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The influence of source conditions on vanadidoarbon cluster formation in a methaneanadium plasma

is explored and analyzed by photoelectron spectroscopy, revealing that the-oaebain ratio has substantial
influence over the cluster products. Experiments that employ large methane content produce carbon-rich mono-
and divanadium carbides. The carbon-rich clusters show a preference for the formation of cyclic neutral and
linear ionic structures. When the methane concentration is decreag€d.cWsters are formed witm =

1-4 andn = 2—8. The photoelectron spectra of clusters formed under these conditions are indicative of a
three-dimensional network. We have measured a significantly lower vertical electron affinity for the VC
V,Cs, and V4Cs clusters compared with proximate species. Interestingly, thespg€cies is a proposed building

block of the My)Ci» Met-Car cluster, and the 2,3 and 4,6 clusters correspond to the 1/4 and 1/2 Met-Car
cages, respectively. This correlation is taken as evidence of their importance in the formation of the larger
Met-Car species. These results are supported by density functional theory (DFT) calculations carried out at
the PBE/GGA level.

I. Introduction electronic behavior. The unique electronic properties of Met-
Cars, and other metal carbon clusters, render them as ideal
candidates for many technological applications. Recently,
density functional calculations by Muckerman and co-worrs
have indicated that Met-Cars are likely to demonstrate enhanced
catalytic properties that may enable them to be useful models
for pollution abatement. Specifically, the results show that
TigCy12* and MaC12° have an activity for hydrodesulfurization
that is greater than that of the presently employed molybdenum
carbide catalysts. Recently, it has also been suggested that Met-
Cars may be promising candidates for hydrogen storage
applications’

The successful implementation of Met-Cars and other cluster
assembled materials necessitates a more complete understanding
Iof the unique properties often displayed by matter of finite
dimensions. This calls for more detailed information regarding

M is an early transition metal, show exceptional stability in the the electronic and geometric structures of these clusters, and

gas phasé To date, Met-Cars have been formed from several bulk-scale synthesis requires more insight regarding their growth
metals that include’Ti V. Zr. Nb. Mo. HF11 Crlt Fell as processes. This has led us to address these questions from a

bottom-up approach. Anion photoelectron spectroscopy has
proved to be a powerful technique to understand the influence
of evolving size on the electronic and geometric structure of
cluster assembli€$. By measuring the photoelectron spectra
of mass-selected gas-phase clusters, we can determine their
properties on an individual basis and draw connections between
species displaying similarities. This method has the advantage
of enabling one to exercise environmental control over the
cluster growth process while correlating these effects with the
measured photoelectron spectra. In so doing, this approach
gnables a direct determination of how the cluster's properties
may be tailored. The MEunit has been proposed to serve as
*To whom correspondence should be addressed. E-mail: AWC@psu.edu.the building block from which the Iarggr three_dlmensmnal (3D)

T Department of Chemistry, The Pennsylvania State University. Met-Car clusters are formed? Previous experiments have

* Department of Physics, The Pennsylvania State University. suggested that the \iCluster is likely to be important to the

Transition metat-carbon clusters exist in a variety of
structural motifs that are highly dependent on the valence
electronic configuration of the metal. Two specific classes of
transition-metal carbon clusters include both metallocarbohe-
drenes and metallofullerenesThese species have been studied
extensively in recent years with interest stemming from the
cluster assemblies’ ability to provide insight into the interaction
between transition metals and carbon, significant not only to
organometallic chemistry but to many areas of technological
importance that include semiconductor science, hydrogen stor-
age? and catalysig:5In 1992, we reported the discovery of the
former class of metaicarbon clusters mentioned above, met-
allocarbohedrenes or Met-Cars for short; the term metallocar-
bohydrynes now seems more in keeping with the latest structural
calculation$ These clusters, with stoichiometrysd,, where

well as in binary forms with molecular formula gliMyCi2
where M can be Si, Y, Zr, Nb, Mo, Hf, Ta, and ¥?°

The enhanced stability displayed by Met-Car clusters, as well
as their facile formation by multiple metals, has stimulated a
wealth of research. As a result, a great deal of information
regarding the properties of Met-Cars has been gained, including
trends in their ionization potentidfand electron affinitie$?
Met-Cars also exhibit significant delayed ionization when
irradiated with nanosecond laser puldé8 and display rapid
electronic relaxation on ultrafast time scalés’ Collectively,
these findings suggest Met-Cars possess some degree of fre
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formation of a larger metalcarbide network%-22 However,

little information is available for cluster sizes that extend beyond
V,C4, and a gap exists in the understanding of the properties of
clusters up to the ¥Ci, Met-Car. In this contribution, we present
data that extends the existing literature to include larger metal
carbide clusters consisting of as many as four metal atoms.
Additionally, we have explored the influence of source condi-
tions on the resultant cluster products. Comparisons are made
with recent studies of niobiumcarbon clusterd which display
interesting geometric properties that are strongly influenced by
cluster source conditions.

