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Structures of GAs™ (n = 1—11) clusters have been determined by means of B3LYP density functional method.

A comparison of structure stability shows that the lowest-lying structures are linear, with the arsenic atom
located at one end of the carbon chain. Also, the ling#sC (n = 1—11) anions with an odd number of
carbon atoms are more stable than those with an even number, in good agreement with the peak pattern of
time-of-flight investigation. The trend of such odd/even alternation is explained on the basis of concepts of
electronic configurations, incremental binding energies, vertical electron detachment energies, and dissociation
channels.

1. Introduction B3LYP/6-311G* density functional calculation. Fisher et al.

. conducted BLYP density functional calculations on structures
In the past decades, carbon clusters have been studied boty C.P~ 21 Besides anionic X~ clusters of Group VB elements

experimentally and theoretically for better understanding of & | ; o a1 carried out a comparative study on the “second-row-
large variety of chemical systemi$.Even before the develop- atom-doped” linear carbon cluster)@C, X +/CyX~ (n = 1—10;
m_ent of fuII_erene chemistry, small carbon clust_ers were stud|_edx = Na, Mg, Al, Si, P, S or Cl) by means of DFT/B3LYP
with great interest because they are intermediates in chemlcalmethodzz Recently, theoretical studies on AIC(n = 1—7),23
vapor deposition of carbon clusters. In astrochemistry, they alsoSi o (.n T m=< 85 24 SiC (n = 2-5)25 CSe (n < 11)'26
have a role to play; due to the interstellar quasicollisionless RB(}T‘ 27 ¢ H‘_(n g 10)28 and PbG"(n ; 1_10)39 we’re
condition, small carbon clusters take the highly stable (albeit reportéd b; Largo _et al ’Hunsicker et al., Gomei et al., Wang

highly reactive) form of linear chains. : .
gH )t/ ‘ )d d carb lusters h | ttracted et al., Vandenbosch et al., Pan et al., and Li et al., respectively.
eteroatom-doped carbon cluslers have also attracte muct]:rom the calculation results, it seems that the ground-state

ntioninr n r nd th jons ar nsider hav . .
gic':uores aﬁ;(lao tgf: tSo acgt ?nseear?s SO? iggor? ddaer e(]i'otr?ic AV&tructures of medium-size heteroatom-doped carbon clusters are
L gous 1on,LBy : Y .~ . linear or near linear and show an even/odd alternation in
emission or laser ionization, a series of heterocarbon an|on|cs,[abi”,[y

CnX~ clusters were generated by adding a heteroatom X to the .
corresponding carbon clusters,Cwhere X is either a main Theoretical works on (N~ and GP~ were reported; 01822
group element (such as N, F, Cl, H, Al, Si, S, B, Ge) or a but no theoretical rgport onBs~ clusters has been published,
transition metal (such as Ti, Zr, V, Cr,W, Fe, Ni} Huang et and our understandings of Group VA heteroatom-doped clusters
al. produced a series of cluster anions(c (X = N’ P’ AS, are still limited. Despite the fact that N, P, and As are the same
Sb, Bi,) from laser ablation of the appropriate samplEsom group elements and that their chemical properties are recogniz-
the observed records of time-of-flight (TOF) mass spectra, ably similar (being more or less governed by the identical
C.N—, C,P-, and GAs~ exhibit a dramatic even/odd alternation valence electron configuration 4mg?), there are substantial

in signal intensity, and generally the anionic clusters with odd differences among the.The time-of-flight mass spectra of
numbers of carbon atoms show relatively higher signal intensi- ChAs™ clusters showed distinct peaks at au¢Figure 1)1° To

ties than those with even numbers. view the issue theoretically, we designed some structural models
To explore these interesting experimental observations, there®f ChAS™ (n = 1—11) and performed geometry optimization
have been a lot of theoretical investigations giX C clusters. and calculations on vibration frequencies by means of the
Leleyter studied a series of, €~ by the Hickel methodf~10 B3LYP density functional method. Their stabilities, geometry
Zheng et al. studied {8l-,1 C,B~,12 C,P~, 1314 and AIG,~ structures, electronic configurations, energy differences, incre-

