014 0.162 0.414
C 0.216 0.217 0.223 -0.480 -0.499

Ta3C2 Ta′/Ta Ta′′/Ta Ta C C
charge

(neutral)
charge
(cation)

Ta′/Ta 0.114 0.115 0.226 0.226 0.276 0.607
Ta′′/Ta -0.054 0.116 0.226 0.227 0.291 0.607
Ta 0.071 0.124 0.227 0.226 0.370 0.606
C 0.226 0.236 0.261 -0.063 -0.468 -0.410
C 0.226 0.236 0.260-0.078 -0.469 -0.410

Ta3C3 Ta′ Ta′ Ta C′ C′ C
charge

(neutral)
charge
(cation)

Ta′ 0.122 -0.067 -0.081 0.363 0.175 0.478 0.810
Ta′ 0.154 -0.067 0.363-0.081 0.175 0.478 0.810
Ta -0.020 -0.020 0.333 0.333 0.173 0.509 0.804
C′ -0.070 0.439 0.356 -0.015 -0.069 -0.476 -0.439
C′ 0.439 -0.070 0.356-0.025 -0.069 -0.476 -0.439
C 0.200 0.200 0.264-0.076 -0.076 -0.514 -0.546

a 1st/2nd atom label corresponds to neutral and cation, respectively.
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The metal-carbon bonding is only slightly reduced relative to
the neutral. The overall charge increase upon ionization is even
for all metal atoms,∼0.24 each, and the carbon atoms gain an
insignificant charge of 0.01 each.

We now calculate the lowest energy state of neutral Ta4C4

to be a triplet state withCs* symmetry. This state is 51 kJ/mol
lower in energy than the singletC2V state reported previously
by us.10 The cation is a doublet state withD2 symmetry, and
the overall bonding is similar to the neutral. As stated previously,
these structure can be thought of as face-centered cubes and
are examples of the smallest possible three-dimensional struc-
ture, a 2× 2 × 2 nanocrystal.10 The bonding population for
the neutral cluster indicates that all metal-metal interactions
are antibonding and each carbon atom is triply bridged to each
of the four faces. The overall bonding in the cation is similar
to the neutral. Upon ionization, the metal atoms gain quite
different amounts of charge, 0.21, 0.19, 0.11, and 0.22 for Ta,
Ta′, Ta′′, and Ta′′′, respectively. Three of the carbon atoms gain
0.06 and one gains 0.09 of charge, a significant difference to
the other Ta4Cn clusters.

C. Ionization Potentials and the Isolobal Valence Bond
Model. The adiabatic ionization energies are calculated as the
difference in energy between the neutral and cation of each

cluster and are listed in Table 1. (Note that although ionization
energies both excluding and including zero point energies are
listed in the Table, only the latter numbers will be considered
for discussion.) From Table 1, it is seen that the absolute
calculated IPs (including ZPE) for Ta3 and Ta4 are 6.267 and
6.218 eV, respectively, which are (i) both higher than the
experimental values and (ii ) similar to each other, that is, the
tetramer value is not higher than the trimer as observed
experimentally. Regarding the first point, theabsolutevalues
of the calculated IPs for all these species are approximately 0.5
eV too high employing the method described here. We have
also found this to be the case for our calculations on Nb3CO
and Nb3(CO)2, which were both∼1 eV higher than the
experimental values.29 By substituting other methods that utilize
slightly different exchange and correlation functionals (i.e.,
MPW1PW91 and B3LYP) we have been able to achieve closer
absolute IPs for these species. However, we follow the lead of
Yang et al. who use the B3P86 method because it gives the
best overall match to the electronic, geometric, and vibrational
structure of the few benchmark metal-carbide clusters for which
this information is known, namely, Nb3C2 and Y3C2.4,25

Moreover, it is the effect on IP of adding carbon atoms to the
cluster that is important in this study and so we consider the

TABLE 5: Summary of Mulliken Bonding Population and Mulliken Charges for Ta 4Cn Neutral (Normal) and Cationic (Bold)
Clustersa

Ta4 Ta/Ta′ Ta Ta/Ta′ Ta
charge

(neutral)
charge
(cation)

Ta/Ta′ 0.245 0.223 0.245 0.000 0.227
Ta 0.231 0.245 0.229 0.000 0.273
Ta/Ta′ 0.231 0.231 0.245 0.000 0.227
Ta 0.231 0.231 0.231 0.000 0.273

Ta4C Ta Ta′ Ta′ Ta′′ C
charge

(neutral)
charge
(cation)