Intensity (a.u)

Il. Experimental Section

A detailed description of the experimental apparatus is the
primary focus of a separate repéttand as such, only a brief 0 ' 50 100 150
overview will be provided here. Vanadium carbide clusters are
generated in a 10 Hz laser vaporization plasma reactor source ) ] o ]
in which the second harmonic (532 nm) of a Nd:YAG laser is Figure 1. Time-of-flight mass distributions of clusters formed with
focused on a translating and rotating vanadium rod, forming a low (A) and high (B) concentrations of methane.
plasma. Typically, a helium carrier gas is seeded with 5% 1.0 -
methane and passed over the plasma, leading to the dehydro- s
genation of methane and the formation of metal carbide clusters. 4]
In this study, we have also investigated the formation of 04
vanadium carbide clusters in a carbon-rich environment where 02 ]
the methane content of the carrier gas exceeds 10%. The anions
are subsequently pulse extracted, and the cluster distribution is
analyzed by a linear time-of-flight mass spectrometer. The
resolution (WAm) of the mass spectrometer is currently greater
than 750, which is more than sufficient for the cluster sizes
studied here. The cluster of interest is then mass selected prior
to photodetachment. Following mass selection, electrons are £
detached with the third harmonic of a Nd:YAG (355 nm, 3.49 °-°00
eV) or with a XeCl Excimer laser (308 nm, 3.02 eV). Detached 107
electrons are collected by a “magnetic bottle” type photoelectron 084 C
spectrometer, where a strong (1.2 T) permanent magnet is used :::
to collect electrons over approximatelyr 4adians?42% The ’

4

5

6

0.2

detached electrons traverse a low field (0 drift region 0.0

/\/\ VvC
0:5 ' 1f0 ' 1:5 I 2f0 ' 2:5 I 3:0 . 3l
/\ )
0:5 . 1:0 . 1:5 I 2:0 . 2:5 I 3:0 . 3I

/\/\\x )
before detection by a Z-stack microchannel plate (MCP) 00 05 10 15 20 25 30 3
detector. The measured ion current from the MCP is then Electron binding energy (eV)
amplified before collection by a digital oscilloscope and is Figure 2. Photodetachment spectra of ¥CVCs~, and VG™.
transferred through a GPIB card to a PC for analysis. The
magnetic bottle electron kinetic energy analyzer is calibrated
daily by photodetachment of CuThe known photodetachment
spectrurd® of Cu~ includes transition from the Cuground state
(1Sp, 3dL%4) to the Cu ground staté@%,, 3d0 4sh) as well as
the first two Cu excited statedSsp,, 3cP4<) and €Sz, 3cP-
49). The electron kinetic energy resolution of the experiments
is better than 140 meV at 1.2 eV, as determined by fitting a
Gaussian function to the atomic copper transition. The experi-
mental findings were verified computationally with density
functional theory (DFT) at the PBE level using the GGA/PBE
exchang&-2® using the DMol3 prograr®® The basis set is a
double numerical basis set with polarization functions provided
by the Dmol3 code. It uses an orbital cutoff of 5 A. All the di
calculations are spin unrestricted and smearing is not used, no
is there special treatment of the core electrons.
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here by systematically varying the source conditions, and these
studies are ongoing. The mass distribution indicates thal,V
clusters, wherem = 1—4, are readily formed under the
conditions employed. The cluster distribution shown in Figure
1B is obtained by increasing the methane content to 10% or
greater. As can be seen in the mass distribution, these conditions
lead to the formation of primarily high carbon clusters containing
only a few vanadium atoms. In fact, clusters containing more
than two metal atoms are not generated under these conditions.
The distribution is dominated by\C,~ where wherm= 1, n
=2—6 and whenm = 2, n = 3—12. We have demonstrated
clean mass selection of clusters in this size ratige.
IIl.LA. Monovanadium Carbides. The electron kinetic energy
L stribution for monovanadium carbides, generated with high
carbon content, is shown in Figure 2, and all electron binding
energies measured are reported in Table 1. The photoelectron
energy spectrum of VE is shown in Figure 2A and displays
a dominant feature with a measured vertical electron affinity
The mass distribution shown in Figure 1A represents the of 1.3 eV and a second, less intense, feature shifted to a higher
anionic clusters generated in the laser vaporization source withbinding energy of 2.5 eV. The vertical electron affinity is
low methane content<(5% CHyJ/He). This is the source  determined by the common metR8df fitting a linear function
condition that is found to be favorable for the generation of to the leading edge of each energy shift and setting the
larger metat-carbide clusters including Met-Cars. Indeed, we y-intercept as the binding energy. This method provides the
have formed larger clusters with greater M/C ratios than reported vertical electron detachment energy of the cluster and thereby

