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Abstract

Making use of molecular graphics software, we designed numerous models of BeC,~ (n=1-8). Geometry optimization and calculation on
vibration frequency were carried out by the B3LYP density functional method. After comparison of structure stability, we found that the ground-
state isomers of BeC,~ (n=1-8) are linear with the beryllium atom located at one end of the C, chain, except that the linear BeCs~ isomer is
slightly higher in energy than the planar cyclic BeCs™ isomer. When 7 is even, the C, chain of BeC,,~ (n=1-38) is polyacetylene-like whereas when
at odd n, the carbon chain is cumulene-like. The BeC,,~ (n=1-8) with even n are found to be more stable than those with odd 7, and the result
is in good accord with the relative intensities of BeC,~ (n=1-8) observed in mass spectrometric studies. In this paper, we provide satisfactory
explanation for such trend of even/odd alternation based on concepts of bonding nature, electronic configuration, electron affinity, incremental

binding energy, and dissociation channels.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In the past decades, carbon clusters have been studied exper-
imentally and theoretically for better understanding of a large
variety of chemical systems [1]. Even before the development of
fullerene chemistry, small carbon clusters were studied with con-
siderable interest in astrophysics for the identification of species
ininterstellar and circumstellar media. Under quasi-collisionless
conditions, reactivity is forfeited in the interstellar medium, car-
bon takes the highly stable, albeit highly reactive, form of linear
chains; some of the chains may be terminated by heteroatom(s)
[2].

In recent years, carbon clusters doped with heteroatom(s)
have received much attention because the addition of het-
eroatom(s) provides a means to stabilize the carbon chain. By
means of secondary ionic emission or laser ionization, a series of
hetero-carbon anionic C, X~ clusters were generated by adding
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a heteroatom X to the corresponding carbon clusters C,,~, where
X can be an atom of main group, transition or non-metal element
[3-7]. As for beryllium carbon clusters, BeC,,~ (n =2-7) species
were detected experimentally by Klein et al. in accelerator mass
spectrometry (AMS) investigation [8].

Due to the said interest in astrochemistry and being the basic
structural units of new materials with potential applications, the
heteroatom-doped carbon clusters have been subject to exten-
sive theoretical investigations. Zheng and coworkers studied
C,N™ (n=1-13)[9],C,B™ (n<13) [10], C,P™ (n=1-13) [11],
AlC,” (n=1-11)[12],and C,Se™ (1 <n <11) [13] clusters by
means of HF/3-21G level or B3LYP/6-31G* density functional
method. Zhan and Iwata reinvestigated C,N~ (n=1-13) [14],
C,B™ (n=1-7)[15] and C,P~ (n=1-7) [16] using methods of
different approximations such as ab initio. Pascoli and Lavendy
proposed structures of C,N~ (n=1-7) [17] and C,P~ (n=1-7)
[18] based on data collected in B3LYP/6-311G* density func-
tional calculation. Fisher et al. conducted BLYP density func-
tional calculations on structures of C,P~(n=3-9) [19]. Tang
and coworkers carried out a comparative study on the linear
ground-state carbon clusters C, X~ (n=1-10, X=Na, Mg, Al,
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Si, P, S or Cl) [20], PbC,,~ (n=1-10) [21], and GeC,,~ (n=1-9)
[22] by means of DFT/B3LYP method. Vandenbosch and Will
analyzed RbC,,~ (n=1-10) clusters theoretically by ab initio
method [23]. Hunsicker and Jones performed density functional
calculations with annealing simulation on Si,C,,~ (n+m <8)
[24]. Gomei et al. investigated various SiC,,~ (n=2-5) anions
by ab initio molecular orbital approach [25]. Pan et al. carried out
calculations on C,H™ (n < 10) using density functional calcula-
tions [26]. Using density functional method, Largo et al. carried
out studies on AIC,,~ (n=1-7) [27,28], NaC,~ (n=1-8) [29],
MgC,,~ (n=1-7) [30,31], CaC,~ (n=1-8) [32], and C,CI™
(n=1-7) [33]. Zhai and Wang performed theoretical study on
CrC,,~ (n=2-8) by density functional method [34]. We carried
out density functional study on the structures and energies of
C,As™ (n=1-11) anions [35].

