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Making use of the software of molecular graphics, we designed numerous mode|Badf (h = 4—14).

We carried out geometry optimization and calculation on vibration frequency by means of the B3LYP density
functional method. After comparison of structure stability, we found that the ground-state isomeBedf C

(n = 4—14) are linear with the beryllium atom located inside thec@ain. When a side carbon chain is with

an even number of carbon atoms, it is polyacetylene-like, whereas when a side chain is with an odd number
of carbon atoms, it is cumulene-like. ThgB&*~ (n = 4—14) clusters with an even number of carbon atoms

are more stable than that with an odd number of carbon atoms, matching the peak pattern observed in accelerator
mass spectrometry (AMS) and Coulomb Explosion Imaging (CEIl) investigationsBefC(n = 4—14). The

trend of such odd/even alternation is explained based on concepts of bonding characteristics, electronic
configuration, electron detachment, and incremental binding energy.

1. Introduction shell stable dianions by means of ROMP2, CCSD, and DFT
The di f carb d d clust f It calculations

o e e o e e, 1 he S e of h elave ersly o8 (1=

_ i 4—14) aniong’! the dianionic clusters show an extreme odd/
clusters doped with a heteroatom have attracted immensegyen hehavior: the dianions with even number of carbon atoms
attention in recent years, and their ions are considered to haveyre more prominent. To explore the experimental observation
structures analogous to those of. ®y means of secondary  theoretically, we designed structural models GBE~ (n =
ionic emission or laser ionization, a series of hetero-carbon 4—14) and performed geometry Optimization and calculations
anionic GX~ clusters were generated by adding a heteroatom on vibration frequencies by means of the B3LYP density
X into the corresponding £ clusters, where X is either amain  functional method. The geometry structure, stability, electronic
group, a transition, or a nonmetal elemént.To explore the configuration, bonding character, electron detachment, and
intriguing experimental observations, theoretical investigations incremental binding energy of the dianionic clusters were

on GX~ clusters such as{Se",8 C,N~,210C,B~ 11 C P~ 12715 examined. Based on the results, we provide explanation on why
SiC,~ 1617 C,Se™ '8 RbG,~,1° CH™,2° PbG % MgC,,2%23 the GBe*™ (n = 4—14) isomers with evem are more stable
CaG,%* NaG,~,>® AIC,,~,26:27 CIC,~,28 and GAs~ 2° were than those with odeh. The outcome can serve as a guideline
conducted. for the synthesis of related materials as well as for future

Turning to dianions, several small ones are of paramount theoretical studies of carbon/beryllium binary clusters.

importance in chemistry; the most prominent examples are .
COs2~ and SQ2.2° Compared to a hetero-carbon anion thatis 2. Computational Methods

singly charged, the doubly charged one behaves very differently. During the investigation, devices for molecular graphics,

Because of the ;tropg Coulomp repulsmq induced by the aOIOIeOImolecular mechanics, and quantum chemistry were used. First,
electron, small dianions are unlikely to exist as stable gas-phase

ities. Th | I b f . tal and a three-dimensional model of a cluster was designed using
entines. There are only a small number of experimental an HyperChem for Window® on a PC/Pentium IV computer.

theoretical investigations on hetero-carbon dianion clusters. Then, the model was optimized by MMmolecular mechanics
Klein et al. observed Be€™ (n = 4—14) by accelerator mass 54 semiempirical PM3 quantum chemistry. Last, geometry
spectrometry (AMS) and Coulomb Explosion Imaging (CEI).  gptimization and calculations of vibration frequencies were
Gnaser et al. produced S (n = 6, 8, 10)** and OG?" (n conducted using the B3LYP density functional method of the
= 5—19) 33 in sputtering. Dreuw et al. carried out theoretical Gaussian 98 packatfewith 6-31G* basis sets, i.e., Becke’s
studies on SC*~ (x =1, 2,y = 4-9)3**0GC? (n = 5-8),*3 3-parameter nonlocal exchange functional with the correlation
and BeG?~ (n= 4, 6 by means of standard ab initio methods. functional of Lee-Yang—Parr.42 The single-point energy
Shi et al. conducted ab initio calculation of the repulsive calculations following the optimizations were performed using
Coulomb barrier for several geometrically stable isomers of the larger 6-31+G* basis set (i.e., B3LYP/6-311G*//B3LYP/
C,Be?~ dianions?” Trindle et al. developed a set of small open 6-31G*)*2 (It has been pointed out by Foresman et al. that
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. . Figure 5. Seven isomers of 8e*".
Figure 1. Seven isomers of Be?~.
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Figure 2. Five isomers of gBe? . Figure 6. Seven isomers of 8e*".
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Figure 3. Six isomers of GBe*". ) 5
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Figure 4. Nine isomers of ¢Be*". b-—o-o—o-o—o-H-H L S W
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geometries computed with more expensive basis sets do not
L o T T o ST S W

