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Bismuth carbide cluster ions, Bi,Ca,* (n=3-11), were produced using a gas aggregation source. Reactions
of neutral Bi clusters with hydrocarbon gases having unsaturated C-C bonds (C;H3, C2Hy, and CoH,F;)
followed by laser ionization can produce Bi,Cy,* in a gas phase. Bismuth carbide clusters smaller than
Bi3Ce* were not found. Even-odd alternation in the stabilities of the cluster ions was observed, and the
abundance of cluster ions with odd number of n in Bi,C,,* was enhanced in the TOF-mass spectra. Density
functional calculations of the Bi,C,,* were performed in order to estimate the geometries of the cluster
ions and the stability dependence on the cluster size.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Metal carbides produced in a gas phase are attractive materials,
particularly after the discovery of metalcarbohedrons (met-cars:
metal-carbon species composed of metals bond to carbon) [1],
because of their unique cage-like structures and chemical proper-
ties [2-4]. Metalcarbohedrons can be obtained for early transition
metals (MgCqy; M=Ti, Zr, Hf, V, Mb, Cr, and Mo). Investigations
of other metal carbides, produced in a gas phase, without cage-
like structures have also provided information on the bonding and
chemical nature between carbon and metal atoms, which is impor-
tant for applications such as catalysis and materials production
[5-7]. The decomposition of hydrocarbons in the presence of a
metal catalyst has beenreported to produce carbon nanotubes [8,9].
Calculations on transition metal carbides clusters such as Ni,C,
have been reported [10] in order to investigate the bonding nature
of metals to graphite. The bonding natures of FeC; [11-14], CoxCy
[15,16], MoxCy, [17,18], TixCy [19], and VixC, [20] clusters have been
reported on the basis of theoretical calculations. The production
of metal carbide films is very important for applications. Pulsed
laser ablation of Nd and Pr carbides was studied in order to obtain
basic information on the deposition mechanism to form films [21],
and laser ablation was found to mainly produce (NdC, ), or (PrCy);
clusters.

The formation of metal carbides in bulk is well known for
early transition metals, whereas late-transition metals form car-
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bides rather poorly. Therefore, it is useful to be able to produce
late-transition metal carbides in the gas phase and to study their
chemical properties. Carbide cluster anions C, X~ of group-15 ele-
ments (X=N, P, As, Sb, and Bi) produced by laser ablation have been
previously reported [22], and even-odd alternation of the cluster
abundance was reported. Bi/C binary cluster ions, as well as other
metal carbide cluster ions, have been produced using a laser abla-
tion source [23]; the laser evaporation of a graphite rod coated with
a film of bismuth metal produced Bi/C cluster ions, such as Bi»(C3),*
(n=1-3), Bi3C3*, BiCyg*, BiCy2*, and BiCy4* clusters. While laser
ablation is a popular method for producing compound cluster ions,
gas aggregation is a suitable method for producing stable molecu-
lar clusters in the gas phase. We have previously reported that Bi/S
clusters were produced by a gas aggregation source, and that unique
structures such as BigS4 and BigS1; were obtained reflecting the sta-
bility of the neutral molecule in the gas phase [24]. Copper carbide
clusters, produced using a gas aggregation source, have also been
reported previously [25], wherein C;H, was passed over a heated
crucible containing copper. In this study, bismuth carbide clusters
were produced using a gas aggregation source and the clusters were
characterized using TOF-mass spectrometry and density functional
calculations.

2. Experimental

A gas aggregation source, which has been described previously
[26], was employed for the cluster formation (Fig. 1). Bi pow-
der in an alumina crucible was heated to approximately 600K
using a tungsten-heater and evaporated into a flow of He gas
(0.5-1.5 standard Lmin~1; slm). The gas mixture was cooled using a
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Fig. 1. Schematic of the gas aggregation cluster source.

cold Cublock (77 K), resulting in the formation of neutral clusters by
aggregation. The gas sample was introduced into an ionization area
through two skimmers in combination with a mechanical booster
pump and two diffusion pumps. Neutral clusters were then ion-
ized with fourth-harmonic light from a Nd:YAG laser (Minilite-II,
HOYA Contimum, 266 nm, 10 Hz). The cluster ions were accelerated
in an electric field (1.6 kV), passed through a 45-cm time-of-flight
tube, and detected by a micro-channel plate (MCP) in an area evac-
uated by a turbo-molecular pump. The signals from the MCP were
captured using a digital oscilloscope (LeCroy 9310A).