Until now, no theoretical result on BeC,, ™ has been published,
while in the figure of relative intensity in AMS study, BeC,,~
(n=2-7) show a distinct even/odd pattern of intensity varia-
tion: the signals of even n anions are more intense than those
of odd »n anions by more than an order of magnitude [8]. To
explore the experimental observation theoretically, we designed
a large number of structural models for BeC,,~ (n=1-8), and
performed geometry optimization and calculations on vibration
frequencies by means of the B3LYP density functional method.
The geometry structure, stability, electronic configuration, bond-
ing character, electron affinity, incremental binding energy, and
dissociation channels of the anionic clusters were investigated.
Based on the results, we provide explanation on why the BeC,,™
(n=1-8) isomers with even n are more stable than those with
odd n. The outcome can serve as helpful guideline for the syn-
thesis of related materials as well as for future theoretical studies
of carbon/beryllium binary clusters.

2. Computational method

During the investigation, devices for molecular graphics,
molecular mechanics, and quantum chemistry examination were
used. First, a three-dimensional model of a cluster was designed
using HyperChem for Windows on a PC/Pentium IV com-
puter [36]. Then, the model was optimized by MM+ molec-
ular mechanics and semi-empirical PM3 quantum chemistry.
At the final stage, geometry optimization and calculations of
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vibration frequencies were conducted using the B3LYP density
functional method of Gaussian 98 package [37] with 6-31G*
basis sets, i.e., Becke’s 3-parameter non-local exchange func-
tional with the correlation functional of Lee—Yang—Parr [38,39].
The single point energy calculations following the optimizations
were performed using the larger 6-311+G* basis set, includ-
ing diffuse functions (i.e., B3ALYP/6-311+G*//B3LYP/6-31G*)
[40]. All energies were calculated with zero point energy (ZPE)
correction. It has been pointed out that geometries computed
with more expensive basis sets do not necessarily lead to more
accurate final results [41]. The optimized models were again
displayed using HyperChem for Windows. The data of partial
charges and bond orders were analyzed with Gaussian Natural
Bond Orbital (NBO). All of the calculations were carried out on
the servers of SGI.

3. Results and discussion
3.1. Geometry and energy

At the beginning of the study, nothing was known other than
the BeC,,~ (n=1-8) formula. The “guessing” of a reasonable
geometrical structure was the initial step for the optimization
process. We examined many isomers, among which are linear,
cyclic and bicyclic as well as three-dimensional in structure.
In this paper, those with imaginary frequency, high energy, and
large spin contamination are excluded. Shown in Figs. 1 and 2
are the BeC,,~ (n=1-8) isomers corresponding to local minima
with real vibration frequencies. In the figures, light gray (bigger)
balls represent carbon atoms and dark gray (smaller) ones denote
beryllium atoms; also for the models of a particular n, they are
arranged in the order of ascending total energy. The 23 isomers
of BeC,,~ (n=1-5) acquired are shown in Fig. 1: one for BeC™
(Model 1a), three for BeC,~ (Models 1b—1d), four for BeC3~
(Models le—1h), six for BeC4~ (Models li-In), and nine for
BeCs™ (Models 1o-1w). Depicted in Fig. 2 are 23 isomers of
BeC,,~ (n=6-8): 7 for BeC¢~ (Models 2a-2g), 11 for BeC7~
(Models 2h-2r), and 5 for BeCg~ (Models 2s—2w). As far as we
know, none of these models have been reported before.

Listed in Table 1 are the symmetry, electronic state, spin
contamination (before annihilation), total energy, and rela-
tive energy of the BeC,~ (n=1-8) structures displayed in
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Fig. 1. Twenty-three isomers of C,Be™ (n=1-5).
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Fig. 2. Twenty-three isomers of C,Be™ (n=6-8).

Figs. 1 and 2. According to the relative energies and with BeCs ™
being the only exception, the ground-state geometries of BeC,,~
(n=1-8) are linear in configuration with the beryllium atom
located at the end of C,, chain. As for BeCs ™, the linear struc-
ture with the beryllium atom located at the end of Cs (Model 1p)
is the second most stable isomer, it is beaten by the planar cyclic
structure (Model 10) by 3.8 kcal/mol. In view of such a small
difference in relative energy, we consider that Model 1p is also

Table 1

a candidate for ground-state BeCs~ and in the later discussion
Model 1p is considered as the ground-state of BeCs ™. In some
cases of NaC,,~ and MgC,,~ clusters, the ground-state isomers
are cyclic rather than linear in configuration [29-31]. In the pla-
nar ring of Model 1o, the p, orbital of the six atoms overlap and
the six 7 electrons delocalize to form a cyclic 7 bond, caus-
ing a reduction in total energy. The six outward orbitals form
pseudo cyclic 7 orbitals, and other 5 carbon valence electrons