Ta 0.189 0.189 0.246 0.032 0.076 0.340
Ta′ 0.163 0.003 0.238 0.358 0.168 0.412
Ta′ 0.163 -0.007 0.238 0.358 0.168 0.412
Ta′′ 0.254 0.273 0.273 -0.136 0.027 0.262
C 0.066 0.366 0.366 -0.153 -0.438 -0.426

Ta4C2 Ta Ta′ Ta′′ Ta′′′ C C′
charge

(neutral)
charge
(cation)

Ta 0.294 -0.003 -0.080 -0.102 0.258 0.181 0.485
Ta′ 0.291 0.100 0.091 0.101 -0.179 0.169 0.449
Ta′′ 0.144 0.101 -0.082 0.294 0.218 0.270 0.498
Ta′′′ 0.159 0.000 -0.096 0.317 0.280 0.297 0.536
C -0.174 0.343 0.145 0.292 -0.060 -0.470 -0.453
C′ 0.069 -0.109 0.332 0.375 -0.053 -0.447 -0.514

Ta4C3 Ta′ Ta′/Ta′′ Ta′/Ta′′ Ta C/C′ C/C′ C
charge

(neutral)
charge
(cation)

Ta′ 0.040 0.041 -0.127 -0.146 0.233 0.233 0.368 0.608
Ta′/Ta′′ 0.114 0.042 -0.125 0.233 -0.146 0.232 0.369 0.608
Ta′/Ta′′ 0.114 0.114 -0.125 0.232 0.233 -0.147 0.369 0.608
Ta -0.127 -0.127 -0.127 0.282 0.281 0.281 0.428 0.680
C/C′ -0.153 0.251 0.251 0.324 -0.074 -0.074 -0.511 -0.501
C/C′ 0.251 -0.153 0.251 0.324 -0.077 -0.074 -0.511 -0.502
C 0.251 0.251 -0.153 0.324 -0.077 -0.077 -0.511 -0.502

Ta4C4 Ta Ta′ Ta′′ Ta/Ta′′′ C C′′ C′ C/C′′′
charge

(neutral)
charge
(cation)

Ta -0.129 -0.130 -0.097 -0.138 0.245 0.249 0.287 0.508 0.722
Ta′ -0.188 -0.097 -0.130 0.245 -0.138 0.287 0.249 0.537 0.722
Ta′′ -0.171 -0.053 -0.129 0.249 0.287 -0.138 0.245 0.613 0.722
Ta/Ta′′′ -0.122 -0.188 -0.171 0.287 0.249 0.245 -0.138 0.507 0.722
C -0.111 0.236 0.258 0.277 -0.075 -0.073 -0.061 -0.535 -0.472
C′′ 0.235 -0.113 0.322 0.236 -0.085 -0.061 -0.073 -0.537 -0.472
C′ 0.257 0.310 -0.145 0.257 -0.089 -0.068 -0.075 -0.558 -0.472
C/C′′′ 0.277 0.236 0.258 -0.111 -0.060 -0.085 -0.089 -0.535 -0.472
a 1st/2nd atom label corresponds to neutral and cation, respectively.
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change in IP,∆IP. Similar reasoning can be applied to the
second point, that is, that the IP of Ta4 is calculated to be similar
to, and not higher than, the IP of Ta3. We have not undertaken
a systematic survey of computational methods for calculating
absolute IPs; rather, we are interested in the effect of adding
carbon atoms onto the Ta3 and Ta4 moieties, respectively.

In addition to the experimental IPs, Figure 4 also shows the
calculated∆IP for each Ta3Cn (4) and Ta4Cn (0) cluster. A
linear offset has been applied to the calculated IPs of Ta3 (-0.67
eV) and Ta4 (-0.39 eV) to overlap it with the experimental
values. As can be seen clearly, the experimental oscillatory trend
is followed very closely. As discussed above, none of the
calculated structures have a molecular C2 group, asserting our
postulation that the oscillatory IP pattern is not due to a severe
change in bonding/geometry as additional carbon atoms are
attached. Although we have not calculated the IPs that would
result for clusters containing molecular C2 groups, we do
calculate that the energies of such structures are much higher
and are therefore unlikely to be present under molecular beam
conditions.

