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Photodissociation of Noble Metal-Doped Carbon Clusters
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Noble metal carbide cluster cations (MC, ", M = Cu, Au) are produced by laser vaporization in a pulsed
molecular beam and detected with time-of-flight mass spectrometry. Copper favors the formation of carbides
with an odd number of carbon atoms, while gold shows marked drops in ion intensity after clusters with 3,
6,9, and 12 carbons. These clusters are mass selected and photodissociated at 355 nm. Copper carbides with
an odd number of carbons fragment by eliminating the metal from the cluster; for the small species it is
eliminated as Cu™ and for the larger species it is lost as neutral Cu. Copper carbides with an even number of
carbons also lose the metal, but in addition to this they eliminate neutral Cs. This even—odd alternation, with
the even clusters having mixed fragments, holds true for clusters as large as CuCso™. No loss of C, is observed
for even the largest clusters studied, indicating that fullerene formation does not occur. The gold carbide
photodissociation data closely parallel that of copper, with even clusters losing primarily C; and odd ones
losing gold. Comparisons to known carbon cluster ionization potentials give some insight into the structures
of carbon photofragments. DFT calculations performed on CuCs—;" allow comparisons of the energetics of
isomers likely present in our experiment, and metal—carbon dissociation energies help explain the even—odd
alternation in the fragmentation channels. The simplest picture of these metal-doped carbides consistent with
all the data is that the small species have linear chain structures with the metal attached at the end, whereas
the larger species have cyclic structures with the metal attached externally to a single carbon.

Introduction

Transition metal carbides are important in areas such as
ceramics, catalysis, astrophysics, and surface science,!™ and
nanoclusters of these materials have also generated considerable
interest. Depending on the relative concentrations of metal and
carbon, a variety of structural patterns are possible for these
systems. The linear chain and cyclic ring structures of small
carbon clusters are well-known,%7 as are the fullerene cages of
larger carbon clusters.? Small carbides seen in early mass
spectrometry experiments were thought to form chain and ring
structures like the small pure carbon clusters.!®~15 In larger
systems, the reactions of early transition metals with hydrocar-
bons led to the discovery of three-dimensional carbide cages
called metallo-carbohedrenes, or “met-cars”, along with their
cubic analogues known as metal carbide “nanocrystals”.!0=2!
The initial mass spectrometry experiments were followed by
ion mobility??> and spectroscopy experiments,>>~> as well as
many theoretical studies,?®~** to try to establish the structures
of these and other carbide clusters. The work on met-cars and
nanocrystals stimulated additional experiments on a variety of
other metal—carbon clusters.**~>7 Much larger carbon clusters
such as fullerenes are also known to bind metals to form
metallofullerenes, with endohedral,39-9859 exohedral,®0=%¢ or
networked®>%* structures. In all of these carbide systems, the
determination of electronic structure, geometry, and stability is
problematic. Photodissociation studies, like those described here
for noble metal (Cu, Au) carbide clusters, provide a convenient
probe of the structures and stabilities of these fascinating
systems.

Metal carbide clusters have been studied for many years in
mass spectrometry. The earliest experiments utilized high-
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temperature Knudsen ovens and variable energy electron impact
ionization to record ionization thresholds and estimate dissocia-
tion energies for these species.'”!3 Secondary ion mass
spectrometry (SIMS) was also used to study anions and cations
produced from fast atom bombardment of bulk metal carbide
samples,'* and carbides were also produced in some of the
earliest laser vaporization experiments.'> In 1992, Castleman
and co-workers used laser vaporization in conjunction with
hydrocarbon plasma reactions to discover metallocarbohedrene
clusters, commonly called “met-cars”, which have the MgC,
stoichiometry.!6 Additional studies by Duncan and co-workers
revealed the larger cubic nanocrystals having the M4C3
stoichiometry.!” These clusters, which form primarily from the
early transition metals, have been studied with photodisso-
ciation,!”!8 collision-induced dissociation (CID),2’ metastable
decay,?! and ion mobility experiments.?> More recently, mass
spectrometry has been used to study carbides from oven
sources,* laser photolysis of organometallic vapor,* as well
as laser vaporization sources.*’ 7 The initial studies focused
on the early transition metals, which are more reactive with
hydrocarbon gases and produce met-cars species more ef-
ficiently. Carbides of less reactive metals (bismuth, antimony,
nickel, cobalt, and copper) have been produced with composite
samples (metal film-coated carbon rods).** Because they are
more difficult to produce, noble metal carbides have been the
subject of only a few studies.*>#%-302 In the present study, we
use metal film-coated carbon rods to produce and study copper
and gold carbide clusters.

Spectroscopy experiments on carbides that might reveal their
structures are not common, but some progress has been made
in this area. Graham and co-workers recorded vibrational spectra
of neutral carbides of titanium, chromium, cobalt, and nickel
in argon matrices,! and recently Vala and co-workers used
similar methods to study CuCs.7?> Metha and co-workers studied
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tantalum and niobium carbides with threshold ionization spec-
troscopy and DFT, determining ionization potentials (IPs) and
corresponding structures.>® Anionic metal carbide clusters have
also been studied in the gas phase by photoelectron spectroscopy
(PES).>~37 PES experiments, along with numerous theoretical
studies, have investigated the structures of both met-cars and
nanocrystals.??> Resonance-enhanced infrared multiphoton ion-
ization with a tunable free electron laser was employed to
measure the vibrational spectra for met-cars and nanocrystal
carbides of several metals,?*> confirming the cubic structure
for the nanocrystal and the general nature of the cage formed
for the met-cars. The IR spectra of the titanium carbide
nanocrystals led to the assignment of the 21 um line seen in
stellar atmospheres.” Unfortunately, except for the matrix
isolation work on CuCs,>? there is no spectroscopic data for
noble metal carbides.

Theoretical studies on metal carbide clusters are numerous.
As mentioned above, extensive computational work has been
conducted on the met-cars cages themselves or on smaller units
believed to be building blocks for these systems.?0~0 As with
the experimental work, much of the theory focuses on the early
transition metals, which form the met-cars and nanocrystal
stoichiometries most prominently. Unlike the other transition
metal carbides, theoretical work on noble metal systems is
extremely sparse. Carbohedrene structures of copper?® and cubic
clusters of copper, silver, and gold*' have been investigated.
Pyykko and co-workers*? and Peterson and co-workers*® have
studied small gold carbides in the larger context of gold
chemistry. Finally, a cage structure with a tetrahedral Cs radical
surrounded by a spherical Auj, layer has been proposed by
Naumkin.*

Photodissociation is a convenient experimental probe of
cluster structure when spectroscopic information is not available.
This is true for small clusters of pure carbon, where mass
spectrometry shows interesting distributions®’~73 but optical
spectroscopy methods have not yet been applied to many
systems. Photodissociation’#~78 and collisional dissociation’?~8!
studies have documented the elimination of C; in the small size
regime and found that the loss of C, is characteristic of the
larger clusters. In coordination with ion mobility measurements
that reveal three-dimensional structures,? the C; elimination
channel can be assigned to linear chain and cyclic structures
and the C; loss is associated with fullerene cages. Other mass-
selected cluster photodissociation studies have been applied to
a variety of metal compound clusters. Our group has investigated
metal—oxide,? silicon—carbide,?* and metal—silicon®’ clusters
by this method. However, photodissociation has not yet been
applied to copper or gold carbides.