I1l. Results and Discussion
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TABLE 1: Measured Electron Binding Energies? A B ¢
low carbon content high carbon content @=0=0 &
cluster binding energy (eV) cluster binding energy (eV)
VC, X 1.2 AE 0 0.156
A25 AEA 1.383 0.406
VC5 X1.4 VEA 1.483 0.529
VCs X 1.3
A18 C o b} E
VCs X 15 VoCr X17 & 65?
V.Cy X1.9 VoCs X2.4
V2Cs X 1.8 V2Co X 1.8
A3.0 V2Cio X 1.4 Agi : ”(5’ gi:: 0042?
V2Cs f\ %g VoCu X15 VEA 1373 0.582 0.52
V3Cs X1.7 3 G
V3Cq X1.9 b
V3Cs X 1.8
V3Cs X1.6
V4Cy X1.7 AE 0 0.384
V4Cs X 1.7 AEA 1.938 1.32
V4Cs X 1.4 VEA 1.983 1.403
ViCr X1.7 . pilLS y
@ Reported values are obtained from the measured vertical detachment %»
energy. The uncertainty of the measurements i8.14 eV. e
; ; ; ; i AE 0 0.19 0.481
provides information on the vertical electron affinity (VEA). o it i iges

The photoelectron spectra of ¥Cand VG~ are displayed in VEA 2708 2085 2.074

parts B and C of Figure 2, respectively. The vertical electron rigure 3. Calculated geometric structure for severalG/ clusters
affinity of VCs is determined to be 1.4 eV. The most intense carried out at the PBE/GGA level of density functional theory. The
feature in the V@ photodetachment spectrum is located at 1.7 energy difference between the clusters, relative to the minimum energy
eV and interestingly is not the lowest energy feature. A feature Stfgfiﬂlfe’ i?_ relpolrtetd alorflfg }ltv;t?viz)a;diabat:]c ‘?'e‘:t{z” affinityt(/{\_EA)I
appears with much lower intensity at a binding energy of 1.3 and the vertical electron affini or each size. The computationa
eV, and this value is taken as the vertical electron affinity of ;SdUI\tZC?FHfESfIUSter sizes VGA—B), VoCs (C—E), VoCa (FC),

VCes. The measured vertical electron affinities of the monova-
nadium carbides studied here, as well as values obtained from
previous studied?=° are summarized schematically in Figure
7A, which will be discussed later. It is interesting to note the
even-odd alternation that develops with cluster size. This
pattern is reminiscent of pure cart3é#?or carbon-rich metat
carbide clusterg333:34This alternation is typically accepted as

a sign of linear geometry when the alternation between even
and odd cluster sizes is very strong. The alternation observed
here, on the other hand, is rather weak and the determined
vertical electron affinities are much lower than those typically
associated with linear structures. Moreover, the measured
electron affinity does not change dramatically with increasing

cluster size. These findings are similar to those reported ~,~ . ™
previously for monotitanium carbid&sand our findings on affinity in the range of clusters between y@nd VG (Table

diniobium carbide cluster 1) is taken as a sign of the continuation of geometric structure