Symmetry, electronic state, spin contamination (S2) (before annihilation), total energy (a.u.), and relative energy (kcal/mol) of BeC,,~ (n= 1-8) based on B3LYP/6-

31G* geometries and B3LYP/6-311+G* energies

Model  Anion Symmetry ~ State  (S?) Total energy  Relative Model  Anion Symmetry ~ State  (S?) Total energy  Relative
energy energy
la BeC™ Coov 4% 37650  —52.6396 0.00 2a BeCs~  Coov 2yt 07540 —243.2297 0.00
1b BeCy™ Coov 23+t 07527 —90.8650 0.00 2b BeCs™ G 2N 0.7634  —243.2236 3.86
lc BeCy,™ G vy 3.7565  —90.7598 60.00 2c BeCs~  Cs 2N 0.7597  —243.1661 39.92
1d BeC,™  Daon 4l'lg 3.8005 —90.4160 157.49 2d BeCs~™ Do 2Mm, 07582  —243.1352 59.30
le BeC3™  Coov 4%~ 37801  —128.9147 0.00 2e BeCs~ G vy 3.7886  —243.1226 67.22
1f BeC3~ (o 4By 37881  —128.8869 17.41 2f BeCs™ G 4N 37642 —243.1046 78.51
lg BeC3™ Cyy 2A 0.7557  —128.8788 22.53 2g BeCs™  Coov 4%~ 37930  —243.0855 90.49
1h BeC3™  Coov 4% 37590 —128.8577 35.73 2h BeC7~™  Coov 4%~ 3.8308 —281.2907 0.00
li BeCy™  Coov 2yt 07538 —167.0520 0.00 2i BeC;m (2 ’B 0.7978  —281.2718 11.90
1j BeCy~™ & ZA 0.7553  —167.0254 16.72 2j BeC7—  Cyy ’B, 0.7643  —281.2540 23.06
1k BeCs~™  Don 2%, 0.7681  —167.0084 27.37 2k BeC7™  Cyy 2A 0.7553  —281.2532 23.52
11 BeCy~ G 2N 0.7577  —166.9434 68.14 21 BeC;— G A7 3.8074  —281.2407 31.39
Im BeCy™ G vy 3.7587 —166.9360 72.82 2m BeC7~™ G A 38116  —281.2376 33.34
In BeCs~™ & A 37663  —166.9124 87.65 2n BeC;— G A7 37858  —281.2365 34.01
lo BeCs™ Gy ’B, 0.7650  —205.1135 0.00 20 BeC7™  Coov 4%~ 37631  —281.2219 43.20
Ip BeCs™  Coov 4%~ 3.8051 —205.1074 3.80 2p BeC7~  Cyy ZA 0.7547  —281.2058 53.28
1q BeCs™  Coov n 0.7762  —205.0933 12.68 2q BeC;™ G A 37726  —281.1999 57.01
Ir BeCs™  Coy 4By 37866  —205.0544 37.10 2r BeC7~  Cyy “B, 37820  —281.1844 66.70
Is BeCs~ G -\ 3.8003  —205.0464 42.08 2s BeCg™  Coov 2yt 07540 —319.4044 0.00
1t BeCs™  Cooy 4%~ 37618 —205.0445 43.32 2t BeCg~™ (s 2N 0.7665  —319.3931 7.08
lu BeCs™ Gy 2Ay 0.7563  —204.9699 90.10 2u BeCs™  Doch 21'[g 0.7664  —319.3871 10.88
v BeCs~™ G -\ 37711 —204.9597 96.52 2v BeCg™  Coov A 3.8086  —319.3368 4245
1w BeCs— (& ‘B 3.7581  —204.9049 13091 2w BeCs™  Coov 4 3.7890  —319.2649 87.54
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stay in the three bonding orbitals. This monocyclic structure
with 4m+2 (m=1) 7 electrons show aromatic character and is
a stable structure.