necessarily lead to more accurate final restfitsSince the
change of zero-point energy (ZPE) could only be affected n)
slightly by the quality of the employed methétlall energies
were calculated with ZPE correction at the B3LYP/6-31G* level.
The optimized models were again displayed using HyperChem Figure 8. Eight isomers of GBe*".
for Windows. The data of partial charges and bond orders were

(o

explored with Gaussian Natural Bond Orbital (NBO). All of """‘"‘""'"‘;}“"‘""""""’ """‘""‘""":;"""""‘"‘""
the calculations were carried out on the servers of SGI.
L O T T N e
3. Results and Discussion (c) @
3.1. Geometries and EnergiesAt the beginning of the study, e e e e e

nothing was known other than thg®&?~ (n = 4—14) formula.

i}

The assumption of a reasonable geometrical structure was the ©-6-6—0—6-6-6-6-6-6-6-6-6

initial step for the optimization of the new dianions. We © @
examined a huge number of isomers, among which are linear, g-e—¢-¢-6-6-6-6-6-6-6-6-¢
cyclic, and bicyclic, as well as three-dimensional structures. In )

this paper, those with imaginary frequencies, higher energy, andrigure 9. Eight isomers of GBe*.
large spin contamination are excluded. Shown in Figure$1l
are the isomers corresponding to local minima gBE€~ (n = geometries are linear configurations with the beryllium atom
4—14) with real vibration frequencies. Most of the models located at different positions inside the molecular chains. The
depicted here have never been reported before. In each figuremost stable ¢Be?~, CgBe?*~, and G,Be*~ structures (models
the models are arranged in the order of ascending total energy;la, 5a, and 9a, respectively) are with the beryllium atom located
light gray (bigger) balls represent carbon atoms and dark gray at the center of the chain. For the most stable isomers®éC,
(smaller) ones denote beryllium atoms. CsBe?~, and GBe?~, the beryllium atom is at the third position
Listed in Table 1 are the symmetries, electronic states, total as viewed from the left of the chain (models 2a, 3a, and 4a,
energies, and relative energies of theBE~ (n = 4—14) respectively). Models 6a, 7a, 8a, and 10a are respectively the
structures. According to the relative energies, the ground-statestructures of GBe?~, C;oB€?~, C1:B€?~, and G3Be?~ with the
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TABLE 1: Symmetries, Electronic States, Total Energies (au), and Relative Energies (kcal/mol) of Be?~ (n = 4—14)