Many questions remain about the geometries, electronic
structure, and bonding of small metal carbide clusters. If
metal—carbon bonding is strong, integrated structures may be
formed like the met-cars or carbide nanocrystal systems, whereas
if carbon—carbon bonding is stronger, metal adducts to stable
carbon chain, ring, or cage structures may dominate. Almost
no experimental information exists on the carbides of the noble
metals, and only a few theoretical studies address clusters of
this type. The present study applies mass spectrometry and laser
photodissociation techniques to copper and gold carbides.
Cluster formation and fragmentation patterns, coupled with DFT
calculations, give insight into the structures and bonding in these
systems.

Experimental Section

The laser vaporization source and pulsed molecular beam
machine used here have been described previously.!71849-83-85
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Coatings of copper or gold are prepared by oven vapor
deposition on 0.5 in. carbon rods (Glass Supply).**#3 The film-
coated rod samples are transferred to the molecular beam
machine for cluster experiments. In the source chamber of the
molecular beam machine, the second harmonic (532 nm) of a
Spectra Physics Nd:YAG laser (Quanta Ray GCR-11) is used
to vaporize the rotating and translating rod. Helium (60 psi
backing pressure) is pulsed with a Series 9 General Valve
through the sample rod holder. The laser ablates the metal film
and penetrates through it to ablate the underlying carbon.
Clusters grow in the ensuing plasma and in the gas flow after
this. The relative concentration of metal and carbon depends
on the metal film thickness and the laser power, while the
stability of the source also depends on the uniformity of the
film thickness along the length of the rod. In experiments on
larger clusters, a growth channel 0.5 in. long with a diameter
of 5 mm is attached to the rod holder to promote aggregation.
The molecular beam is skimmed into a differentially pumped
chamber, where the cations grown in the source are pulse-
extracted into a reflectron time-of-flight mass spectrometer. For
photodissociation experiments, the cluster of interest is mass
selected by pulsed deflection plates. The selected ion packet is
then excited by the third harmonic (355 nm) of an Nd:YAG
laser (Spectra Physics DCR-3) in the turning region of the
reflectron. The photofragments are reaccelerated, mass separated
in the second flight tube, and detected with an electron multiplier
tube and a digital oscilloscope (LeCroy 9310A). Photodisso-
ciation studies were performed at laser powers between 6 and
50 mJ/pulse with an unfocused laser spot with an area
approximately 1 cm?.

To explore the structure and energetics in the small copper
carbide clusters, geometry optimizations were performed by
using density functional theory (DFT) computations with the
Gaussian 03W program.% The B3LYP®7$8 functional with
the 6-311+G(d,p)® basis set was used for carbon, and the
LanL.2DZ°%°! basis set containing an effective core potential
was used for copper. This method has been applied recently by
Largo and co-workers on a variety of metal carbon systems.3?
Their work has shown that the BALYP method has reasonable
success in predicting ground states and low-lying excited states
when compared to more computationally expensive methods
such as QCISD or CCSD(T). The minimum energy structures,
energies, and vibrational frequencies were computed for copper
carbides CuCs—;;" and their corresponding neutral species, and
these data are reported in the Supporting Information.

Results and Discussion

Figure 1 shows mass spectra collected with a copper/carbon
sample. The upper trace shows the spectrum obtained using a
holder with a 0.25 in. long by 2 mm diameter channel beyond
the vaporization point, while the lower trace shows that obtained
when an additional 0.5 in. long, 5 mm diameter channel section
is added. The longer growth channel allows the formation of
larger carbide and pure carbon clusters, as the lower trace shows.
The doublet seen for clusters containing copper is due to its
two isotopes, which are only resolved in the lower mass range.
By far the largest peak in each spectrum under all conditions
(excluding the atomic ion, not shown) corresponds to the CuCs™*
cluster (hereafter 1/3). In fact, the 1/1 and 1/2 ions are not
detected. There is a noticeable preference for carbides with an
odd number of carbon atoms, particularly in the upper trace. In
the lower trace, using the longer growth channel, the alternation
is less noticeable and the even-numbered clusters are present
in reasonable intensity. Additionally, in both mass spectra, pure



Noble Metal-Doped Carbon Clusters

113

CunCm+ =n/m

hed
=
-~

0/11

T T T T T T T T 7 T T 7 1
100 125 150 175 200 225 250 275 300 325 350

T T T T T~ T 1 1
200 225 250 275 300 325 350

mass (amu)

T 1 T T
100 125 150 175

Figure 1. Mass spectra of copper carbide clusters formed in a helium
expansion. The upper trace shows the cluster distribution from an
expansion out of a rod holder. The lower trace shows the cluster
distribution with a 0.5 in. growth channel attached to the end of the
rod holder.

carbon clusters are produced in significant quantities, as expected
from the relative amount of carbon to copper present in the
plasma vapor. Carbon is ablated more efficiently than metal and
aggregates with itself efficiently, and with the use of the longer
growth channel, pure carbon clusters out to Cgy™ are produced.
The growth of the desired carbide species thus depends on
optimizing the amount of metal versus carbon. The relative
concentration of metal can be controlled roughly by adjusting
the sample rod rotation rate. Rapid rotation provides a fresh
surface for each laser shot, thus increasing the amount of metal
in the vapor, leading to stronger carbide signals. Conversely,
slower rotation favors the formation of pure carbon clusters.
The mass spectra in Figure 1 were collected with a relatively
fast rod rotation.

Several previous mass spectrometry studies on copper carbide
clusters have been reported. Yamada and Castleman used a gas
aggregation source that reacted copper vapor with acetylene
(C2Hy) gas dissociated over a hot filament and reported clusters
with near stoichiometric ratios of metal to carbon.* That
experiment favored the formation of clusters with multiple
copper atoms. The copper concentration was evidently quite
high, as pure copper clusters as large as Cu,;* were observed,
and the smallest carbide observed was 3/2. Additionally, they
saw only clusters containing an even number of carbon atoms.
However, the carbon source in that experiment was acetylene,
so the formation of carbides with C, adducts is perhaps not
surprising. In a later study, Reddic and Duncan used laser
vaporization of a film-coated carbon rod like that employed here
to produce copper carbide clusters.*® In that study, the 1/3
species was also prominent, while 1/1 and 1/2 were not seen,
consistent with the results here. However, the spectra obtained
in that study did not exhibit the strong even—odd alternation
seen here.