(n = 1-11) clusters by means of HF/3-21G level. The mental binding energies, vertical electron detachment energies,
theoretical studies of (Se (1 < n < 11) clusters were carried ~ and dissociation channels have all been investigated. On the
out with B3LYP/6-31G* density functional method by Wang basis of the results, we explained why theA€™ (n = 1-11)

et al1® Zhan et al. reinvestigated,8~,'6 C,B~,1” and GP~18 isomers with oddn are more stable than those with even

at different approximations such as MP2, MP4SDTQ, and The outcome can serve as helpful guidelines for the synthesis
QCISD(T) methods. Pascoli and Lavendy proposed structuresof related materials as well as for future theoretical studies of
of CiN~® and GP~2° (n =1-7) based on data collected in heteroatom-doped carbon clusters.
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basis set (i.e., B3LYP/6-3#1G*//B3LYP/6-311G*). Note that
this hybrid method was previously proved to be agreeable with
but yet less computationally demanding than the more rigorous
A ab initio methods such as CCSD(T) for geometries of carbon
-/ clusters and carbon clusters with heteroatém@pen-shell

7 \ calculation was done in unrestricted formalism. All calculations
= were carried out using the Gaussian 98 program ¥uie a
server of PC clusters.
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\— 3. Results and Discussion

3.1. Structures.In Figure 2, isomers corresponding to the
local minima of GAs™ (n = 1—11) clusters with real vibration
frequencies are shown; dark gray balls represent carbon atoms,
and light gray ones denote arsenic atoms. The models are
arranged in order of ascending relative total energy. In previous
theoretical investigation, a linear carbon chain bonded to a

=
L —

L .
27 32 37

0 heteroatom is the most favorable structure. Such structure of

lime of Flight (us) linearity is verified by the fact that all vibration frequencies of
Figure 1. TOF mass spectrum of clusters anion@& (n = 1—-11) linear geometries are real, and the isomers are local minima on
generated from laser ablation of the arsenic triphenyl. the energy surface. For= 2—8, we gave two different initial

guesses of chain structures; one is standard linear, and the other
is curved. The energies of the two optimized structures are
We performed molecular modeling with HyperChem 5.10 for different only by 0.06-0.3 kcal/mol, suggesting that they belong
Windows™ on a PC/Pentium IV computer. Geometry optimiza- to the same linear structure. In Figure 2, only the linear and
tion and calculations of vibration frequencies were conducted planar or near-planar geometries of tha&€ (n = 1—11) are
using the hybrid density functional theory B3LYP met8d3 shown. We have performed calculations on the stereostructures;
i.e., Becke’s 3-parameter nonlocal exchange functional with the because the resulting energies are much higher than those of
correlation functional of LeeYang—Parr, plus the standard the planar ones, they are not included in this paper.
6-311G* basis set. The single point energy calculation following  Listed in Table 1 are the symmetries, total energies, electronic

2. Computational Details

the optimizations was performed using the larger 6-8G% states, and relative energies of thé\€ (n = 1—11) structures
oo f}, oo0 oo ocooo afn 0oo®
2a 2b 2e 2d 3a 3b 3c
4a 4b 4 a4d de 4
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Figure 2. Geometries of GAs™ (n = 1—11) structures.
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TABLE 1: Symmetries, Electronic State, Total Energies (a.u.), and Relative Energies (kcal/mol) of 8s~ (n = 1—11) Based on
B3LYP/6-311G* Geometries and B3LYP/ 6-313G* Energies

figure cluster symmetry state total energy relative energy figure  cluster symmetry state total energy relative energy

2a GAs~ Cev ¥~ —2312.0196 0 6C §AS™ Cs A" —2464.303 6 52.90
2b GAs™ Cov A;  —2311.9729 29.30 6d dBs™ Cs A" —2464.2954 58.04
2c GAs~ Ceon 8%, -2311.8683 94.94 6e BSs~ Cs AT —2464.274 1 71.41
2d GAs™ Cov A1 —2311.8309 118.41 6f §Bs™ Coy A1 —2464.246 6 88.67
3a GAs~ Ceov ¥+ —2350.1326 0 7a s~ Cov ¥t —2502.489 1 0

3b GAs™ Cov A1 —2350.0489 52.52 b Bs~ Cs A" —2502.3895 62.50
3c GAs™ Cs A —2349.997 6 84.71 7c Bs~ Cs A" —2502.389 4 62.56
4a GAs~ Cov 8%~ —2388.207 7 0 7d As™ Cs A" —2502.348 7 88.10
4b GAs™ Cs A —2388.157 0 3181 8a #Bs Cov 53~ —2540.564 3 0

4c GAs™ Cs A —2388.152 3 34.76 8b dBs™ Cs A" —2540.499 2 40.85
4d GAs™ Cov A1 —2388.1353 45.43 9a Bs” Cs A" —2578.666 1 0