With n bigger than 4, there are quite a number of monocyclic
BeC,,~ (n=4-8) structures (Models 1n, 1o, 1r, 2b, 2c, 2i, and
2t). The distance from beryllium atom to the terminus carbon
atoms in Models 1f and 1j are 1.838 and 1.996 A, respectively,
exhibiting some characters of weak bonding between the Be
atom and the terminus carbon atoms. Models 2e and 2q are
clusters with a beryllium atom bonded to one side of a C,, (n=6,
7) cyclic ring. Models 2j, 2k, and 2r are structures with a C3 ring
connected to a carbon chain with the beryllium atom located
either inside or at the other end of the carbon chain. Models 1s,
2g, and 2m are structures with a C,Be ring connected to a carbon
chain via the beryllium atom. We find that linear structures with
the beryllium atom located inside the chain configuration are not
uncommon among the BeC,,~ (n=2-8) isomers, for example,
Models 1d, 1h, 1k, 1q, 1t, 2d, 2f, 2n, 2p, 2u, 2v, and 2w.

For isomers close in energy, a difference in calculation
method might result in difference in energy ordering. In order to
test the authenticity of the obtained DFT energies, CCSD(T)/
6-311+G* and QCISD(T)/6-311+G* calculations were also
applied on BeC>™ and BeC3™ isomers. The CCSD(T) ener-
gies for Models 1b, 1c, 1d, le, 1f, 1g, and 1h are —90.5902,
—90.4911, —90.3845, —128.5334, —128.5168, —128.5074, and
—128.4928 a.u., respectively. The QCISD(T) energies are

(1.549)
1.554
Be(1)——C(2)
[0.468]  [-1.468]
(1576)  (1.263)
1580  1.269
Be(1)——C(2)==C(3)
[0680]  [-1.475] [-0.205]

(1.577)  (1.302) (1.302)
1582 1307  1.307

BeC-

BGCQ_

BeC3-

[0.630] [-1.028] [-0.409]
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1.583 1.254 1.345
BeC4_

[0.734] [-1.151] [0.059]

(1.584) (1.278) (1.291)

Be(1) C(2) C(3) C(4)
[-0.191]

(1.259)
1.265

Be(1)——C(2)==C(3)——C(4)=C(5)

[-0.478] [-0.164]

(1.306)
1587 1282 1296  1.311

—90.5910, —90.4921, —90.3842, —128.5350, —128.5184,
—128.5083, and —128.4937 a.u., respectively. In both cases, the
energy ordering is the same as that of B3LYP/6-311+G*.

3.2. Bonding character

Depicted in Fig. 3 are the bond lengths, NBO charges and
bond orders of the linear ground-state BeC,,~ (n=1-8) struc-
tures (Models 1a, 1b, le, 1i, 1p, 2a, 2h, and 2s). It is apparent
that the deviation of bond lengths (A) at the B3LYP/6-311G*
level (shown in parentheses in Fig. 3) have little effect on the
geometries of the linear ground-state BeC,, ™ (n=1-8). Accord-
ing to the calculated bond lengths, the Be—C bond lengths are
in the 1.554-1.600 A range, and Be—C bond length increases
with a rise in n, exhibiting essentially the characteristic of sin-
gle bond. The bonding of small linear carbon chains could be
either cumulene- or polyacetylene-like [42]. Along the straight
carbon chains of the linear ground-state BeC,,~ (n=2-8) iso-
mers, there is an alternate short-and-long pattern in C—C length
(1.246-1.254 and 1.328-1.345 A, respectively) when n is even,
displaying a typical polyacetylene-like character; when n is odd,
the C—C bond lengths tend to average out (1.270-1.315 A),
exhibiting some sort of cumulenic character. As an illustration,
depicted in Fig. 4 are the bond lengths of the linear ground-
state BeC7~ and BeCg™ clusters versus the number of bond (as
counted from the left side of chains in Fig. 3, e.g., the Be—C

(1.284)
1.290

BeCy

[0690]  [-1.023] [-0.131]

(1.591) (1.245) (1.334)
1.593 1.251 1.337
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1.594 1270 1308
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1.600 1248 1338
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[0.033] [-0.410] [-0.112]

(1.263)

[-0.478] [-0.092]

Fig. 3. Bond lengths (A) at B3LYP/6-31G* level, bond lengths (A) at B3LYP/6-311G* level (in parentheses), NBO charges (in square parentheses), and bond orders
(line number between two atoms) of the linear ground-state BeC,,~ (n = 1-8) clusters.
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Fig. 4. Bond lengths (in A) of the linear ground-state BeC7~ and BeCg~ clusters
based on B3LYP/6-31G* geometries vs. the number of bond (as counted from
the left side of chains in Fig. 3).

bond length is plotted against “1” and so on), the curve of
BeCg ™ with polyacetylene-like carbon chain displays obvious
short/long alternation, whereas that of BeC7~ with cumulene-
like carbon chain exhibits sign of averaging out. Shown in Fig. 5
is the length of the last C—C bonds (at the right side of the
BeC,,~ (n=2-8) isomers as shown in Fig. 3) versus the number
of carbon atoms; there is an obvious trend of odd/even alterna-
tion: for odd n, the C—C lengths at the end of chain are within
1.284-1.307 A; for even n, the C—C lengths at the terminus of
the chain are within 1.265-1.269 A.