The mass spectra shown here for copper carbides are also
clearly different from those seen previously for pure carbon
clusters. This suggests that, even though carbon is present in
significantly higher concentration than copper, the carbon
clusters are not simply forming in their usual distribution and
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Figure 2. Mass spectrum of gold carbide clusters. The 1/3 peak is off
scale.

then adding metal with equal probability to form the carbides.
Previous mass spectrometry experiments on carbon cations
exhibit enhanced abundances for C;*, C;7, C;;™, Cis', and
C19".97"78 The nascent distribution for the neutrals is difficult
to measure, but Csz is by far the most abundant species, and
Cio, C12, and Cy4 are also prominent.”>”> While we do observe
Ciit, Cist, and Cjo™ with somewhat enhanced abundances,
neither the cation nor the neutral carbon species seen previously
correspond to the abundant carbides seen here. The presence
of copper in the laser plasma affects the growth of the mixed
clusters and their distribution.

It is tempting to speculate on the source of the even—odd
alternation seen here in the abundant carbides because pure
carbon clusters have also been found to exhibit some even—odd
variations in properties.®’ If the growth mechanism here involves
copper ions reacting with small carbon clusters (reasonable
because the IP of copper is much lower than those of carbon or
small carbon clusters), then the electronic structure of the carbon
clusters may influence their tendency to add copper. For
example, CuC;™" is the largest mass peak in these spectra and
Cs is by far the most abundant neutral cluster of pure carbon,”
suggesting that Cu™ + C; could play a role in the growth here.
In general, small carbon species with an odd number of atoms
(Cs, Cs, C7, Co) have linear ', " ground states, while those with
an even number of carbon atoms (Cy4, C,Csg) tend to have cyclic
'Ag or 'A;' ground states, with 3%, linear states lying slightly
higher in energy.®”7 The cumulenic bonding (:C=C-++-C=C:)
in the odd-numbered linear singlet states leads to lone pairs of
electrons on the ends of the chains that may be available for a
dative type bond with the copper ion. The cyclic singlet or even-
numbered linear triplet states would not have these same electron
pairs, which may explain the preference for the odd CuC,"
species. This is also consistent with the lack of carbides larger
than CuCy* under some conditions (upper trace, Figure 1)
despite the presence of larger pure carbon clusters. Cjo and larger
clusters favor cyclic structures by a substantial amount of
energy,®’ and the ring isomers may not bond as efficiently to
copper. Ion mobility studies have also suggested that linear
carbon chains are more reactive than the cyclic structures.®?

Figure 2 shows the mass spectrum collected for a carbon rod
coated with gold. Pure carbon and mixed gold carbide clusters
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Figure 3. Photodissociation mass spectra of copper carbide clusters
CuCs—1o™ at 355 nm.

are both produced. In the lower mass region (not shown) the
carbon distribution is peaked at C;™, and is similar to a pure
carbon cluster distribution measured without metal. The mass
spectrum shown was collected without a growth channel. When
a growth channel is used, the intensity of the pure carbon clusters
is so great that the gold carbide peaks cannot be detected. As
with the copper, the 1/3 cluster ion produces by far the most
intense peak in the spectrum, but both 1/1 and 1/2 are present
here in small amounts. After 1/3, the 1/5 and 1/6 are the more
abundant carbide peaks containing one gold atom. In behavior
not seen for copper, clusters with two gold atoms and multiple
carbons are also formed, e.g., 2/3, 2/4, and 2/6. The gold carbide
mass peaks do not exhibit the even—odd alternation in intensity
seen for the copper carbides. Instead, they display a somewhat
noticeable decrease in local intensity after clusters with 3, 6, 9,
and 12 carbon atoms. Again, the appearance of the mass
spectrum is very different from that seen for pure carbon cations,
so the presence of the gold changes the cluster distribution.

To our knowledge, there is only one previous mass spec-
trometry study on gold carbides. In the reactions of gold and
its cluster cations with hydrocarbons, Gibson observed the
formation of small gold carbides.’® He saw no formation of
AuC,™ clusters, apparently because Au is not reactive enough
to catalyze dehydrogenation and dehalogenation reactions. The
gold dimer and larger cation clusters were reactive with various
hydrocarbons. Carbon atoms and dimers attached to gold clusters
were the most common reaction products, but carbides as big
as 3/7 were produced under some conditions. However, there
was no noticeable preference for any particular cluster size or
stoichiometry in these data.

To further explore their structure and bonding, we have mass
selected these copper and gold carbides and investigated them
with photodissociation at 355 nm (3.49 eV). Figures 3—8 show
photodissociation mass spectra for selected copper and gold
carbides, and Table 1 presents the major fragmentation channels
detected for all the clusters studied. The photodissociation data
are accumulated by monitoring the mass spectrum with the
photodissociation laser on and again when it is off. The two
spectra are subtracted from each other, generating a difference
spectrum. The negative-going peak represents the depletion of
the parent ion, while the positive peaks correspond to the
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TABLE 1: The Stoichiometries of Major Noble Metal
Carbide Cluster Photofragments (M,,C,," = n/m) Detected
with 355 nm*

parent cation

fragment ions

cluster Cu Au
1/3 Cu® Au®
1/4 Cu® Au™
1/5 Cu* Au*
1/6 1/3, Cu* 1/3, Au*
1/7 Cu* 1/4, Au™, 0/7
1/8 1/5, 1/3, Cu* 1/5, 1/3, 1/0, 0,8
1/9 Cu* 1/6, 1/3, Au*, 0/9,
0/7, 0/6, 0/5

1/10 1/7,1/5,Cu*
1711 1/8, 0/11, Cu*
1/12 1/9, 1/7, 0/12, 0/11, Cu™
1/13 1/10, 0/13, 0,10, Cu™
1714 1/11, 0/14, 0/11, Cu*
1/15 1/12, 0/15, 0/12, Cu™
1/16 1/13, 1/11, 0/16, 0/11, Cu*
1/18 1/15, 0/18, 0/15, 0,13, Cu*
120 1/17, 0/20, 0/19, 0/18, 0/17, 0/15, Cu*
1727 0/27, 0/24, 0/22, 0/19, 0/18, 0/16, 0/15,

0/14, 0/11
1/28 1725, 0/28, 0/25, 0/23, 0/19, 0/15
1/30 1/27, 0/30, 0/28 - 0/14
1/36 0/36, 0/31, 0/23 — 0/10

(0/15 most intense)
1/43 0/43, 0/40, 0/38, 0/27, 0/23 — 0/10

(0/19, 0/15 most intense)

% The fragments listed in bold were the most prominent.

charged photofragments produced. In principle, the combined
integrated areas of the fragment peaks should equal the area of
the parent ion depletion peak. Unfortunately, this is not always
true because of the noise in the cluster source and the imperfect
focusing of different masses. Because of this, the depletion of
the parent ion is sometimes greater than the fragment ion
intensities. For selected photodissociation mass spectra the
parent ion is presented off scale to show the fragment ions in
greater detail.