Pure carbon clusters in the size range considered here aréOr the monovanadium carbon clusters.
known to have high electron affinities, easily exceeding 2&V. In complementary work from our groddirect experimental
The low electron affinities measured for the monovanadium €vidence was found for the coexistence of structural isomers
carbides is an indication that the highest occupied molecular of diniobium carbides. The electron energy spectra of these
orbital (HOMO) of these clusters is likely attributed to the Clusters are comprised of two distinct peaks. The first peak
contribution of a vanadium 3d orbital. This is reasoned since appears in the binding energy range of-1127 eV while the
the electron affinity of a gas-phase vanadium atom has beensecond peak appears in the binding energy range between 2.2
assigned as 0.525 é¥much lower than that of carbon clusters. and 3.0 eV. The high and low binding energy features are likely
The fact that increasing the number of carbon atoms has little to originate from linear and cyclic isomers, respectively. These
influence over the electron affinity of the monovandium series findings are consistent with measurements found in the existing
indicates that there is little alteration of the bonding environment literature regarding high carbemetal cluster§®-32 The low
of the vanadium atom, where the excess electron likely resides.electron affinities reported here, taken together with the small
Previous results that measured the photoelectron spectra ofinfluence of cluster size effects, lead us to conclude that these
VC,? and VG?®° concluded that a planar structure G§, monovanadium clusters are likely of a common geometry. The
symmetry was formed for both. We have reproduced these DFT results suggest that the lowest energy structure for the anion
experimental measurements and find agreement with the previ-is linear, however, calculations carried out at the same level
ously reported values. Additionally, we have treated several for neutral species indicate that the triangular structueg)(€
anionic and neutral cluster sizes computationally at the B3LYP the most stable isomer.

and PBE levels of DFT. As will be discussed, the results from
the PBE level provide the best fit to the experimental data, and
the stable anionic geometric structures obtained from this
method are summarized in Figure 3 along with the computed
energy differenceXE) relative to the minimum energy structure,
adiabatic electron affinity (AEA), and vertical electron affinity
(VEA). The calculated energy difference between the linegar C
and the triangular & structure of VG is approximately 0.156
eV, indicating that the linear chain is the most stable anionic
geometry. However, calculations carried out at the same level
for the neutral show that the,Cgeometry is more stable than
the linear G, isomer by 0.874 eV. The small change in electron
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Figure 4. Photodetachment spectra 0G4 clusters formed with source conditions of low (left) and high (right) methane content.

111.B Divanadium Carbides. The photodetachment spectra of 1.9 eV. These measurements are in excellent agreement with
of divanadium carbon clusters are shown in Figure 4. The the values reported for the vertical electron affinities oCy
photodetachment spectra presented on the left panel are obtainegnd \,C, previously2>2! The remainder of the divanadium
from clusters generated with5% methane seeded in helium  carbon clusters formed with the source conditions of lower
carrier gas. The high carbon species shown in the right panel methane content are shown in panels D and E of Figure 4 and
of Figure 4 are formed witkr 10% methane in helium. We note  5e piotted schematically in Figure 7B, as discussed in later
that, while dda}:_a on th? Met;(t:art;]s not pres?ntedthelrte, ]Ehe fort'mersections. The electron energy spectra e€yand V»Cs each
source condition IS closest to the one prejerential to formation o, 5 e presence of an additional feature with binding energy
of larger, metal-enriched clusters such as Met-Cars. In panel A .

. . greater than 2.5 eV (refer to Table 1). The origin of these
of Figure 4, a comparison of the electron energy spectra of . = )
features could be due to the coexistence of multiple isomeric

V-Cs;~ and V,C,4~ obtained at 355 nm, the third harmonic of a .
Nd:YAG laser, is shown. The spectra presented in the remainingforms or a photodetachment to a neutral excited state. Further

panels of Figure 4 are obtained by photodetachement with aexperiments and theoretical studies may b.e necessary to properly
308 nm XeCl Excimer laser. The electron energy spectra of assign these features, but our computational results presented
V,Cs~ and \LC4~ are presented individually in panels B and C here provide evidence for the former case. It is interesting to
of Figure 4, respectively. The vertical electron affinity deter- note that there is a significant increase in electron affinity in
mined for \,Cz is 1.5 eV, and a significant increase is observed going from \.Cs to V,C,. Moreover, while there is a decrease

in going to \LC4, which has a measured vertical electron affinity in the electron affinity from YC, to V,Cs and again from YCs