According to the NBO charges shown in Fig. 3, the majority
of positive charge is located on the beryllium atom (in the range
0f 0.466-0.772). There is also a sort of small/big alternation with
odd/even n: the positive charge at the beryllium atom of an even
n isomer is bigger than that of neighboring odd » isomers, and
the level of the positive charge increases with arise in n (Fig. 6).
The negative charge is distributed among the carbon atoms, and
the carbon atom bonded to the beryllium atom shows the highest
level of negative charge.

1.314

1.30

AN

1.26 T ¥ T T L T g T d T T
2 3 4 5 6 7 8
Number of Carbon Atoms

Last C-C Bond Length (Angstrom)

Fig. 5. Length (A) of the last C—C bond of the linear ground-state BeC,,~
(n=2-8) clusters (at the right side of chains in Fig. 3) based on B3LYP/6-31G*
geometries vs. n.

0.804
0.75:
0.70-:
0<65—-
0.60-

0.554

Positive Charge on Be Atom

0.50+

0.45+

o} 1 2 3 4 5 6 7 8 9
Number of Carbon Atoms

Fig. 6. Positive charge on beryllium atom of the linear ground-state BeC,,~
(n=1-8) clusters vs. n.

Also, according to the results of NBO bond order analysis
shown in Fig. 3, when n is even, the carbon chains are clearly
characterized by a series of alternate single and triple bond, and
the anions adopt a Be(—C=C), (x=1-4) structure that shows
characteristics of polyacetylene-like clusters. For odd n, the car-
bon chains show character of double bond and the cumulene-like
isomers adopt a Be—C(=C=C), (y=0-3) structures.

3.3. Electronic configuration

Shown in Table 2 are the configuration of valence orbital for
the linear ground-state BeC,,~ (n=1-8) clusters.

The electronic configurations can be depicted as (except for
BeC™):

1
(core)lo? ... 17% ... (n +2)o! (n—zi—) 72, n=odd

(core)lo?... 17 ... (n+ 2)o! (E) 74, n = even

2

The linear ground-state BeC,~ (n=1-8) clusters possess
(4n+3) valance electrons, among which are 2n m electrons,
and 2n+3 o electrons. Thus for even n, the highest occupied
molecular orbital (HOMO) with doubly degenerate  orbital is
fully occupied. Such a situation (i.e., with fully filled 7 orbital)
is energetically more favorable than that with a half-filled elec-
tron shell. The linear ground-state BeC,,~ (n=1-8) alternates
between 2X* (even n) and =~ (odd n) electronic states. This

Table 2
Valence orbital configuration of the linear ground-state BeC,,~ (n = 1-8) clusters

Isomers Configuration

BeC™ (core) o2a2glm?

BeCy™ (core) o2a?ao! w?

BeC3™ (core) o?c?a? oo m?

BeCy~ (core) o2c?a?o? ool mt

BeCs™ (core) ololclolotntmtololw?

BeCg™ (core) 6202020222t mt ool
BeC7™ (core) ololclalololal ittt ool w?
BeCg™ (core) 6202020202 0?e ot ntnt ool wt
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Table 3

Electron affinity EA (kcal/mol), atomization energy AE, (a.u.), incremental
binding energy AE! (a.u.) of the linear ground-state BeC,,~ (n=1-8) based on
B3LYP/6-31G* geometries and B3LYP/6-311+G* energies

Clusters EA AE, AE!
BeC™ 16.77 0.1111

BeCy™ 72.09 0.4793 0.3682
BeCs™ 61.89 0.6718 0.1925
BeCy™ 90.21 0.9519 0.2802
BeCs™ 74.54 1.1501 0.1982
BeCg™ 99.69 1.4152 0.2651
BeC7™ 76.19 1.6190 0.2038
BeCg™ 106.56 1.8755 0.2565

arises from the fact that all MOs with w-symmetry are doubly
degenerate. When # is odd, the addition of an extra carbon atom
would result in having two more electrons included in the -
system, and the accommodation of these two electrons in a
orbital would lead to a quartet state. When n is even, the addition
of an extra carbon atom would lead to a doublet state.