For Ta3C, it is the transition originating from the doublet state,
S ) 1/2 f S ) 0, that is included in Figure 4 despite the fact
that we calculate it to be∼5 kJ/mol higher in energy than the
quartet state. TheS ) 3/2 f S ) 1 transition occurs>0.6 eV
higher in energy (see Table 1) and clearly does not fit the
experimental results. Similarly, theS) 1/2 f S) 1 transition
is also too high in energy (Table 1). Because of the nature of
the PIE experiment, which is sensitive only to the lowest energy
ionization process, it is appropriate to consider the doublet state
as long as it has some thermal population present in the
molecular beam. Although higher energy ionization processes
may occur, these would be masked by the rising efficiency of
the lowest energy ionization process and therefore not be
evident. Hence, we contend that the experimentally determined
IP should be compared to system I, theS ) 1/2 f S ) 0
transition.

Because the calculated IPs are in agreement with the
experimental values, it should be possible to determine the
underlying explanation for the oscillatory IP trend that is
observed/predicted for clusters with even/odd numbers of carbon
atoms. Because the IP is a reflection of the amount of energy
required to extract an electron from the neutral, a simple
approach is to look to the energy of the HOMO (insofar that
the DFT calculation includes Hartree-Fock molecular orbitals)
for a correlation with the IP. Although we do not present their
energies, we find no correlation found between the HOMO
energy and the IP. It is apparent that significant reordering of
the electronic arrangement occurs upon ionization that cannot
be explained with a single electron treatment, that is, Koopmans’
rule does not hold.

An alternative approach is to consider the valence bond model
developed by Wade, Mingos, and others for condensed-phase
metal-cluster compounds.30 The model considers edge-localized,
two-electron, two-center bonds, and the frontier orbitals of each
atom available for bonding are represented as isolobal fragments.
These fragments can be used in metal-carbide clusters because
the nodal characteristics of the frontier orbitals are similar for
main group elements and transition metals. We consider each
metal atom to contribute 5 valence electrons and be either
4-coordinate (sd3) or 3-coordinate (sd2). In the former, the there
are 1× σ-type (s: dz2), 2 × π-type (dxz, dxy) and 1× δ-type
(dx2-y2: dxy) hybrid orbitals. For a coordination of 3, there are
1 × σ-type (s: dz2) and 2× π-type (dxz, dxy) hybrid orbitals.
Each carbon is sp3 hybridized and contributes 2 or 0 valence

electrons depending whether it is 3-coordinate (1× σ-type and
2 × π-type orbitals, and 1 lone pair) or 2-coordinate (1× σ-type
and 1 × π-type orbital, and 2 lone pairs respectively). The
metal's δ-type orbitals can be used only for metal-metal
bonding because there is no correspondingδ orbital contained
on carbon. The localized description is valid only when the
number of edges radiating from each vertex is equal to, or less
than, the number of valence orbitals available for bonding.30

Because all of the calculated geometries in Section IIIB consist
of carbon atoms with a maximum coordination of 3 and metal
atoms with a maximum coordination of 4, this choice of valence
bonding method is appropriate.

We assume that the geometries are the same as our calculated
structures and that they have the maximum symmetry. The
valence electrons are used to fill in the maximum number of
metal-carbon bonds permitted by the geometry and then the
metal-metal bonds. If any electrons remain, two electrons are
assigned as a localized nonbonding pair to any metal atom that
is only 3-coordinate. If all metal atoms are already 4-coordinate,
the remaining electrons are considered antibonding. Because a
3-coordinate carbon supplies 3 valence orbitals but can donate
only 2 electrons to cluster bonding, we consider metal-carbon
interactions to be a mixture of ionic and covalent bonding.

If we follow this procedure for Ta3C2 and Ta4C2, we find
that all metal atoms can be 4-coordinate (all bonding) and all
carbon atoms 3-coordinate. However, in both cases we have
remaining electrons that are situated in antibonding orbitals (1
and 2 electrons, respectively). This is the reason that the IPs of
these clusters are low, because the removal of an electron in
these two clusters stabilizes the cation. In the case of Ta3C2,
ionization creates a closed-shell structure. This bonding pattern
can be seen in the Mulliken bonding population for Ta3C2, where
in the neutral there exists a repulsive interaction between two
metal atoms; however, upon ionization this interaction now
becomes attractive.

In the case of Ta3C3, we observe that the structure allows
only 1 carbon to be 3-coordinate, while the remaining 2 are
2-coordinate. Upon filling of the valence electrons, we conclude
that there are three electrons remaining for metal-metal bonds
and because of the symmetry of the cluster a bond is present
between the degenerate metal atoms. This is observed in the
Mulliken bonding population, where between the three metal
atoms there is one attractive interaction and two repulsive. We
conclude that this cluster has a high IP because ionization
removes a bonding electron destabilizing the cation relative to
the neutral. This pattern is observed in the Mulliken analysis
where there is a decrease in attraction between both metal-
metal and metal-carbon interactions.