12818 J. Phys. Chem. A, Vol. 110, No. 47, 2006 Knappenberger et al.

not containing the Vgunit are not found to be stable by the

a) b) c)
> DFT calculatons.
== We find that the VG, V,Cs, and \WLC, clusters that match

our experimental findings also correspond to the lowest

2"51_ computed energy structure for the cluster size. However, this
_~ is not the case for the XZs cluster. In fact, there are two isomers
3 experiment © of V,Cs separated by 0.19 eV (structures H and | in Figure 3),
2 o0 caloolebed @ and their calculated electron affinities do coincide with the
. experimental trends. The measured binding energies of the two
"f'g peaks in Figure 4D are 1.8 and 3.0 eV, refer also to Table 1.
S 4154 The vertical electron affinities determined at the PBE level for
§ structures H and | in Figure 3 are 2.708 and 2.085 eV,
T respectively. The high temperature of the plasma reactor likely
1.0 leads to a distribution of accessible cluster geometries, thereby
< < o g, enabling the higher energy structure fopGé¢ to be formed.
= o - - The lowest energy structure of,¥s (Figure 3H) is similar to
Figure 5. Geometric structure of the (a) \Q(b) V2Cs, and (c) \.Cs the lowest energy structure for,®, (Figure 3F) and strongly

clusters. (d) Comparison of calculated and measured vertical electronresemples the most recent computational work of the Met-Car

affinities of selected WC, clusters. Results obtained from density 6 -

functional calculations at the PBE/ GGA level. cluster® _The two gxperlmentally mgasqred photoelectron peaks
are assigned to isomers H and | in Figure 3.

to V,Cs, the VuCs cluster has the lowest measured electron The detachment spectra of clusters presented in the right panel
affinity of those presented in the left panel of Figure 4. of Figure 4 are from clusters formed under conditions of higher

carbon content. The detachment spectraAthrough \bCy;
are presented in panels—B of Figure 4, respectively. The
aertical electron affinities are also mapped out schematically

Computation of the geometric structures giving rise to the
experimentally measured trends in photodetachment spectra fo
these cluster sizes has been carried out. We have considere ) . ) ;
many different geometries of the W@nd \,C, clusters (with in Figure 7B (to be d|S(':uss.ed later). As is evident from the
n = 3-5). The calculated vertical electron affinities of structures photodetachment data in Figure 4 and the summary plot of
based on the build-up from \i&Qunits exhibit trends that best Figure 7B_, an evenodd alternation exists for the hlg_h carbon
track with the experimental data. This trend is shown in Figure ClUSters similar to that observed for the monovanadium carbon
5. The geometric isomers for (CV,Cs, and \5C, that best series. The largest alternation is observed in going from the
reproduce the experimental observations are presented in panely 2Cs 10 the V2Cs cluster. On average, the alternation observed
A—C of Figure 5, respectively. In Figure 5D, we compare the N thls series |s_small a_nd the mea_lsured energies faI_I in th_e range
vertical electron affinities that we measure experimentally with YPically associated with planar ring structures. A high binding
those calculated based on the structures presented in panéls A €Nergy feature is measured in the detachment spectrap@r V
of Figure 5. It should be noted that the computational electron @1d VeCio clusters. These peaks could be attributed to an
affinities were determined at multiple levels of DFT, but as is alternative isomeric stru_cture_or_ an exc_:lted electronl_c state.
clear in Figure 5D the PBE level provides an excellent match Currently, we are pursuing this issue with both experimental
to experimental measurements. The comparison made in Figuré2nd computational methods. It is important to note, however,
5D is made without shifting the computational results. The trend that @ transition from the low-energy feature to the high-energy
in both the calculated and experimental measurements is the/€ature as the dominant species is never observed. The photo-
important aspect, showing an increase in electron affinity in détachment experiments reported for the diniobium carbon
going from \ACs to V2Ca. The overlay of the computational cluster showed a transition to linear structure in going from_ the
and experimental results shows that the values track well with NP2Cs to the NbC7 and a likely transition back to a cyclic
one another and verify our assignment of the structures presentedtructure when nine carbon clusters were incorporéted.
in panels A-C of Figure 5, suggestive of the replication of ¥C It is surprising at first to find that the niobium clusters show
in the cluster growth process. The geometric structures,6fV @ clear transition to linear geometry and that this is not
and \,LC4 have been computed previously and are in general reproduced in the divanadium series since both are group V
agreement with our resul#8.In fact, we find nearly identical metals. A likely important difference is in the valence electronic
structures for the %C, cluster; however, we find that the configuration of the two metals. Niobium is the first group V
structure presented in Figure 5B better matches our experimentametal that promotes an s electrana d orbital, resulting in a
observations than that previously reported fopCy The 5s'4d* valence electronic configuration. This promotion leaves
formerly reported structure of)XZ3; was a planar cycle consisting  niobium with four d valence electrons that can undergo
of a vanadium dimer that joined the carbon atoms. We find the hybridization and bond similarly to carbon, as well as allowing
V,Cs cluster is stabilized when the carbon atoms bend out of the s-orbital to remain open for bonding. Vanadium on the other
the plane of the Yunit. This cluster size likely marks the onset hand does not promote an s electron resulting in #ds
of 3D structure. The computational results indicate the 3D configuration. This leaves vanadium with a filled s orbital that
structure of \4C3™ in Figure 3C is of lower energy than the is unable to participate in the covalent interactions that we have
other structures (in parts D and E of Figure 3) by at least 0.369 found to be important to the formation of the niobium carbon
eV. Furthermore, the calculated difference in vertical electron clusters’® As a consequence, an important difference between
affinity of the structure in Figure 3C and those in parts D and the two types of clusters is likely rooted in the bond strength
E of Figure 3 is on the order of 750 meV. The experimental of the metat-metal and metatcarbon interactions dictated by
resolution of these studies is 150 meV, and therefore, the the metals electronic configuration. Results from DFT indicate
presence of other geometric isomers oV in the molecular that the \4C; cluster retains strong vV bonding attributed to
beam can be ruled out. It is also interesting to note that structuresthe high dissociation energy of the vanadium dimer (2.75%V).
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Figure 6. Anion photodetachment spectra oG/~ (left) and V,C,~ (right). All V3 and V, clusters studied were formed under source conditions
with low methane content.