total relative total relative
figure cluster symmetry state  energy energy figure cluster symmetry state energy energy
la CBe* Doh 3 —167.0026 0.00 7a Be? Ce 3+ —395.6066 0.00
1b CBe* Cen = —166.9712 19.75 7b Be* Cen = —395.5965 6.34
lc CBe?” Cs SA —166.9021 63.07 7c Be? Cs A —395.5443 39.13
1d CBe* Cy, B, —166.8907 70.24 7d Be* C, A, —395.5272 49.81
le CBe* Cs SA —166.8744 80.49 7e Be? Do DY —395.4969 68.87
1f C/Be?™ Cen izt —166.8079 122.18 7f GBe? Ce =t —395.4910 72.54
19 CGBe* Cy, B, —166.7788 140.46 79 Be? Cos =t —395.4166 119.23
2a GBe*~ Ce o —205.0566 0.00 8a Be* Cen o —433.6682 0.00
2b GBe?~ Cos DOn —205.0200 22.96 8b Be? Ce 83 —433.6625 3.54
2c GBe* Cs A —205.0067 31.34 8c Be* Cen o —433.6621 3.78
2d GBe*~ C,, A, —204.9986 36.41 8d Be? Cev D —433.6460 13.89
2e GBe*~ Ce D —204.9700 54.37 8e Be* Cs A —433.6363 19.99
3a GBe?~ Co = —243.2136 0.00 8f GBe? Cev 83 —433.6288 24.70
3b GBe?~ Co DX —243.1690 28.01 89 Be? Cy, A, —433.5980 44.06
3c GBe* Cs A —243.1092 65.53 8h Be* Cen D —433.5687 62.40
3d GBe?~ Deoh D —243.0846 80.92 9a @Be?” Don DY —471.7932 0.00
3e GBe?~ Cs A —243.0571 98.21 9b Be? Cev = —471.7910 1.34
3f CsBe?*~ Co =t —243.0224 119.97 9c @Be? Cov =t —471.7800 8.27
4a GBe?~ Con o —281.2715 0.00 9d oBe*” Cs A —471.7276 41.15
4b GBe?~ Co D —281.2650 4.10 9e Be*” Cs, 1A, —471.7167 47.99
4c GBe* C,, Ay —281.2456 16.28 of cBe*” Ce = —471.6903 64.55
4d GBe*~ C,, A, —281.2333 24.00 99 Be?™ Cos =t —471.6816 70.03
4e GBe*~ Ce o —281.2308 25.53 9h @Be* Ceon =t —471.6060 117.47
Af C/Be*~ C A —281.2132 36.60 10a 1GBe? Coy 83 —509.8566 0.00
4g GBe* G, A, —281.2000 44.85 10b Be* Cen o —509.8541 1.57
4h GBe* Ceop 33~ —281.1914 50.27 10c @Be? Co D —509.8492 4.65
4i C/Be? G, B —281.1314 87.91 1od Be* Ce 83 —509.8461 6.63
5a GBe*~ Do DY —319.4166 0.00 10e GBe? C, A, —509.8441 7.89
5b GBe* Cen DX —319.4087 4.97 10f GBe? Ce 83 —509.8293 17.14
5c GBe* Ce =+ —319.3594 35.89 10g GBe? Cs A —509.8292 17.24
5d GBe?~ Cs SA —319.3165 62.84 10h GBe?” Cen Do —509.8199 23.05
5e GBe?~ C,, Ay —319.3083 67.97 10i Be” Cen D —509.7521 65.63
5f CeBe?~ Ce =t —319.2939 77.01 1lla 1GBe?” Ce =t —547.9749 0.00
59 GBe* Co = —319.2234 121.25 11b GBe?™ Cen = —547.9720 1.82
6a GBe*™ Co D —357.4730 0.00 1lic GBe?™ Co izt —547.9606 8.96
6b GBe* Ce o —357.4712 1.14 11d Be* C, Ay —547.9259 30.73
6C GBe* Ce D —357.4588 8.92 11e GBe? Cs A —547.9096 40.93
6d GBe* Cs A —357.4397 20.91 11f @Be> Do % —547.8788 60.29
6e GBe?~ C,, A, —357.4377 22.18 119 Be?™ Ce I+ —547.8769 61.45
6f CoBe?~ Ce o —357.4328 25.24 11h Be> Cen = —547.8685 66.77
69 GBe* Cos D —357.3826 56.74 11i GBe?” Cos =t —547.7911 115.33

lowest energy, and the beryllium atom is located at the fifth are relatively common, for example, models 2d, 3c, 4f, 5e, 6e,
position as viewed from the left. The most stables&e?~ 7d, 8g, 9e, 10e, and 11d.
structure (model 11a) is with the beryllium atom located at the  In previous theoretical investigations on hetero-carbon mono-
seventh position. Previously, Dreuw et al. reported two minima anionic clusters, a configuration with the heteroatom located at
of C4Be?~ and one minimum of €Be?~; our results of models the terminus of a linear carbon chain is the most favorable.
la and 3a are in good agreement with théirs. However, according to our results, the linear dianion structures
Models 3e and 4i are clusters with a beryllium atom bonded with the beryllium atom located at the end of a carbon chain
to one side of a cyclic £ring. Models 1e, 4c, 4d, and 4g are are not the most stable isomers; they are in fact the second most
structures with a €ring connected to a carbon chain with the stable of GBe*~ (n = 4—6), and the total energy becomes higher
beryllium atom located either inside or at the end of the chain. with the rise in carbon number. With the beryllium atom located
Models 6d, 8e, and 10g are structures with sB€ ring inside the chain, the linear structures with an even number of
connected to a carbon chain via the Be atom. Among the carbon atoms are lower in energy.
numerous isomers, those structures with cyclic configuration ~ When isomers are similar in energy, a difference in calcula-