The photodissociation processes seen here are likely the result
of multiphoton absorption. The dissociation energies are only
known for a few selected species (see below), but their binding
is expected to be comparable to, or greater than, the photon
energy. Likewise, we do not know the wavelength dependence
of absorption for any of these clusters, nor their dissociation
efficiency. In each case, we use enough laser power to produce
detectable fragment ion signals, but the power required is often
quite high (10—20 mJ/pulse; unfocused). The limited range of
laser powers for which signals can be detected, and the inherent
noise in the cluster source, preclude meaningful studies of the
laser power dependence. Therefore, we cannot make reliable
conclusions about the number of photons absorbed or the
corresponding energy that leads to photodissociation. Instead,
we focus on the nature of the photofragments formed and the
trends for the series of clusters studied.

Figure 3 shows the photodissociation mass spectra for small
CuC,™ (n = 5—10) clusters. The clusters containing an odd
number of carbon atoms are on the left side of the figure, while
those with an even number of carbons are on the right. As
shown, the odd-carbon species (1/5, 1/7, 1/9) all have only one
charged photofragment, and that is the copper ion Cu™. By mass
conservation, the missing neutral fragment(s) corresponding to
this could be the corresponding intact neutral carbon cluster
fragment, C,, or any one of several possible C,,<, species all
the way down to atoms. Because we only detect the charged
species, we cannot make any definitive statement about the
neutral fragments. However, for the odd-carbon species, we see
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no intermediate CuC,,<, ions, and further dissociation of neutral
carbon clusters beyond the elimination of the metal would
require significantly more energy. It is therefore most likely that
these fragmentation processes correspond to simple elimination
of the copper. Regardless of the carbon fragments, it makes
sense that the copper atom, if it is eliminated by itself, is detected
with a charge. Its ionization potential (7.73 eV)%? is lower than
those of most small carbon clusters (~8.8 eV and higher),”
and the lowest energy fragmentation process results in the charge
on the lowest IP species.

The simple fragmentation pattern seen for these odd-carbon
carbides suggests that their structure is that of a carbon
framework with an attached copper, and that the binding of the
copper to the system is weaker than the carbon—carbon binding.
This makes sense for several reasons. Carbon is generally easier
to vaporize than metal, and therefore its concentration in the
plasma is likely to be greater than that of copper. This
concentration bias would favor the faster initial growth of carbon
clusters, perhaps followed by the addition of metal. Copper—carbon
bonds are also likely weaker than carbon—carbon bonds. In the
case of the neutral diatomics, the dissociation energies have been
calculated to be 5.8 eV for C, and 2.54 eV for CuC.%3%* The
corresponding values for the ions are 4.7 eV for C,* and 2.02
eV for CuC*.939 For larger species, the dissociation energy of
CuC,; (to form Cu + C,) has been calculated to be 3.42 eV for
the linear isomer and 3.71 eV for the cyclic isomer,** and the
values for CuC," (to form Cu' + C,) are 1.57 and 1.52 eV,
respectively.3*" Compared to this, the dissociation energy of Co™
into C¢* + C; has been measured by CID to be 5.7 eV.” In
general, fragmenting a copper—carbon bond should be a lower
energy process than fragmenting a carbon—carbon bond. In
photodissociation processes on the ground electronic state, the
weakest bond is expected to break first, which here would likely
be the bond between the metal and the carbon. The simplest
explanation for the odd-carbon dissociation processes shown
in Figure 3, therefore, is that copper ion is eliminated, leaving
a neutral carbon cluster behind.

Figure 3 also shows the photodissociation mass spectra for
the even-numbered 1/6, 1/8, and 1/10 clusters. A prominent
fragment for each of these species is again the copper atomic
ion. However, in contrast to the odd-numbered species discussed
above, these ions also produce metal carbide fragments: 1/6
fragments to 1/3, 1/8 fragments to 1/5 and 1/3, and 1/10
fragments to 1/7 and 1/5. It should also be noted that for some
clusters (1/10, for example), small peaks present in the
background correspond to fragmentation of pure carbon species
not completely rejected by the mass selection which were still
present in the reflectron together with the desired ion. Laser
timing studies show that these peaks are not from the cluster of
interest. As noted above, we only detect charged fragments, and
cannot be sure about the missing neutral masses implied here.
With multiple fragment ions, we also cannot be sure whether
these come directly from the parent in multiple parallel processes
or whether they come by sequential processes. However, if we
assume minimum fragmentation in the neutrals, consistent with
the lowest energy pathways, the neutral leaving groups suggested
here are C; and Cs, respectively. The atomic Cu™ fragment could
also come either directly from the parent ion by elimination of
a C, neutral or in a sequence, such as CuCg"™ — CuC;™ — Cu™.
C; is known to be a very stable neutral species®’ and it is a
common neutral photofragment from dissociation of pure carbon
cluster ions in about this same size range.”* 8! Cs is also a
common fragment from pure carbon clusters, but its production

is only significant for larger sizes, beginning at C;s*.7+78
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Although the full details of the dissociation mechanism cannot
be determined, it is clear that these even-numbered species
fragment differently from the odd-numbered ones. The even-
numbered species tend to break carbon—carbon bonds and not
only metal—carbon bonds. Because they survive in competition
with carbon—carbon bonds, the metal—carbon bonds in these
systems must be stronger than those in the odd-numbered
clusters.

The appearance of mixed fragments for these clusters may
also reflect the enhanced stability of 1/3, 1/5, and 1/7 as cations,
which are also seen in the mass spectra. This process may be
driven by the fact that simultaneously losing neutral Cz or Cs
and forming 1/3, 1/5, or 1/7 are together energetically favorable.
Another possible structure for 1/6 and 1/8 is the metal ion
attached to two separate Csz units or one C3 and one Cs unit.
These structures seem unlikely because copper would not be
expected to form multiple bonds. However, as mentioned above,
C; and Cs are known to be stable neutral fragments. The
photodissociation data alone cannot confirm or disprove any of
these possible structures.