4e CAs~ Cs A —2388.116 0 57.54 9b dBs~ Cs A" —2578.628 6 23.53
4f CiAs™ Cs A —2388.1105 61.00 9c dBs™ Cs A" —2578.5763 56.35
5a GAs™ Cov I3t —2426.3134 0 10a {6As ~ Cs AT —2616.7219 0

5b GAs™ Cov A1 —2426.2578 34.89 10b  iQAs™ Cs A" —2616.6734 30.43
5c GAs~ Cs A —2426.211 6 63.88 lla  1@As~ Cs A" —2654.839 8 0
6a GAs™ Cov 5% —2464.387 9 0 11b GAs ~ Cs AT —2654.7724 42.29
6b GAs™ Cs A —2464.3377 31.50

presented in Figure 2. According to the relative energies, the Shown in Table 2 are the valence orbital configurations of
ground-state geometries are linear, with the arsenic atom locatedinear GAs~ (n = 1—11) clusters. The electronic configurations
at one end of the carbon chains. The linear structures with thecan be summarized as

arsenic atom bonded to two carbon atoms are much higher in

energy. For instance, the energies of 2c and 2d isomers are  (core)1? --» 17* +++ (N + 2)02(9 + 1)34 oddn

around 100 kcal/mol higher than that of 2a. Models 3b and 10b 2

are clusters with an arsenic atom bonded to one side of a ) 4 n+1 »

monocyclic G ring. Models 4b and 6b are structures with @ C (core)lp” -+ 1" =+ (n + 2)02( 2 )” evenn

ring connected to a chain of carbon having an arsenic atom at

its end. Among the numerous isomers, those with cyclic (except for CAs). With the inclusion of a negative charge, the
structures are relatively stable. Models 2b, 5b, 7b, 8b, 9b, andlinear GAs™ (n = 1—11) clusters possessn(4t+ 6) valance
11b are all cyclic; they are the second most stable structures.electrons, among which aren(# 2) i electrons. The outermost
There are cases that we started with initial cyclic geometries doubly-degenerate orbitals of linear GAs™ clusters with odd
but ended up with noncyclic structures such as 4f and 6e. n are fully occupied =+ electronic state); for even, they are

The ordering of energy is often dependent on the theoretical half-fi_lled _(32* electronic stqte). The HOMO with fully fillgd
methods adopted for isomers of similar energies. We performed” o_rbltals is always energetically more stable than that with an
CCSD(T)/6-31#G* computations on @\s~ and GAs~. The unfilled electron shell. .
CCSD(T) energies for 2a, 2b, 2c, 2d, 3a, 3b, and 3c are The ground-state s~ (n = 1—11) alternates Ipetweéﬁ
—2310.2065--2310.1689,-2310.0579-2310.0258-2348.2227,  (0ddn) and“=" (evenn) electron states. When is odd, the
—2348.1455, and-2348.0977 au, respectively, exhibiting the numbers ofa and 8 electrons in the singlet state are equal,
same ordering of B3LYP/6-31G* energies. Although tem- whereas whem is even, the number af electrons in triplet
perature change would eventually cause changes in the incre-jF?fte |s:arggr (by 2) th?':hthﬁr?f tﬁeele((:jtrotn?. The.tﬁﬁegf of
mental binding energies, the change should display systemic liferent parity suggest that the ground states with acare
characters, and the trend of odd/even alternation should sho ore stable. The general idea is that it féquirés more energy to
a similar pattern. We performed calculations on the energies of remove an electron from a closed-shell configuration (ajid

. L . than from an open-shell configuration (even
the linear GAs™ (n = 1—11) clusters at higher temperature (600 . )
K), and the curve of energy differences (that reflects the Both phosphorus and arsenic are VA group elements; each

magnitudes of incremental binding energies) exhibits similar provides five valence electrons for chemical bonding. It is thus
g : 9 9 expected that small anionic carbon clusters dopetl @iP or
odd/even alternation.