tion method might result in a difference in the ordering of
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Figure 10. Nine isomers of GBe*". Figure 11. Nine isomers of &Be*".
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~ 1.265 1.627 1.627 1.265
C4Be? c=—=cC Be C==C
(-0.400) (-1.261) (1.321) (-1.261) (-0.400)
_ 1.266 1.617 1621 1310 1.314
CsBe? c=—=c¢C Be C——=C—=C
(-0.366) (-1.282) (1.335) (-0.896) (-0.418) (-0.373)
_ 1.266 1.602 1.639 1.246 1.368 1.260
CeBe2 C=—=C Be——C——=C—~C=—=C
(-0.323) (-1.305) (1.364) (-0.894) (-0.055) (-0.469) (-0.319)
_ 1.267 1.598 1636 1278 1.308 1.319 1.291
C,Be? =—C Be C C C C=—=C
(-0.305) (-1.309) (1.362) (-0.815) (-0.180) (-0.052) (-0.401) (-0.300)
) 1261 1.360 1.248 1614 1614 1248 1.360 1.261
CgBe? C C C==C Be G C C C
(-0.268) (-0.473) (-0.014) (-0.946) (1.403) (-0.946) (-0.014) (-0.473) (-0.268)
1262 1.358 1.249 1.609 1613 1278 1.305 1.316 1.290
C¢Be® C=C C==C Be C C C C—=C
(-0.256) (-0.473) (-0.008) (-0.957) (1.397) (-0.858) (-0.158) (-0.035) (-0.398) (-0.255)
_ 1262 1.355 1.249 1.600 1628 1244 1352 1242 1.350 1.263
CiBe?” C==C——C=—=¢C Be C=—=C—C=—=C—C==C

(-0.233) (-0.475) (0.011) (-0.976) (1.412) (-0.833) (-0.076) (-0.180) (0.051) (-0.483) (-0.218)

1263 1.354 1250 1.597 1625 1263 1319 1.287 1.283 1.322 1.283
CyBe? G C——C==C Be C C— C=—C=—=C—=C
(-0.227) (-0.473) (0.012) (-0.976) (1.409) (-0.792) (-0.136) (-0.066) (-0.120) (-0.008) (-0.416) (-0.205)

1264 1.346 1244 1347 1245 1614 1614 1.245 1.347 1.244 1.346 1.264
CpBe? C=C— C ( C Be ( C G C——C=C
(-0.192) (-0.484) (0.067) (-0.184) (-0.053) (-0.865) (1.421) (-0.865) (-0.053) (-0.184) (0.067) (-0.484) (-0.192)

_ 1263 1351 1251 1590 1634 1254 1329 1272 1.297 1.297 1.274 1.324 1.280
Ci3Be¥ (——=C—C=—C—Be——(C——C—C—C—C—C—C—C—=C
(-0.204) (-0.474) (0.021) (-0.985) (1.415) (-0.743) (-0.130) (-0.057) (-0.081) (-0.060) (-0.129) (0.024) (-0.425) (-0.171)
: 1265 1.343 1245 1.345 1246 1604 1624 1242 1348 1242 1.337 1246 1.341 1.266
C1Be? (==cC C=—=C—C(C==C Be ——¢ C—=C—C==¢C ( C
(-0.171) (-0.484) (0.079) (-0.187) (-0.037) (-0.890) (1.426) (-0.797) (-0.078) (-0.121) (0.010) (-0.193) (0.082) (-0.479) (-0.160)
Figure 12. Bond lengths (in A), NBO charges (in parentheses), and bond orders (number of lines between two atoms) of the mosBetable C
(n = 4—14) clusters.