Figure 4 shows photodissociation mass spectra for the 1/11,
1/12, and 1/13 copper carbide clusters. The fragmentation
behavior for the 1/11 is in contrast to that observed for the
smaller species. A fragment peak corresponding to the copper
cation is seen, as before, but here it is present only with very
small intensity. Instead, the two peaks that dominate the
fragmentation are 1/8, corresponding to loss of neutral C3, and
0/11, corresponding to loss of the neutral copper atom. The
loss of neutral C3 was seen before only for the clusters with an
even number of carbon atoms. Its appearance here suggests that
for this cluster, breaking a carbon—carbon bond is at least
comparable in energy to breaking the carbon—copper bond.
Additionally, the formation of the 1/8 is the first time a fragment
with an even number of carbon atoms is seen. The carbide
fragments seen in Figure 3 all had an odd number of carbons.
The 1/8 species formed here was not especially abundant in
the mass spectrum. Apparently the tendency to lose C; from
this cluster is strongly favored energetically and proceeds even
if the mixed carbide cation formed does not contain an odd
number of carbons.

The other change in fragmentation behavior for the 1/11 is
the appearance of C;™ as the most intense fragment in the mass
spectrum, which can only be produced by elimination of neutral
copper. This is the first species for which a pure carbon cation
fragment is seen. Previous mass spectrometry and dissociation
experiments on pure carbon clusters have often recognized C;;*
as a prominent mass peak, possibly due to its enhanced stability,
a low IP, or both.%7 The appearance of C;™ as a charged product
would usually mean that its IP is lower than that of the copper
atom, which is 7.73 eV.?2 The IP of C;; has been measured by
charge transfer bracketing (CTB) to be 7.45 €¢V,’® and by
vacuum ultraviolet photoionization (VUV-PI) to be 9.4 eV.”?
DFT calculations found an IP of 7.6 eV for the cyclic structure
and 8.6 eV for the linear structure,”' indicating that the
discrepancy between the two experimental values was due to
the measurement of the cyclic isomer in the CTB study and the
linear isomer in the VUV-PI study. (The CTB study examined
charge exchange processes beginning with the cation, while the
VUV-PI study examined the ionization of neutral carbon
clusters.) In the present case, the observation of Cy;* and its
implied low IP would suggest that it is formed as the cyclic
isomer. A possible caveat to this is that dissociation could take
place out of an excited state of CuCy;*, and then the charged
C11™ could be produced even if its IP is higher than that of Cu.
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However, ion mobility experiments on pure carbon cations found
only the cyclic Cy;™ isomer, concluding this to be the most stable
structure for this ion.82 It makes sense then that the dissociation
here could produce the cyclic Cy;t isomer, and that this would
be the energetically favorable channel for ground electronic state
dissociation of CuCj;*.

The 1/12 fragmentation proceeds largely as expected when
compared to the smaller even-carbon clusters. It loses C3 and
Cs to form 1/9, and 1/7, respectively. Also, like 1/11, it produces
some C»*, which indicates that the IP of this fragment is also
likely lower than that of copper, or that some excited state
dissociation occurs, using the arguments above. The IP of C,
has been measured by CTB”® and VUV-PI”? to be about 8.5
eV, and DFT predicts the IPs of both the linear and cyclic
isomers to be in this range.”! Thus no assignment of the structure
of this fragment is possible. The 1/12 also appears to be unique
in that it loses CuC to form Cy;*. This may be due to the fact
that C;;™ seems to have a special stability compared to other
carbon clusters. Additionally, previous experiments have ob-
served the loss of both C; and C, as minor (but important)
fragmentation channels for Cj,", possibly because of excess
internal energy in some fraction of the ion distribution.”*78 Thus
the appearance of the C;;* fragment from 1/12 is not as
anomalous as it first appears.

The fragmentation for the 1/13 ion is very similar to that of
1/11. Tt loses Cs to form the 1/10, or copper atom to form Cj3+.
In this case, the results of the CTB7® and VUV-PL7® when
compared to the DFT calculations,”! seem to show an IP of
around 9.3 eV for the linear species and 8.09 eV for the cyclic
isomer of the pure carbon cluster. Because the IP of the cyclic
structure is much closer to the IP of copper atom than the linear
isomer, and because in this size regime the cyclic structures of
carbon clusters are strongly favored over the linear chains, it is
tempting to assign a cyclic structure to our observed Ci3*
fragment. Again, this is consistent with ion mobility measure-

ments which only detected the cyclic isomer for Cy3+.82

In each of these three systems, the observation of both Cu™
and also the C,* ion, which must be accompanied by the loss
of neutral copper, is somewhat surprising. The Cu* may be
coming via the sequential fragmentation of the intermediate
fragments. For example, Figure 3 shows that Cu™ does indeed
come from the fragmentation of 1/8, 1/9, and 1/10, all of which
are intermediates here. However, the Cu’ could also come
directly from the CuC,* parent ion in a channel parallel to the
most probable C,™ + Cu route. Because the fragmentation
processes here are likely multiphoton in nature, it is likely that
the parent cluster ions obtain a distribution of internal energy,
with some population in excited electronic states. Many of these
species may fragment on the ground electronic state, likely
leading to the Cu + C,™ products, while others may dissociate
out of an excited state leading to Cu* + C,.

Figure 5 shows fragmentation spectra for the 1/14, 1/15, 1/16,
and 1/20 copper—carbide cations. For the most part, these cluster
ions continue the patterns seen in Figure 4. They each have
channels corresponding to the loss of Cs, and they also each
have a channel of C,* formation, corresponding to the loss of
neutral Cu. The Cu™ fragment is present as a small signal for
each system, as noted above. The only other prominent
fragments are Cy;* from the 1/16 parent and C;s™ from the 1/20
parent. As mentioned above, Cy;* is known to be an abundant
cluster in mass spectra of carbon, and it has indeed been seen
as a sizable photofragment from C;,", C4T, and C6™,7478" so
its appearance as a fragment from these clusters in our
experiment is not surprising. As shown in Figure 4, C;;" is a
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Figure 4. Photodissociation mass spectra of copper carbide clusters
CuCy 13" at 355 nm.
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Figure 5. Photodissociation mass spectra of copper carbide clusters
CUC]471(,,20+ at 355 nm.

strong fragment from 1/11, which is also present in these spectra,
and so it is likely that it is coming here by sequential
fragmentation. Likewise, in the upper trace, C;s* is known as
a fragment from Cyo™, and so this could also come by sequential
fragmentation.