) ] ] o an As atom, respectively, should have some similar structure
3.2. Electronic Configurations. Shown in Figure 3 are the  characteristics. Indeed, the clusters of these two series of binary
bond lengths of the most stableAs™ (n = 1—11) structures.  cjysters all show structures with the heteroatom located at one
Parent et al. suggested that the bonding of the linear carbonend of the carbon chain, and they show similar odd/even parity.
chain is either cumulene- or polyacetylene-Ré\ccordingto  According to theoretical studies on smaliFe, the ground-
the bond lengths given in Figure 3, the lastC bond of the  state geometry is predicted to be linear, with the phosphorus
Cn chain is 1.26-1.27 A long. Along the straight Cchains, atom located at one end of the carbon cHaiH.2°The bond
C—C bond lengths for evem clusters tend to average out, |engths of G-P also show a dramatic long/short alternaién:
showing some sort of cumulene character. For ndgpecies, For oddn, the bond lengths of €P are 1.59-1.61 A (it is
there is a weak alternating long-and-short pattern-i0dength 1.70-1.72 A for C-As), whereas for even they are 1.63
(~1.32 and~1.25 A), reflecting some sort of polyacetylene 1.68 A (it is 1.80-1.85 A for C-As). The straight ¢ chains
character. The €As bond lengths show a short/long alternation of C,P~ also show characters similar to that of,AG™,
with odd/evem: For oddn, the lengths are within 1.761.72 cumulene-like for evem; and polyacetylene-like for oda2°
A, and there is a slight decrease with increasinfpr evenn, Various theoretical considerations, such as incremental binding
C—As bond lengths are within 1.801.85 A, decreasing from  energies and fragmentation patterns can explain the trend of
~1.80 A (GAs) to ~1.75 A (CieAs™) with increasingn. odd/even alternation of &~ clusters.
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Figure 3. Bond lengths (in A) of linear @\s~ (n = 1—11) clusters optimized at the B3LYP/6-311G* level.

Q

TABLE 2: Valence Orbital Configuration for Linear C ,As™ TABLE 3: Atomization Energy AE, (kcal/mol), Incremental
(n = 1—11) Clusters Binding Energy AE' (kcal/mol), Vertical Electron
Detachment Energies VDE (kcal/mol), Spin Contamination

Isomers configuration [$2[] Zero-Point Energy ZPE (kcal/mol), Dipole Moment z
CAs™ (core)o?o?no? (D), and Rotational ConstantsBe (MHz) for Linear C ,As™
CoAs™ (core)o?0?02mio?n? (n=1-11)
CsAs™ (core)o?0?0%0?m o | 2
C/As™ (core)o?0?0%0%0%m*nto’m? n A& AE VDE 570 ZPE # Be
CsAs™ (core)o?0?0%020%mio?mio’mt 1 7.2 67.80 0.00 1.42 3.51 16522.68
CsAs™ (core)o?0?0?0%0%0%m o’ o’mim? 2 134 6.2 66.05 202 4.15 6.04 4275.90
C/As™ (core)o?0?0%0%0%0%0%0°n it ot 3 203 7.0 82.56 0.00 7.76 7.31 1933.32
CgAs™ (core)0?0%0?%0%0%0%0% %m0’ o’ P 4 262 59 76.02 205 1056 9.11 1006.63
CoAs™ (core) 0020202020202 0% 0% 0% o’ 5 330 68 87.99 000 1454 10.30 621.20
CioAs™ (core)o?0?0?020%0%0%0%0%0 % o it o’ 2 6 389 59 8260 208 1755 11.60 401.95
CuAs™ (core)o?0?0?02020%0%0%0%0% 0% o’ it o Pt 7 456 6.6 91.79 0.00 2210 13.02 283.21
. . . 8 515 59 8485 212 2530 13.88 204.24
Selenium belongs to VIA group and is just nextto arsenicin g 579 65 9475 000 3031 1560 154.94
the periodic table; it can provide six valence electrons for 10 639 59 7801 214 3341 16.02 119.26
chemical bonding. The geometry of thgSe™ clusters has been 11 706 6.7 96.87 0.00 3345 18.11 94.85

assumed to be in a form of linear chain with the selenium atom

locating at one of its terminals. The calculated total energies, with even/ oddn, the difference tends to get smaller with an
vertical electron detachment energies, fragmentation energiesjncrease in carbon numbear Wang et al. considered whether
bond lengths, and other structural parameters exhibit the the high conjugativity of “evem” carbon chain results in a

alternation effect, showing that,8e™ clusters with evem are stable structure, while the “odd carbon chain does not adopt
more stable than those with odd in a reverse odd/even a conjugative structur®.
alternation fashion compared to those ofPC and GAs~ 3.3. Incremental Binding Energies and Electron Affinities.