3.4. Electron affinity

Electron affinity (EA, adiabatic) is computed as the energy
difference between the optimized neutral and anionic (i.e.,
Ereutral — Eanion) clusters. A higher electron affinity means that
more energy is released when an electron is added to the neutral
molecule, and the production of the corresponding anion is more
readily done. The anionic cluster with a larger electron affinity
is generally more stable. Hence, electron affinity can be used
as another criterion to evaluate the relative stability of anionic
clusters with different sizes.

Listed in Table 3 are the electron affinity, atomization energy
(AE,), and incremental binding energy (AE!) of the linear
ground-state BeC,,~ (n=1-8) whereas Fig. 7 depicts the elec-
tron affinity values versus the number of carbon atoms in the
linear ground-state BeC,~ (n=1-8) clusters. There is a parity
effect on the EA curve of BeC, ~: the EA of even n clusters

120+
100+
804

60+

EA (kcal/mol)

40

201

o777

0 1 2 3 4 5 6 7 8 9
Number of Carbon Atoms

Fig. 7. Electron affinity EA (kcal/mol) of the linear ground-state BeC,~
(n=1-8) clusters (as shown in Table 3) based on B3LYP/6-31G* geometries
and B3LYP/6-311 + G* energies vs. n.
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Fig. 8. Incremental binding energies AE! (kcal/mol) of the linear ground-state
BeC,~ (n=2-8) clusters (as shown in Table 3) based on B3LYP/6-31G* geome-
tries and B3LYP/6-311+G* energies vs. n.

are higher than those of adjacent odd n cluster(s). This behav-
ior reflects the higher stability of the even n BeC,,~ (n=1-8)
clusters.

3.5. Incremental binding energy

The incremental binding energy (AE!) which is the atomiza-
tion energy (AE,) difference of adjacent clusters can also reflect
the relative stability of the anionic clusters (Table 3) [43]. It is
expressed as:

AE'= AE,(BeC,”) — AE,(BeC,_17);

where AFE, is defined as the energy difference between a
molecule and its component atoms:

AE, =n E(C)+ E(Be) — E(BeC,, 7).

As showed in Fig. 8, the values of AE! vary according to a
pattern of odd/even alternation: when n is even, the AE,, value is
big; when n is odd, the AE,, is small. Because a larger AE"value
implies a more stable BeC,,~ structure, one can deduce that a
BeC,,~ cluster with even n is more stable than one with odd n.
Such odd/even alternate pattern of electron affinity and incre-
mental binding energy is in consistency with the experimental
observation of Klein and Middleton by means of accelerator
mass spectrometry (AMS) of BeC,,~ (n=2-7) [8].

3.6. Dissociation channels

Due to the existence of a beryllium atom at one end of the
carbon chains, the possible dissociation channels of BeC,,~
(n=1-8) could be rather complicated. Although we do not
attempt to characterize the reaction pathways and transition
states for fragmentation in this work, we evaluated the relative
stability of the clusters in term of fragmentation energy based
on hypothetical reactions. The energies for fragmentation ver-
sus n are depicted in Fig. 9. The six dissociation channels are
divided into two categories: reactions (1)—(3) with C, C;, and
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C3 generation and reactions (4)—(6) with Be, BeC, and BeC,
generation.

BeC,” — BeC,,_;” +C )
BeC,” — BeC,_2~ +C» 2)
BeC,” — BeC,_3~ +C;3 3)
BeC,” — C,” +Be “
BeC,” —> C,_1~ +BeC @)
BeC,” — C,_2~ +Be(C, (6)

Fragmentation energy related to reaction (1) with the release
of one carbon atom exhibits distinct odd/even alternation, and
the dissociation energies of BeC,,~ with even n are always larger
than those with odd » (Fig. 9). The results are consistent with
the observation that BeC,,~ anions with even n are relatively
more stable; the ejection of a single carbon atom will cause an
inverse in parity of the clusters and the more stable “even n”
clusters requires more energy for fragmentation than the less
stable “odd n” clusters. According to the curve of the last C—C
bond lengths shown in Fig. 5, the bond lengths show a long/short
pattern along with odd/even variation of n, whereas in Fig. 9,
the energy curve of reaction (1) shows the inverse tendency. It
is understandable because the energy needed for the breaking
of a triple bond (n-even cases) is bigger than that of a double
bond (n-odd cases). In reaction 2, the losing of a C, fragment
does not cause significant change in parity of the parent anionic
clusters, and the alternation effect is less apparent than that of
reaction (1). The dissociation energy needed for reaction (3)
repeats the alternation tendency of reaction (1). In reaction (3),
the energy needed for dissociation is smaller than that required
for reactions (1) and (2) due to the special structural stability of
the C3 fragment as previously pointed out by Rao et al. [44].
The dissociation energy of reactions (4) and (5) which involve