Transition metal carbides in this general size range have been
studied previously with photodissociation and collisional
dissociation.!>~ 182021 n studies on met-cars and nanocrystals
of the early transition metals,'”!® the clusters had integrated
metal—carbon frameworks with near 1:1 stoichiometries. Be-
cause of the strong metal—carbon bonding, these systems
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Figure 7. Photodissociation mass spectra of copper carbide clusters
CuCse43" at 355 nm.

dissociated by the loss of metal or metal—carbide species; there
was no loss of pure carbon molecules.!”-!® In perhaps the only
other fragmentation study of small carbon-rich carbides, McEI-
vany and Cassady investigated tantalum carbide ions with CID. 3
The dominant fragment channel for most of the Ta,,C,* species
(m = 1-—3) smaller than n = 9 was the loss of neutral Cs.
Additionally, some larger clusters (e.g., TaCip") eliminated
neutral Cjo. The elimination of pure carbon species in that work
was interpreted to arise because the metal—carbon bonds
(estimated at 5—6 eV) were stronger than the carbon—carbon
bonds.!3 As described above, the bonding between noble metals
and carbon should be weaker than this, but we still observe the
loss of C3 from many cluster sizes. On the other hand, we also
see the loss of the entire carbon cluster, either as a neutral or a
cation, as a fragmentation channel for every species studied.
However, the loss of neutral Co seen by McElvany is not found
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Figure 9. Calculated structures of the lowest energy isomers for copper
carbide clusters CuCs_;™.

in our data. Carbon forms different isomers depending on the
cluster growth conditions,®’-82 and tantalum bonding to carbon
may be quite different from that of the noble metals, so some
differences between these two experiments are not surprising.
The propensity for C3 elimination in both systems, as well as
in the fragmentation of pure carbon clusters, demonstrates the
extremely high stability of this triatomic.

The photodissociation behavior of the metal carbides in this
size regime can also be compared to the photodissociation of
MSi,* clusters (M = Ag, Au, and Cr).® In that study the most
common fragmentation channel was loss of the metal atom,
which would be expected for an intact silicon cluster that had
metal bound to its surface. For CrSi;s™ and CrSije", however,
the major loss channel was elimination of a silicon atom. This
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result suggested that the metal atom was encapsulated inside
the silicon cluster, a picture that was supported by several
theoretical studies. Another possibility, however, was surface-
bound metal with a particularly strong metal—silicon bond. In
our small metal carbide experiments, the three-dimensional
structures favored by silicon are not expected. As shown below,
chain and ring structures are most likely for these small carbide
systems, similar to the structures found for pure carbon clusters.
However, the fragmentation channels seen so far (loss of Cs,
C,, or C,") could conceivably come from either linear chain or
cyclic parent ions, and so these dissociation patterns alone do
not provide insights into the specific structures of different sized
clusters.

Figure 6 shows the photodissociation mass spectra of the 1/27
and 1/28 copper carbides. The dominant fragmentation channel
for both of these species is the loss of a neutral copper atom to
leave a charged carbon cluster, C,*. After this, lower mass
carbon ions fall in decrements of C3 and Cs down from this,
consistent with the continued fragmentation of the initially
produced C,* via known fragmentation routes for pure carbon
cluster ions.%77478 The C;;*, Ci5T, Cio, and Co3™ peaks tend
to stand out among the other fragments, also consistent with
the dissociation of pure carbon clusters of this size.677+78
Additionally, the even—odd alternation in fragmentation be-
havior seen before in the smaller clusters is still somewhat
noticeable. The 1/28 and 1/30 (not shown), with even numbers
of carbon atoms, both show some loss of C3 to form the mixed
1/25 or 1/27 fragment ions. The 1/27 parent, however, with an
odd number of carbon atoms, produces no mixed fragments.
Thus it appears that even at these larger sizes the metal—carbon
binding is stronger in clusters with an even number of carbons.
The fact that C3 loss is favored in subsequent fragmentation
events also suggests that these are not metal—fullerenes. Cs is
the fragment expected from linear or cyclic species, whereas
fullerenes fragment by the loss of C,.8982 Additionally, fullerenes
are not expected to form readily at cluster sizes smaller than
Cs,, and are not the dominant isomer until ~Cs.68:80-82

Figure 7 shows the photodissociation mass spectra of the 1/36
and 1/43 copper carbide clusters. Although these masses are
not evident in the mass spectrum in Figure 1, they can be
obtained with reasonable intensity by using the 0.5 in. diameter
growth channel conditions and adjusting the spectrometer
focusing for higher masses. Both of these species fragment by
the loss of copper atom to give charged fragments of pure
carbon. The subsequent fragmentation of the carbon clusters
proceeds as expected, with losses of both C; and Cs. Very few
fragmentation products in the size range of 30 carbons are
observed, consistent with the previous observations of Smalley
and co-workers from photodissociation experiments of large
carbon and fullerene clusters.® Around C,7", peaks are observed
again at essentially every carbon cluster mass, and as before
the C;;™, Ci5™, Cio™, and Cp3" peaks are the most prominent.
Again, because we do not see any loss of C; or C; units, we
conclude that the peaks here do not represent metals bound to
fullerenes. Additionally it should be noted that the 1/36, which
contains an even number of carbon atoms, does not show any
loss of C; to form a mixed carbide fragment. Apparently at this
large size the metal—carbon bond has become weak enough so
that it always breaks, or alternatively the 1/33 species, which
would be produced by loss of Cs, is not stable enough to make
this fragmentation channel active.

Figure 8 shows the photodissociation spectra for the gold
carbides 1/4—1/9. We were only able to obtain fragmentation
spectra for the small parent ions because of the low signal levels
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and dissociation yields. However, these small clusters fragment
in much the same way as the small copper carbides. As seen in
Table 1, the 1/3, 1/4, and 1/5 for both metals apparently fragment
by the loss of Cs, C4, and Cs neutrals, respectively, to leave
only the metal cation, Au™. The atomic metal ion is also the
most prominent fragment for the 1/7 parent, and this fragment
is seen with moderate intensity for each of the other parent ions
studied. Additional strong fragments from each of these 1/n gold
carbide ions include the 1/(n — 3) species, apparently formed
by the elimination of Cs. This is particularly noticeable for the
1/9 parent ion, where there seems to be a sequence of fragments
corresponding to the loss of first one and then additional Cs
species. The final general kind of fragment seen for some of
these gold carbides is production of the C,* ion, corresponding
to the loss of a neutral gold atom. This channel is seen for the
1/7 parent ion and all those with more carbon atoms than this.

The channel corresponding to the loss of neutral gold atom
and the formation of the C,* charged carbon cluster begins to
appear at the cluster size of 1/7. Following the arguments
outlined earlier, we expect that the charge in these dissociation
processes will generally be on the lower IP fragment. Therefore,
the IP of C; produced here should be less than that of the gold
atom (9.225 eV).”2 High level ab initio calculations performed
on C; predicted IPs of 9.1 eV for the cyclic isomer and 10.4
eV for the linear isomer.”® The experimental IP values for C,
8.09 eV from CTB’! and 10.1 eV from VUV-PI experiments,’?
were interpreted to come from cyclic and linear isomers,
respectively. The simplest interpretation of our fragmentation,
therefore, is that we are detecting the cyclic isomer of C;* as
the photofragment here. However, as discussed earlier, dis-
sociation from excited electronic states of a linear species might
also give this C;1 fragment. Ton mobility results for C;* found
the cyclic isomer to be more abundant than the linear one, but
both structures were present.3> The 1/8 parent ion also produces
Cg™ as a fragment, but both cyclic and chain isomers of Cg are
expected to have IP values lower than that of the gold atom.”!73
Cy is expected to have an IP of about 8.8 eV for the cyclic
species and 9.6 €V for the linear chain, and so the Co™ fragment
from 1/9 is therefore also most likely a cyclic species.