clusters. Whenn is even, the straight (Lchains show an Listed in Table 3 are the atomization energy, incremental
alternating long-and-short pattern (between 1.25 and 1.32 A) binding energy, vertical electron detachment energies, spin
in bond length, leaving the terminaH bond fixed at alength ~ contamination, zero-point energy, dipole moment, and rotational
of about 1.276 A, similar to that of a polyacetylene-like constants for linear @s~ (n = 1—11). Taking a closer look at
structure. Whem is odd, the C-C bond lengths of the straight  the other structural parameters listed in Table 3, one can see
chain average out, similar to that of a cumulenic-like structtire.  that the rotational constant84 of C,As™ clusters decrease with

As for the C-Se bonds, although there is a long/short pattern the increasing sizen(increasing) of the clusters. The dipole
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Figure 4. Incremental binding energigsE' (kcal/mol) for linear GAs~ Figure 5. Vertical electron detachment energy (VDE) (kcal/mol) of

(n = 2—11) clusters (as shown in Table 3) vs the number of carbon ChAs™ (n = 1-11) clusters vs the number of carbon atoms.

atoms.
200

. . . —n—(1
moment of linear clusters increases with the length of the carbon 180l o EZ;

chain. It is expected since the dipole moment is a monotonic —A—(3)

function of carbon atoms. As for spin contamination, Bt L 160} | 5
values of evem triplet clusters rise with increasing number of g —%— (6)
carbon atoms, but the deviation is small. ”é 140

The incremental binding energ\E'), which is the atomi- 5

: . i £ 120f
zation energy AE,) difference of adjacent clusters, can also 2
reflect the relative stability of the anionic clusters (Tableé73). 2 100} /\
We have -

80|
AE' = AE,(C,As") — AE(C,_,As") 0o 2 12

Number of Carbon Atoms

whereAE, can be defined as the energy difference between a igyre 6. Fragmentation energies (kcal/mol) vs the number of carbon
molecule and its component atoms: atoms.

AE,=nE(C) + E(As) — E(C,As ) of fragmentation energy based on hypothetical reactions. The
energies for fragmentation as a functionrofire depicted in
As shown in Figure 4, the values &' vary according to a Figure 6. The six dissociation channels are divided into two
pattern of odd/even alternation: Whers odd, theAE, value categories; those that show the losing of small carbon particles
is large; whenn is even, theAE, is small. Because a larger C, G, and G, and those that show the losing of As, CAs, and
AE!'value implies a more stablg,&s™ structure, one can deduce C,As fragments. The corresponding dissociation channels are
that a GAs™ cluster with oddn is more stable than one with  as follows:

evenn.
It is known that the anion signal intensity in mass spectrum CAs —C, ,As +C (1)

can be related to the electron affinity energy of a molecule.
The anionic cluster with a larger electron affinity is generally CAs —C,,As +C, )
more stable. Vertical electron detachment enexyH), defined
as the energy required to remove an electron from an anion but CAs —C _,As +C; 3)
without any geometric change, can be used as another criterion
to evaluate the relative stability of anionic clusters with different CA —C, +As 4
sizes. VDE is defined as

CAs —C,_, +CAs (5)
VDE = E(neutral at optimized anion geometry) ~ _

CAs —C,_, +CAs (6)

E(optimized anion)

Figure 5 depicts the VDE values versus the number of carbon Fragmentation energy related to reaction 1 with the release of
atoms in GAs™ (n = 1—-11). There is an obvious parity effect one carbon atom exhibits distinct odd/even alternation, and the
on the VDE curve of GAs™: Oddn clusters having higher  dissociation energies of &8s~ with odd n are always larger
VDEs than evem ones. This behavior is related to the higher than those of even (Figure 6). The results are consistent with
stability of G,As™ clusters with oddn. It is also obvious in the observation that s~ with oddn are relatively stable; the
Figure 5 that with risingn, the VDE rises with respect to odd-  ejection of a single carbon atom will cause an inverse in parity
and evem CpAs™. of the clusters, and the more stable addusters require more

3.4. Dissociation ChannelDue to the existence of an arsenic energy for fragmentation than the less stable avemes. In
atom at one of the ends of the carbon chain, the possiblethe case of losing a Tfragment, there will be no change in
dissociation channels of B8s~ (n = 1-11) can be rather  parity of the parent anionic clusters, and the alternation effect
complicated. Although we do not attempt to characterize in this for reaction 2 is much less drastic than those of reactions 1 and
work the reaction pathways and transition states for fragmenta-3. The dissociation energies of reaction 3 repeat the alternation
tion, we evaluated the relative stability of the clusters in term tendency of reaction 1. Furthermore, the energy is found to be
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