Conversely for the NI, cluster, the niobium dimer has been that the vanadium cluster distribution truncates at relatively small
found to dissociate without barrigrand these results suggest cluster sizes when high carbon source conditions are employed,
that niobium~carbon bonds are much more stabilizing than as in Figure 1B. When the same source conditions are employed
metal-metal interactions. with niobium, large clusters can be formed.

The findings on niobiumcarbon clusters are the subject of III.C Larger Vanadium Carbides: V 3 and V4 Series
a separate repoft. The observation that niobium readily Carbides. The photodetachment spectra of ®nd V; series
alternates between bonding types that form both linear and cycliccarbides are shown in the left and right columns of Figure 6,
isomers is likely to result from an overlap of a carbon molecular respectively. All \5 and V, series clusters reported here were
o-orbital with an atomic niobium s orbital. This is perhaps one generated with lower levels of methane in the carrier g6
reason for the experimental observation of coexisting isomers CHy/He). The cluster intensities of thes\and V, series were
for niobium, while such structures are not observed for slightly less than those for the;\and V, series, so the third
vanadium. This suggests that larger carbon-rich vanadium harmonic of the Nd:YAG (355 nm) was used for the larger
clusters should prefer a cyclic structure that retains the clusters as it provides lower levels of background noise, slightly
vanadium-vanadium interaction. Since preservation of the\W better photon densities, and a more defined beam profile. As is
moiety is stabilizing, it may help to overcome ring-strain that evident in both Figures 6 and 7C the lowest vertical electron
would likely be induced in larger cyclic structures. The anionic affinity measured in the Yseries is attributed to 33 and V5Cs,
linear structure for vanadium carbides may be the result of an which have comparable values. The electron affinity increases
ion pair that is formed between the stable carbon chain and thein going from \5Cs to V3Cy4, shown in Figure 6B, and then
vanadium atom, which retains the excess electron, when highdecreases in going to3Z, to V3Cs, similar to the trend observed
carbon source conditions are employed. Typically, contact ion for the V, series generated with lean methane concentrations.
pairs are size dependent, and when one member of the pair The detachment results obtained from thgCy series are
becomes large relative to the other, the ion pair is no longer shown in panels EH of Figure 6. The vertical electron affinities
stable. Alternatively, the open s orbital on the niobium atom are reported schematically in Figure 7C and numerically in Table
would be available for covalent bonding with carbon, leading 1. These results indicate that the lowest electron affinity in the
to the formation of large metalcarbon networks in high carbon V4 series is attributed to the 4Z¢ cluster, an indication of
clusters. In referring to the mass spectra in Figure 1, it is true enhanced stability of the neutral state. It should be noted that a
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2.9 . indicates that the nature of the HOMO is likely more similar to
18 A. Ve, that of vanadium as carbon has a rather high electron affinity.
1.6 While more detailed studies are needed for confirmation, it is
1:2 ° o ° likely that the HOMO of these clusters is significantly influenced
13 . . by a vanadium 3d orbital. Previous work from our group has
13 also revealed that the neutral Met-Car clusters undergo indirect
% 0 1 2 3 4 5 6 7 processes, such as delayed electron emidéigxf°The con-
= 3.0 Number of carbons nection between the low electron affinities of the smaller
z 28 ve- subdivisions of Met-Cars and the g, cluster may be an
& %Z‘z‘ B . 27n indication that the broad electron energy distribution observed
s 22 . . . for V4Cs is due to indirect processes. The data provide indirect
£ 16 N e o . evidence that the M£and 1/4 and 1/2 cage species do indeed
3 13 ¢ play an important role in the formation of larger 3D clusters
gW+—T 17— including the Met-Car. It is also noted that the cluster source
S o 2 4 6 8 10 12 " . . .
t Number of carbons conditions are hlghly influential over the types of cluster that
> 20 are formed. We find that the presence of large amounts of
19 ¢c. * . methane in the source favor formation of high carbon species
:g ® . o * ce o that incorporate only a few metal atoms. By decreasing the
16 . methane concentration, conditions that favor formation of larger
1.5 ° 3D metal carbide clusters are found. These findings agree with
144 © . earlier work on the formation of vanadium and titanium carbide
13 e e o e e e . o clusters, which suggest that small differences in the metal
g P> $%SE X% fcarbog densities can influence the clusters products that are
ormed.