Hydrocarbon gases (CaHy, CoHyg, CoHg, CHy4, CgHg, and CH,CF>)
were introduced as reactant gases to produce the necessary car-
bide species. When a mixture of reactant gas and He carrier gas was
introduced from the gas inlet G1, as shown in Fig. 1, the reactant gas
thermally decomposed by contact with the W-heater to produce C
atoms. On the other hand, when the reactant gas was introduced
from the gas inlet G2 while He carrier gas was introduced from
the gas inlet G1, the reactant gas did not contact the W-heater but
only reacted with the neutral Bi clusters cooled to liquid N, tem-
perature. Information on the production mechanism of the neutral
clusters may be obtained by comparing the obtained cluster ions
using these two gas introduction methods, though the subsequent
laser ionization process caused fragmentation of neutral clusters.

3. Results and discussion

Pure Bi cluster ions were initially produced (before yielding bis-
muth carbide cluster ions) by not adding hydrocarbon gas to the
He carrier gas. In the TOF-mass spectrum (Fig. 2), bismuth clus-
ter ions Bi,* were observed up to n=13 having magic numbers at
Bis* and Bi;*, reflecting their stability from the polyhedral skele-
tal electron pair theory (PSEPT) [24]; Bis* and Bi;* correspond to
nido and arachno in Wade’s rule. Recently, density functional calcu-
lations for bismuth cluster cations have been reported [27], which
are in agreement with our experimental results. Although the gas
aggregation source produces neutral clusters, the TOF-mass spec-
tra obtained after laser ionization reflect the stability of ionized
clusters resulting from fragmentation of clusters caused by excess
energy of ionizations.

In order to produce bismuth carbide clusters, hydrocarbon gases
were added to the He carrier gas. The TOF-mass spectrum in Fig. 3
was obtained by vaporizing Bi while introducing a gas mixture of
CyH; and He from the same gas inlet G1. The hydrocarbon gases may
be decomposed on the W-heater in the gas aggregation source to
supply C atoms. While pure Bi cluster ions Bi,* (n=1-5) appeared
in the spectrum, various bismuth carbide cluster ions were also
produced. The compositions of the bismuth carbide cluster ions
were Bi,Cy,* (n=3-10); no other compositions of Bi/C cluster ions
were observed. If the Bi/C binary clusters were formed simply by

aggregation of Bi and C atoms, then Bi/C binary cluster ions hav-
ing compositions other than Bi/C=1/2 ratio will be expected to be
produced. The compositions observed may reflect the exclusive sta-
ble structures of the Bi/C cluster ions and provide clues regarding
the formation mechanism of the cluster ions. Another remarkable
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Fig. 2. Time-of-flight mass spectrum of Bi,* cluster ions. The numbers correspond
to n in Bi,*. The intensity of the signal in a large mass region is expanded (10 and
100 times). He gas (0.35 slm) was introduced as a carrier gas.
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Fig. 3. Time-of-flight mass spectrum of Bi,,C,* cluster ions obtained by the intro-
duction of a mixture of He and C,H, gas. The numbers correspond to Bi,,C,*; (m,
n). Both He gas (0.26 slm) and C,H; gas (0.15 slm) were introduced simultaneously
from the gas inlet G1.
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Fig.4. Time-of-flight mass spectrum of Bi,,,C,* clusterions obtained by the introduc-
tion of C;H; gas after aggregation of neutral Bi, in the He carrier gas. The numbers
correspond to Bi,,C,*; (m, n). He gas (0.35slm) and C;H, gas (0.15 slm) were intro-
duced from gas inlets G1 and G2, respectively.

point of interest is that the series of Bi,Co,* cluster ions starts at
Bi3Cg* (n=3), and neither Bi;C;* nor Bi;C4* (n=1, 2) was observed.
If we assume that the Bi/C binary clusters are formed simply by
attachment of C, units to the Bi cluster, Bi;Cy* or Bi,C4* should be
observed. The intensity of the BisCg* signal is weaker than that of
the Bi3Cg* and BisCqo* signals. Similarly, the intensities of BinCyp,*
cluster ions with even number of Bi atoms (n) are weaker than those
of neighboring Bi,Co,* cluster ions with odd number of Bi atoms.