the loss of Be and BeC, respectively, exhibit similar odd/even
alternation. Relatively speaking, reaction (6) with the loss of a
BeC, fragment does not cause a significant change in parity. In
other words, the energy needed for BeC, ™ anions dissociation
in reactions (1), (3), (4), and (5) is bigger in the cases of even
n as compared to those of odd n. The results also indicate that
the fragmentation channel of lowest energy is reaction (4) and
the loss of a beryllium atom could be the dominant dissociation
pathway for BeC,,~ (n=1-8).

4. Conclusion

The ground-state isomers of BeC,,~ (n=1-8) are linear in
structure with the beryllium atom located at one end of the
C,, (n=1-8) units, except for BeCs~. For the chain with even
number of carbon atoms, the bond lengths and bond orders
suggest a polyacetylene-like structure, whereas for those with
odd number of carbon atoms, the data suggest a cumulene-like
arrangement. The anionic clusters with “even n” are more sta-
ble than those with “odd n”. The trend of odd/even alternation
can be observed from the variation of bonding length, positive
charge of beryllium atom, electron affinity, incremental bind-
ing energy, and dissociation channels. The results of calculation
are in good agreement with the relative intensity of the BeC,,™
species observed in AMS studies.

Acknowledgement

This work was supported by the National Science Foundation
of China (grant 20473061 and 20423002).

References

[1] W. Weltner Jr., R.J. Van Zee, Chem. Rev. 89 (1989) 1713.
[2] Z.Y. Liu, Z.C. Tang, R.B. Huang, Q. Zhang, L.S. Zheng, J. Phys. Chem.
A 101 (1997) 4019.
[3] D. Consalvo, A. Mele, D. Stranges, A. Giardini-Guidoni, R. Teghil, Int.
J. Mass Spectrom. Ion Proc. 91 (1989) 319.
[4] M. Leleyter, P. Joyes, Surf. Sci. 156 (1985) 800.
[5] R.G. Orth, H.T. Jonkmann, J. Michl, Int. J. Mass Spectrom. Ion Proc.
43 (1982) 41.
[6] S. Becker, H.J. Dietze, Int. J. Mass Spectrom. Ion Proc. 82 (1988) 287.
[7] R.B. Huang, C.R. Wang, Z.Y. Liu, L.S. Zheng, F. Qi, L.S. Sheng, S.Q.
Yu, Y.W. Zhang, Z. Phys. D 33 (1995) 49.
[8] J. Klein, R. Middleton, Nucl. Instrum. Methods Phys. Res. B 159 (1999)
8.
[9] C.R. Wang, R.B. Huang, Z.Y. Liu, L.S. Zheng, Chem. Phys. Lett. 237
(1995) 463.
[10] C.R. Wang, R.B. Huang, Z.Y. Liu, L.S. Zheng, Chem. Phys. Lett. 242
(1995) 355.
[11] Z.Y. Liu, R.B. Huang, L.S. Zheng, Chem. J. Chin. Univ. 18 (1997) 2019.
[12] Z.Y. Liu, R.B. Huang, Z.C. Tang, L.S. Zheng, Chem. Phys. 229 (1998)
335.
[13] H.Y. Wang, R.B. Huang, H. Chen, M.H. Lin, L.S. Zheng, J. Phys. Chem.
A 105 (2001) 4653.
[14] C.G. Zhan, S. Iwata, J. Chem. Phys. 104 (1996) 9058.
[15] C.G. Zhan, S. Iwata, J. Phys. Chem. A 107 (1997) 591.
[16] C.G. Zhan, S. Iwata, J. Chem. Phys. 107 (1997) 7323.
[17] G. Pascoli, H. Lavendy, Chem. Phys. Lett. 312 (1999) 333.
[18] G. Pascoli, H. Lavendy, J. Phys. Chem. A 103 (1999) 3518.
[19] K. Fisher, I. Dance, G. Willett, Eur. Mass Spectrom. 3 (1997) 331.