Figure 7. (A) Plot of electron affinity as a function of cluster size for
the VG, series. The values for ViGand VG are from refs 19 and 20, .
respectively. (B) Plot of electron affinity as a function of cluster size IV. Conclusions

for the VoCn series. (C) Plot of vertical e!e_ctron affinity for all clusters We have employed a range of cluster source conditions which
formed with low methane source conditions. have enabled us to investigate the photoelectron spectra of
several vanadium carbon clusters. The structures of these clusters
are likely neutral planar cyclic rings, anionic linear chains, and
larger 3D clusters. We have found that the methane content of
the cluster source influences these geometries significantly. Our

hibits the broadest distributi £ ol Kinet . results indicate that high carbon monovanadium cluster anions
exhibits the broadest distribution of electron kinetic energies. prefer a linear geometry, while the neutral species are most

This broad distribution is especially apparent at high electron gopia o planar cyclic rings. When going to the divanadium

binding energy, which corresponds to low kinetic energy igyipytion, evidence exists for the transition to planar cyclic
electrons in the detachm.ent. experiment. Observation of bro.adstructures when the carbon content is high. Photodetachment
electron kinetic energy distributions often reflects a geometric o, o riments conducted on vanadium carbide clusters when the
rearrangement in going from anionic to neutral potential o ane content is low indicate that the ¥@.Ca, and ViCe
s:;rfaces. Measuren|1ent Qf b_:(_oad ehnergy dlstrl?ut;]ons 'nl_phc_)to'clusters exhibit the lowest electron affinity of the distribution.
electron spectra also signifies the onset of thermalization s \o\ering in electron affinity has also been reported previously
processes that compete with direct emission. In accordance withg, -\ . clusters. This is taken as evidence for the importance
the Rlchard_SOF_rDushman_ equatioff, the rate _Of |n_d|rect of VC,, V,Cs, and V,Cs in the formation of larger 3D clusters
electron emission, resulting from thermalization, inCreases ¢ inciyde the Met-Car cluster. These findings are supported
exponentially with decrpgsmg work functioW the blflk by computational results from DFT. Taken together, the
analogue of electron affinity The fact that the YCs species o) nerimental and computational findings reflect that the, VC
has _the lf)WeSt electron affinity of the4\$er|es_ may help to it serves as a precursor in the growth of large meatatbon
mediate |nd|rfec|t proces?f(_es_ and be responsible for the broadysters. Comparisons with our recent complementary study on
distribution of electron affinities. niobium—carbon clusters have also been made, and a funda-

“I'dD l?enﬁral Consllderatll?ns. Pr_evu_)fys Stlljdl'es havle indi-  ental picture has been suggested to explain the differing growth
cated that the MC;, cluster has a significantly lower electron processes of the two metals.

affinity than other cluster sizes in the distributihThese
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