In order to eliminate the effects of decomposition of C;H; by the
W-heater, C,H, gas was introduced after the formation of neutral
Bi, clusters in the gas aggregation source. The He carrier gas was
introduced from gas inlet G1 and the C;H; reactant gas was intro-
duced from gas inlet G2. The TOF-mass spectrum (Fig. 4) showed
production of Bi,Cy,* (n=3-6), which was also obtained in previous
experiments (Fig. 3), while the intensities of pure Bi,* cluster ions
are stronger than those of the Bi,Cy,* cluster ions. It is presumed
that the Biy(C;H, ), species may be the precursors of Bi,; C,,* cluster
ions; the neutral Biyx clusters formed by aggregation reacted with
C2H; gas to form Biy(CyH;), species in a gas phase. As the reac-
tion Bix +y(C;Hy) — Bix(CyHy)y is enhanced by cooling, the yields
of Bi,Co,* were enhanced when the CyH, reactant gas was intro-
duced from the gas inlet G1. Every Bi atom located on the surface of
a Bij, cluster can form a bond with a C;H;, molecule, and all of the Bi
atoms in the Bij, cluster in smaller sized regions (n < 13) are surface
atoms. Neutral Bix(C;Hy)y species were ionized by the laser irradi-
ation, and the excess energy decomposed species to form Bi,Cy,*
cluster ions obtained in our experiments.

Next, C;H4 gas was added to the He carrier gas introduced
through the gas inlet G1, and the spectra obtained using C;H4 were
almost the same as those obtained using C;H, (Fig. 3) when the
amount of gas introduced was small (the flow rates of He and C;H,
gases were 0.26 slm and 0.05 slm, respectively). When the amount
of C;Ha/He introduced was increased (the flow rate of He and C;H,
gases was 0.41 slm and 0.12 slm, respectively), cluster ions having
even number of Bi atoms disappeared while other series of Bi/C
cluster ions, BisC,*, Bi;Cg*, BigCqg*, and Biy; C14*, were obtained, as
seen in Fig. 5. Presumably, large sized neutral clusters, Bix(C2Ha)y,
were produced due to increasing collision frequency between Bi
atoms and C;H4 molecules. The enhanced fragmentation after laser
ionization of Bix(C;H, )y could produce stable cluster ions Bi;Cz," in
the small sized region (n=3-9), as observed in the TOF-mass spec-
trum, and therefore the even-odd alternation of the abundance of
BinCy,,* was enhanced and new Bi/C cluster ions were produced. The
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Fig. 5. Time-of-flight mass spectrum of Bi,;C,* cluster ions obtained by the intro-
duction of C;H4 gas. The numbers correspond to Bi,C,*; (m, n). He gas (0.41 slm)
and C;Hy4 gas (0.12 sIm) were introduced simultaneously.

new series of cluster ions starting from BisC>* can be expressed as
Bis+2mCoram™ (m=0-3), which have a smaller intensity than Bi, Co,*
in the spectra.

Considering that the precursor of Bi,Cy,* cluster ions is either
Bix(CaHy)y or Bix(C2Ha)y, the cluster ions produced by laser ion-
ization and subsequent fragmentations might contain H atoms. In
order to verify that the observed clusterions do not contain H atoms,
the TOF-mass spectra of Bi,Cy,* produced by reactions with CoH,
and C,H4 under different experimental conditions were carefully
compared. It was verified that the cluster ions did not contain H
atoms, and the assignments were confirmed to be Bi,Co,*. Further-
more, C;H,F, was employed as the reactant gas to form Bi,Cy,*
cluster ions, as the F atom has a sufficiently large mass to be distin-
guished in the TOF-mass spectra. In the TOF-mass spectrum (Fig. 6),
Bip* and BinCy,* cluster ions were observed and no other signals
assignable to species containing F atoms were found. It was thus
proved that the cluster ions observed in this study are binary Bi/C
cluster ions without H or F atoms.

Similar experiments were performed using CHy4, C;Hg, and CgHg,
and the obtained cluster ions were pure bismuth cluster ions, Bi,*;
bismuth carbide Bi/C cluster ions were not observed. The unsat-
urated bond, C=C or C=C, in a reactant hydrocarbon molecule is
indispensable to yield Bi/C cluster ions. If the decomposition of the
hydrocarbon to form C atoms by the W-heater is the precursor
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Fig. 6. Time-of-flight mass spectrum of Bi,,C," cluster ions obtained by the intro-
duction of C;H,F, gas. The numbers correspond to Bi,,C,*; (m, n). He gas (0.34 slm)
and C;H,F; gas (0.13 slm) were introduced simultaneously.