In much the same way seen for copper, the formation of
mixed cluster fragments in the gold system is more pronounced
for the clusters with an even number of carbon atoms. This is
particularly true for the 1/6 and 1/8 parent ions, which have
the loss of C; as the major channel. Compared to this, the 1/5,
1/7, and 1/9 species have only weak or nonexistent signals in
the corresponding mass channels, and fragment more efficiently
by the loss of metal. As noted above for copper, this implies
that the metal—carbon bonds in these even-numbered systems
are stronger on average. The diatomic carbide has been predicted
by theory to contain one of the strongest known bonds to
gold.*>* Although it may give rise to a dissociation energy as
great as 3.5 eV,*>* this bonding is still expected to be weaker
than that for pure carbon clusters. CID has measured the
threshold dissociation energies of C;7 and Cg™ to be 6.3 and
5.3 eV, respectively.” Nevertheless, the efficient fragmentation
by the loss of Cs to leave a mixed metal—carbon cluster does
suggest that the gold has a strong effect on the bonding in these
systems.

A final interesting aspect of these gold—carbide dissociation
processes is in the behavior of the 1/9 species. Although the
signals are weak, this cluster appears to eliminate a sequence
of Cj3 species, forming the 1/6, 1/3, and 1/0 fragments. Perhaps
related to this, we noted above that the mass spectrum of the
ions produced from the source has a noticeable discontinuity
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after the 1/3, 1/6, 1/9, and 1/12 ions, as well as for the 2/3 and
2/6 ions. These combined observations raise the intriguing
possibility that one isomeric form for these clusters might
involve a central gold atom (or dimer) with Cs ligands. Again,
however, the mass spectra and fragmentation data alone are not
enough to prove this and additional theoretical and spectroscopic
work is necessary to test this fascinating suggestion.

Theoretical Results

To investigate the stability and energetics of various isomers
which may be present in these experiments, we have performed
DFT calculations on the cationic copper carbide clusters 1/3—
1/11 and the corresponding neutral species 1/3—1/6. We have
also calculated the metal—carbon binding energies for the linear
cation species 1/3—1/6. The full details of these calculations
are presented in the Supporting Information. We use the results
of several previous computational studies on carbon-rich metal
carbides to guide this study. Unfortunately, most of the previous
theoretical work on the noble metal carbides has focused on
diatomic and triatomic species. In studies on larger clusters,
Hall and co-workers investigated palladium and platinum carbide
cations with density functional theory, finding that for both
metals the linear chains were the lowest energy isomer up to
the size MCo™.27 At larger sizes closed ring (metal bound to
two atoms of a cyclic carbon cluster), open ring (metal
incorporated into a carbon ring), and one-carbon ring (metal
bound to one atom of a cyclic carbon cluster) structures were
all found to be stable. The stability of cyclic structures for
species with 10 carbon atoms is perhaps not surprising, because
pure carbon clusters energetically favor rings beginning at Cy(.%7
Recently Largo and co-workers also used DFT to study
vanadium-doped carbon clusters, examining both linear and
cyclic structures for neutral, cationic, and anionic species.>¢
They also found stable linear structures, but only for the n =
5—7 sizes was the linear isomer lowest in energy. A fan-type
cyclic structure was lowest for the 1/2 and 1/4 clusters, while
1/3 and 1/8 favored the open ring structure with the vanadium
incorporated into the carbon unit. A similar study of cobalt
carbide cations (CoC;—g") identified stable linear, cyclic, and
fan isomers, but the linear structure was lowest in energy for
all clusters other than CoC,*.3% The bonding of copper to carbon
will likely be different from that of the metals studied before,
but the stable geometries identified before were used to guide
our search for structures in the present study.

Figure 9 shows the lowest energy structures determined here
for the copper—carbon cations. The lowest energy isomer for
the smaller clusters is a linear carbon chain with a copper atom
attached to the end. The metal—carbon bond is the longest in
these clusters, and is on the order of 1.87 A. This is also close
to the bond lengths found for metal—carbon bonds in V, Pt,
and Pd carbides, all of which were 1.85-2.0 A.27% An
even—odd alternation is found for both the structures and the
multiplicities of these linear clusters. Most of the odd-numbered
species have 'Z, ground states (1/9 is 'A) and exhibit acetylenic
(+C=C—C:++-C=C*) bonding with alternating long and short
bonds along the carbon chain. The even-numbered species,
however, have 3%, ground states and cumulenic (:C=C-+-C=C:)
bonding with a smaller alternation in bond lengths between
adjacent carbons. The exceptions to the linear structure are 1/9,
which is slightly bent (C; symmetry), and 1/10. 1/10 has a closed
carbon ring structure with the copper bound to a single carbon,
and this is more stable by 20.64 kcal/mol than the linear isomer.
This closed ring structure has a 'A; ground state with Cy,
symmetry. In the terminology of Hall and co-workers, which
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we adopt here, this is the one-carbon ring.?” As noted above,
C\p itself is also much more stable in a cyclic structure,%”73 so
the cyclic 1/10 structure is not too surprising.

Trends can also be seen in the lowest energy cyclic structures,
which are found, with the exception of the 1/10 cluster, to be
higher in energy than the linear isomers. The structural patterns
here also exhibit an even—odd alternation. In the even clusters
1/4—1/10, the lowest energy cyclic isomer is always the one-
carbon ring. The 1/4 has a 3A; ground state and 1/6 has a 'A;
ground state, both with C,, symmetry, 1/8 has a 'A’ ground
state with C; symmetry, and 1/10 has a 'A; ground state with
C,, symmetry. The metal—carbon bond lengths in these species
are 1.91—1.93 A. The 1/3 species is the only stable odd-
numbered cyclic isomer with the one-carbon ring structure,
having a 3A’ ground state with C; symmetry. For the odd clusters
larger than the 1/3, the lowest energy cyclic isomer is the so-
called open ring, with the metal inserted into the carbon ring.
The metal—carbon bonds are much longer than the carbon—carbon
bonds, as expected, and range in length from 1.881 A for 1/11
t0 2.062 A for 1/5. For the 1/5, 1/9, and 1/11 clusters, the open
ring isomer has a 'A; ground state, while 1/7 has a 'A’ state.
Even though 1/11 is more stable as a linear chain, the open
ring isomer is only 8.75 kcal/mol higher in energy, by far the
smallest linear—cyclic energy difference of any of these systems.