M.D. Chen et al. / International Journal of Mass Spectrometry 253 (2006) 30-37 37

[20] G.L. Li, Z.C. Tang, J. Phys. Chem. A 107 (2003) 5317.

[21] G.L. Li, X.P. Xing, Z.C. Tang, J. Chem. Phys. 118 (2003) 6884.

[22] Y.L. Cao, G.L. Li, Z.C. Tang, Chin. Sci. Bull. 50 (2005) 845.

[23] R. Vandenbosch, D.I. Will, J. Chem. Phys. 104 (1996) 5600.

[24] S. Hunsicker, R.O. Jones, J. Chem. Phys. 105 (1996) 5048.

[25] M. Gomei, R. Kishi, A. Nakajima, S. Iwata, K. Kaya, J. Chem. Phys.
107 (1996) 10051.

[26] L. Pan, B.K. Rao, A.K. Gupta, G.P. Das, PJ. Ayyub, Chem. Phys. 119
(2003) 7705.

[27] A. Largo, P. Redondo, C. Barrientos, J. Phys. Chem. A 106 (2002) 4217.

[28] P. Redondo, C. Barrientos, A. Largo, Int. J. Quan. Chem. 96 (2004)
615.

[29] P. Redondo, C. Barrientos, A. Cimas, A. Largo, J. Phys. Chem. A 108
(2004) 212.

[30] P. Redondo, C. Barrientos, A. Cimas, A. Largo, J. Phys. Chem. A 107
(2003) 4676.

[31] P. Redondo, C. Barrientos, A. Cimas, A. Largo, J. Phys. Chem. A 107
(2003) 6312.

[32] A. Largo, P. Redondo, C. Barrientos, J. Phys. Chem. A 106 (2002)
4217.

[33] A. Largo, A. Cimas, P. Redondo, C. Barrientos, Int. J. Quan. Chem. 84
(2001) 127.

[34] H.J. Zhai, L.S. Wang, J. Chem. Phys. 120 (2004) 8996.

[35] J.W. Liu, M.D. Chen, L.S. Zheng, Q.E. Zhang, C.T. Au, J. Phys. Chem.
A 108 (2004) 5704.

[36] Hypercube Inc., Hyerchem Reference Manual, Waterloo, Ont., Canada,
1996.

[37] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb,
J.R. Cheeseman, V.G. Zakrzewski, J.A. Montgomery Jr., R.E. Strat-
mann, J.C. Burant, S. Dapprich, J.M. Millam, A.D. Daniels, K.N.
Kudin, M.C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R.
Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Ochter-
ski, G.A. Petersson, P.Y. Ayala, Q. Cui, K. Morokuma, P. Salvador, J.J.
Dannenberg, D.K. Malick, A.D. Rabuck, K. Raghavachari, J.B. Fores-
man, J. Cioslowski, J.V. Ortiz, A.G. Baboul, B.B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R.L. Martin, D.J.
Fox, T. Keith, M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, M. Chal-
lacombe, PM.W. Gill, B. Johnson, W. Chen, M.W. Wong, J.L. Andres,
C. Gonzalez, M. Head-Gordon, E.S. Replogle, J.A. Pople, Gaussian 98
(Revision A.11), Gaussian, Inc., Pittsburgh, PA, 2001.

[38] A.D. Becke, J. Chem. Phys. 184 (1993) 233.

[39] C. Lee, W. Yang, R.G. Parr, Phys. Rev. B 37 (1988) 785.

[40] W.J. Hehre, L. Radom, P.V.R. Schleyer, J.A. Pople, Ab Initio Molecular
Orbital Theory, Wiley-Interscience, New York, 1986.

[41] J.B. Foresman, Z&. Frisch, Exploring Chemistry with Electronic Structure
Methods, Gaussian Inc., Pittsburgh, PA, 1996.

[42] D.C. Parent, S.L.. Anderson, Chem. Rev. 92 (1992) 1541.

[43] G. Pascoli, H. Lavendy, Int. J. Mass Spectrom. Ion Proc. 173 (1998)
41.

[44] B.K. Rao, S.N. Khanna, P. Jena, Solid State Commun. 58 (1986) 53.



	Parity alternation in the linear ground-state beryllium-doped carbon clusters BeCn- (n=1-8)
	Introduction
	Computational method
	Results and discussion
	Geometry and energy
	Bonding character
	Electronic configuration
	Electron affinity
	Incremental binding energy
	Dissociation channels

	Conclusion
	Acknowledgement
	References