126 Y. Yamada, T. Nakagawa / International Journal of Mass Spectrometry 282 (2009) 123-127

Bi3C6— (S = O)
0.84 eV

> .

Bi,C, (S =0.5)
2

3a
) Bi,C,4 (S=0
BicCyy (S = 0.5) ”0"(‘)5(\] )
0.71 eV '7:
6b
RigCi2' (§=05) Bi;C,y" (S=0)
6a 7a

g

7

Bi,Cg' ($=0.5)

1.55eV Biscm} (5=0)
4b 0.48 eV
D g iﬂ, b
BiyCy (S=1.5) f
4a Bi5C|U (SZO)
Sa
BigCis (S=0.5) BigCys™ (S =0)
1.72 eV 034 eV
8b

&

BigCs (S=0.5) BisCis (S=0)
8a 9a

.

Fig. 7. The most stable structures of Bi,Cz,* (n=2-9) cluster ions calculated using ADF (ZORA/TZP) labeled with (a). For Bi,Ca,* (n=3-9) cluster ions, the isomers (b) are
displayed along with relative bond energies to the corresponding most stable structures. The large gray balls and small black balls denote bismuth and carbon, respectively.

process for the production of bismuth carbide clusters, hydro-
carbons without unsaturated bonds should also produce bismuth
carbide clusters.

The major series of bismuth carbide cluster ions showing intense
signals in the spectra had a composition of Bi,Cy,,*, representing
strong interaction between the Bi atom and the C; unit. Though
decomposition of the neutral precursor Bix(C;H,)y species occurs
after multi-photon laser ionization, the cluster ions produced
(BinCy,*) maintain the Bi/C ratio. If the bonding nature of the cluster
ions is weak or the cluster structure consists of a Biy core, the com-
position of the cluster ions BixC;,* may have a distribution for the
ratio of x and y. Though we performed the experiments under vari-
ous conditions, BiC;* and Bi,C4* were not obtained. These smaller
cluster ions are too small to form stable structures. It can thus be
concluded that the Bi,Cy,,* cluster ions have stable geometric struc-
tures resulting from the strong bonding between Bi atoms and C,
units.

4. Density functional calculations

A density functional study of small neutral and cationic bismuth
clusters has been previously reported [19], however calculations
for bismuth carbide cluster ions have not yet been reported.
We performed density functional calculations using the Amster-
dam Density Functional (ADF) program package [28] to estimate
the structure of the BinCy,* cluster ions obtained in the present
study. Zero order regular approximation (ZORA) calculations were

employed in order to include scalar relativistic effects with TZP
(core double zeta, valence triple zeta, polarized basis sets) in the
ADF program. The optimized structures are summarized in Fig. 7.
From the experimental results, it may be assumed that the Bi/C
cluster ions have C, units, and that the C; units are mixed with the
same number of Bi atoms. First, calculations for the BisCg* cluster
ion were performed assuming various initial structures, and it was
found that the ring structure with S=1 spin state is the most stable
structure (Fig. 7-3a). The same ring structure with S=0 spin state
was found to be unstable; the binding energy was smaller by 0.77 eV
than that of the structure with S=1. The binding energy of BizCg*
is larger than the sum of the energies of Bi3* and Cg (linear struc-
ture) by 1.45eV, from a comparison of the calculated ground state
energies. Generally, the Bi atom has three bonds in a molecule, and
therefore, another isomer of the Bi3Cg* cluster (Fig. 7-3b) in which
each Bi atom connects with three atoms was calculated. This isomer
has a Bi-Bi pair that may be stable in the low-spin S=0 state; the
Bi-Bi pair is considered to stabilize this cluster ion in the low-spin
state. However, the ADF calculations show that the Bi3Cg* isomer
(Fig. 7-3b) was less stable by 0.84 eV compared to the most stable
ring structure isomer with S=1 (Fig. 7-3a). It was confirmed that
the ring structure isomer Bi3Cg*, in which each Bi atom connects
with only two C atoms, was the most stable structure, and that a
Bi-Bi pair does not stabilize the cluster ion. Considering the formal
charges and localized spins for the ring structure of BizCg* (S=1), it
is estimated that one Bi atom is responsible for the positive charge
and the other two Bi atoms have two unpaired electrons, resulting
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Fig. 8. Energy difference of Bi,Co,* cluster ions compared with the neighboring ions
estimated using ADF (ZORA/TZP).

in the S=1 spin state of the Bi3Cg* cluster ion. However, the ADF
calculations show that the three Bi atoms in the ring structure of
Bi3Cg* are equivalent.