While these computations show interesting differences be-
tween the even- and odd-numbered clusters for both the linear
and cyclic isomers, and the photodissociation data also show
an alternation in fragment channels, the structures themselves
do not necessarily reveal the source of the differences in
fragmentation behavior. To gain more insight into this issue,
copper—C, dissociation energies were computed for the linear
isomers for the 1/3—1/6. Surprisingly, these results also display
a dramatic even—odd alternation, and do in fact help to explain
the fragmentation data. The 1/3 and 1/5 were found to have
copper—carbon dissociation energies of 2.35 and 2.87 eV
respectively. These are well below the expected carbon—carbon
bond energies, which are 5—7 eV.7%7° Thus the fragmentation
of these species by the loss of copper is understandable. For
the 1/4 and 1/6 species, however, the copper—carbon dissocia-
tion energies are calculated to be much greater, at 7.00 and 7.21
eV. This is comparable to, or greater than, the expected
carbon—carbon bonding. In light of these energetics, the
breaking of carbon—carbon bonds and the corresponding
elimination of C3 from the small even-numbered clusters also
makes sense. This, combined with the fact that C5 loss from an
even-numbered cluster leaves behind the 1/3, 1/5, 1/7, and 1/9
species, which were prominent cations in the initial mass
spectrum, satisfactorily explains the even—odd alternation in
fragmentation patterns observed.

The simplest picture of the copper—carbon clusters consistent
with the dissociation patterns and theory, therefore, is that the
smaller copper—carbon clusters have linear structures with
copper on the end of the chain. The even—odd alternation in
fragmentation channels comes from the alternation in electronic
structure, which gives rise to stronger metal—carbon bands for
the even-numbered species. The larger copper—carbon clusters
also lose Cs and the Cs elimination channel gradually becomes
more noticeable. This behavior is also found for pure carbon
clusters, which have cyclic structures in the n = 10—20 size
range. Additionally, the observation of Cy;+, Cj»™, and C;3™
fragment ions from the respective 1/11, 1/12, and 1/13 parents
suggested that these fragments were cyclic, and these could
easily come from cyclic (one-carbon ring) parent ions. This
fragmentation behavior and our computations also suggest that
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the copper carbides in the intermediate-to-larger size range have
cyclic structures. It is well-known that fullerenes fragment by
the loss of C, units. Since we never see this channel even in
our largest clusters, we conclude that the copper—carbides do
not form metallofullerenes in this size range.

We have not performed any computational studies on the gold
carbides, and indeed our fragmentation data on these species
are also limited. However, the fragmentation patterns in the
small clusters have a similar even—odd behavior to that seen
for copper, and it is likely that these species also have linear
structures. The additional observation in some of the gold data
for multiples of Cs as a leaving group suggests the presence of
C; ligands bound to a gold center. More sophisticated compu-
tational work could be done to fully investigate this possibility.

Conclusions

Copper and gold carbide cluster cations produced by laser
vaporization have been investigated with time-of-flight mass
spectrometry, mass-selected photodissociation, and density
functional theory. The mass spectra for the copper carbides are
different from those seen previously for pure carbon clusters.
Here an even—odd alternation in cluster intensities is seen, and
species with an odd number of carbon atoms are more abundant.
This is possibly due to a higher level of reactivity for the singlet
ground states of the odd cluster sizes as compared to the triplet
ground states in the even clusters. The mass spectrum of the
gold carbides shows drops in ion intensities after clusters with
3, 6,9, and 12 carbons.

The photodissociation data for the copper carbides also show
differences between the even and odd clusters. For the small
sizes, the odd-numbered species fragment by loss of the entire
neutral carbon cluster, while the even-numbered ones show
significant loss of Cs, leaving behind mixed metal carbide
fragments. The stoichiometries of these fragments correspond
to the odd-numbered clusters which were abundant in the mass
spectrum. This even—odd alternation in fragmentation behavior
is observed in varying degrees for clusters as large as 1/30. The
gold carbide fragmentation closely follows that of the copper
carbides, with even species favoring loss of Cs to leave mixed
fragments and odd ones favoring the loss of the entire intact
carbon cluster. For larger clusters of both copper and gold, the
IPs of some carbon cluster fragments are low enough that upon
dissociation they keep the charge and a neutral metal atom is
lost. The structures of some of these carbon fragments can then
be identified based on comparisons to the known IPs of the
linear and cyclic isomers. Loss of C, is never seen as a
fragmentation channel for any of the clusters studied here,
indicating that fullerene formation is not occurring even in the
largest cluster sizes.

DFT calculations were conducted to investigate the various
isomers possible for the copper carbide clusters of the size
1/3—1/11. These studies found that the ground state for all the
clusters except 1/10 is a linear carbon chain with copper on the
end. The computations also showed even—odd alternations in
the electronic structure. The linear isomers of the even clusters
are all triplets, while the odd ones are singlets. Examination of
the lowest lying cyclic isomers also shows a difference between
the even and odd clusters. The even ones all form a one-carbon
ring in which the copper is attached to a single carbon of a
closed carbon ring, and the overall ground state of the 1/10 is
the one-carbon ring. The odd clusters, on the other hand, all
have an open ring structure as the lowest energy cyclic isomer.
Metal—carbon dissociation energies were calculated for the
linear clusters 1/3—1/6, and a dramatic difference between the
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even and odd clusters was seen. The odd ones have metal —carbon
dissociation energies less than 3 eV, while the even ones have
dissociation energies near 7.00 eV. This difference in dissocia-
tion energy explains the alternation observed in the photodis-
sociation data. For the odd clusters, breaking the metal—carbon
bond is a lower energy process than breaking a carbon—carbon
bond, so this fragmentation channel is favored. For the even-
numbered clusters, however, the metal—carbon bonds are
evidently much stronger. Breaking a carbon—carbon bond in
these species is energetically competitive with or even favored
over breaking the metal—carbon bond. Additionally, C3 elimina-
tion from even clusters leaves behind odd-numbered mixed
fragments, which are suggested by the mass spectral data to
have higher relative stability. These two factors combined
explain the differences in the observed fragmentation channels.

Although the data are not unequivocal, the simplest inter-
pretation of the photodissociation experiments and theory would
indicate that the small carbides here have linear/chain structures
with the metal atom bound at the end. Beginning at a cluster
size of about 10 carbon atoms, the MC,™ species change over
to cyclic structures with the metal bound externally to a single
carbon atom. These structures represent the lowest energy
configurations from theory, and they are consistent with the
observed fragmentation patterns. The measurement of infrared
spectra for both carbon and carbide cluster cations would be
very useful to confirm these structures and to provide further
insight into the effects of noble metal doping on the structures
of carbon clusters. Our group is pursuing these studies.
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