Using the calculated geometries of Ta3C, Ta4C, and Ta4C3,
once all the bonding electrons are filled there remains enough
3-coordinate metal atoms to accommodate nonbonding electrons.
For Ta3C and Ta4C, this is oversimplified because there are
additional higher order metal-metal bonds (i.e.,π andδ bonds)
not able to be represented by hybrid orbitals. This is supported
by the Mulliken bonding population for both Ta3C and Ta4C,
where some metal-metal interactions are stronger than others.
This may explain why each carbon atom is only 2-coordinate.
For Ta3C and Ta4C, we still believe there are nonbonding
electrons. For Ta4C3, where all C atoms are 3-coordinate and
three Ta atoms are 4-coordinate, the remaining two electrons
are nonbonding on the 3-coordinate metal atom. We contend
that these nonbonding electrons are localized, of similar energy
to nonbonding electrons on the bare metal cluster. Upon
ionization, the removal of such an electron results in an
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unchanged IP relative to the bare metal cluster. This reasoning
is similar to that used to explain why the IPs of NbnOm clusters
are unaffected by the addition of oxygen atoms because “the
IP is little affected by the strongly bonding interactions as the
HOMO is an essentially nonbonding metal-centred orbital”.24

For Ta4C4, we assumeTd symmetry. All metal and carbon
atoms are now 3-coordinate. Because of theTd symmetry and
all the metal atoms having freeδ-type orbitals, the remaining
four valence electrons can become delocalized over the entire
cluster. This is consistent with early HF calculations and more
recent DFT calculations on Nb4C4.31,32 This delocalization
enables an electron to be removed easily because the resulting
charge is distributed easily, resulting in a very low IP. The
Mulliken bonding analysis shows all metal interactions to be
repulsive in the neutral, whereas upon ionization there is an
overall significant decrease in the metal-metal repulsion, thus
stabilizing the cation and resulting in a low IP. From this
bonding analysis, the delocalized electrons can therefore be
considered antibonding and, similar to our argument above for
Ta3C2 and Ta4C2, result in a stabilized cation and therefore a
lower IP.

It is interesting that for Ta3C2, Ta4C2, and Ta4C4, which we
consider to have “low” IPs, all metal atoms within the cluster
have equal coordination (4, 4, and 3, respectively). For the
cations of the two clusters we consider lowest in their respective
series (Ta3C2 and Ta4C4), we can see that all metal atom bonding
is equivalent, leading to maximum symmetry (assuming the ideal
case ofD3h andTd, respectively) and consequently to have zero
dipole. This can also be considered from the perspective of the
thermodynamic cycle: IP(Tan) - IP(TanCm) ) D0(Tan

+ - Cm)
- D0(Tan - Cm). If the IP of a particular metal carbide cluster
is less than the IP for the bare metal cluster, then the metal-
carbon bonding is stronger in the cation than the neutral. For
Ta4C4, the face-centered cubic structure of the cation is similar
to other solids such as NaCl that are electrostatically bound.
Hence, increased charge separation (through ionization) in a
symmetric environment enhances the electrostatic interaction
between the electropositive metal and electronegative carbon
atoms leading to stronger metal-carbon bonding.

IV. Conclusions

We have recorded the IPs for a series of Ta3Cn (n ) 1-3)
and Ta4Cn (n ) 1-4) clusters using photoionization efficiency
experiments. We observe an oscillation in the IP that corre-
sponds to an even and odd number of carbon atoms in the
cluster. We have also calculated the energetically lowest-lying
neutral, and cationic clusters of the same stoichiometry, using
DFT. Changes in experimental IP, as additional carbon atoms
are added, correlate well with those calculated by DFT,
suggesting that differences in electronic structure, and therefore
geometric structures, that arise upon ionization are rationalized
correctly by theory. Therefore, we show that experimental
cluster IPs can be used to validate theoretically calculated
geometries of metal-carbide clusters. In this case, further
evidence is provided that the Ta4C4 cluster has a structure that
is, or close to, a 2× 2 × 2 face-centered cube, the smallest
possible type of nanocrystal. Application of a simple valence
bond theory assuming isolobal frontier orbitals can also be
applied to understand the relative shift in transition energies
(the IP) between the neutral and cation for the range of
tantalum-carbide clusters examined here.
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