Bi4Cg* was also estimated to have a ring structure with S=1.5
(Fig. 7-4a), in which four Bi atoms occupy the corner positions of
a square. The structure with a higher spin state, S=1.5, was esti-
mated to be the most stable state, and the structure with a lower
spin of S=0.5 with the same structure was estimated to be unsta-
ble; it has 1.00 eV higher energy. The other structures with Bi-Bi
bonds or Bi-C-Bi bonds, wherein each Bi atom has three bonds,
were calculated to be unstable (Fig. 7-4b).

For BisCqo*, the ring structure was calculated assuming both
S=0and 2, and the low-spin S=0 (Fig. 7-5b) species were stable by
0.78 eV more than the high-spin S = 2 species. Both cluster ions, with
S=0and 2, have almost the same optimized structures in which the
Bi—C bond lengths are 2.17 A and 2.20 A, and the C=C bond lengths
are 1.25 A and 1.24 A for the S=0 and 2 species, respectively. It was
demonstrated that the cluster ion without the Bi-Bi pair also sta-
bilized in the low-spin state in the larger cluster ions, and that a
Bi-Bi pair is not necessary as the origin of the stability of low-spin
states. However, the structure shown in Fig. 7-5a was more stable by
0.48 eV than the ring structure with S=0 (Fig. 7-5b). Calculations
were also performed for the larger Bi,Cy,* cluster (n>5) assum-
ing ring structures, however these ring structures were found to be
unstable. The most stable structure of the BigCq* cluster (Fig. 7-
6a) consists of two Bi3Cg rings, which has the S=0.5 spin state. The
Bi;C14* (S=0; Fig. 7-7a) cluster ion has a similar structure as BigCq5*
in which one Bi atom is located between two C=C bonds and one
C=C unit is inserted into one Bi-Bi bond. BigCyg* (S=0.5; Fig. 7-8a)
has a structure consisting of two Bi4Cg rings. BigCyg* (S=0; Fig. 7-
9a) has a structure similar to BigCyg* wherein one Bi atom bonds to
two Bi atoms in the ring. It was found that the lowest spin states,
S=0(whenn=odd)orS=0.5(whenn=even), are preferable for the
large BinCop,* clusters (n>4).

In the Bi,Cy,* (n>2) series, even-odd alternation of the abun-
dance in the TOF-mass spectra was observed, and the cluster ions
with odd number of n in Bi,C,,* were more stable than neighbor-
ing clusters with even number of n+ 1 and n — 1. In order to quantify
the stability of the cluster ions, the calculated bonding energies E,
for Bi, Ca,* were compared. Though Bi; C4* was not observed in our
experiment, calculations for the Bi,C4* cluster ion (Fig. 7-2) were
performed in order to make a comparison with a neighboring Bi;Cg*
cluster ion. The bonding energy E, of the ground state structures

for BipCo,* was estimated by geometry optimization using the ADF
program. The stability of Bi,Co,* compared with neighboring clus-
ter ions (Bip+ Cy(n+1)* and Biy_1Cyy—1)*) by the energy difference
En — (En—1 +En+1)/2 shows the even-odd alternation (Fig. 8); cluster
ions having an odd number of Bi atoms were more stable than the
neighboring cluster ions having an even number of Bi atoms. This
is in agreement with the intensities of the species in the observed
TOF-spectra.

5. Conclusions

Bismuth carbide cluster ions, BinCy,*, were produced using a
gas aggregation source. When C;H, was employed as a reactant
gas, the precursors of the cluster ions were neutral Bix(CoHy)y.
Subsequent multi-photon laser ionization followed by fragmenta-
tion produced Bi,C,,*. The composition of the bismuth carbide is
exclusively BinCo,* and no other composition was found. Bi3Cg* is
the smallest cluster ion in the Bi,Co,* series. Bi,Cp,* having odd
number of Bi atoms was found to be stable. Density functional cal-
culations indicated that Bi3Cg* and Bi4Cg* have ring structures with
a high-spin state, while the larger cluster ions Bi,Cy,* (n>5) had
low-spin states without ring structures. The even-odd alternation
in the stability of Bi,Cp,* was also demonstrated by the density
functional calculations.
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