energy. To test the validity of the obtained DFT energy, two 1:327
different approaches, viz. CCSD(T)/6-3tG* and QCISD(T)/ ] =
6-311+G* were also applied to optimize the isomers QB . 1.314
The CCSD(T) energies for 1a, 1b, 1c, 1d, le, 1f, and 1g are
—166.5228,—-166.4979,—166.4063,-166.4021,—166.3957,
—166.3461, and-166.3001 au, respectively. The QCISD(T)
energies are-166.5240,—166.4991,—166.4240,—166.4045,
—166.3973,—166.3483, and-166.2966 au, respectively. In
both cases, the ordering of energy is the same as that of B3LYP/
6-311+G*. In the case of triplet state 8>~ (n = 4—14)
isomers, spin contaminatiod®value (before annihilation of
the contaminants) is between 2.01 and 2.10, i.e., within 5% of
the expected value of 2.0; such small deviation should not have
severe effects on our results. : - : : :

3.2. Bond Characters.Depicted in Figure 12 are the bond 4 6 8 10 12 14
lengths, NBO charges, and bond orders of the most stable Number of Carbon Atoms
CnB&*™ (n = 4-14) structures. The bonding of small linear Figyre 13. Length of the last &C bond (in A) of the most stable
carbon chains could be cumulene- or polyacetylene®fike. C.Be>~ (n = 4—14) clusters (right side of beryllium atom as viewed
According to the results of the calculations, the lengths of the in Figure 12) versus the number of carbon atoms.
first C—C bonds as viewed from the left are within 1.261
1.267 A, showing the characteristic of a triple bond. TheBg nis odd, the G-C bond lengths tend to average out, exhibiting
and Be-C bond lengths are within 1.59.627 and 1.613 some sort of cumulenic character. As for the last@bonds
1.639 A, respectively, exhibiting essentially the characteristic on the right side, there is a trend of odd/even alternation: for
of a single bond. The number of carbon atoms on the left sides oddn, the C-C lengths are within 1.2801.314 A, resembling
of the beryllium atoms are all even, and-C bond lengths cumulenic characters; for eventhe lengths are within 1.260
display typical short/long alternation, resembling that of poly- 1.266 A, corresponding to polyacetylenic characters (Figure 13).
acetylenic structures. As for the carbon chain on the right side For the most stable Be*~ (n = 4—14), largen-even @ > 4)
of the beryllium atom, there is also an alternate short-and-long andn-odd ( > 5) dianions are constructed by adding step by
pattern in G-C length (1.2421.266 and 1.3371.368 A) when step a G unit to smalln-even andh-odd prototypes, respectively,
nis even, displaying a typical polyacetylene-like character; when in a strictly linear manner. For evam the lengthened carbon

1.30 1

1.29

VWA

1.26 4

Last C-C Bond Lengths (Angstrom)
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chain consists of conjugated triple and single bonds, exhibiting TABLE 2: Valence Orbital Configurations of the Most
clear polyacetylenic character. For odgdthe lengthened side  Stable GBe?~ (n = 4-14) Clusters

chain with an odd number of carbon atoms is cumulene-like in isomers configuration
character. BeC2 (core)o®0’c’o2r*o’ort
Also, according to the results of NBO analysis, wheis BeG? (core)o?0?0?0?0*nto%nto’n?

even, the carbon chains on both sides of the beryllium atom BeG? (core)o’o’c’o?*o’o’n’o’no’nt

; : : . BeG?  (core)o?0?0%0?%0%0%0%m ot o’ m?
are clearly characterized by a series of alternate single and triple BeGy~  (core)?0?0’ s’ PPl P ot

bonds, and the dianions adopt aC—)Be(—C=C), (x = BeC?  (core)a202020202020%0? 0P i T 0?02 2

1-3, y = 1-4) structure that shows characteristics of poly- BeG@ (core)o?0?0?02020%0%02020 2w w0202
acetylene-like clusters. In other words, the two—&& bonds BeCii*~  (core)o?0’0°0°0%0%0°0°00%0* it om0 m?
are mainly single bond in character while the two terminald BeG?~  (core)a?o?0’0’0’0’0’0’0’ o’’’ n ' n'n'n o’

BeG#~  (core)o?0%02%0%0%0°%0%0%0°%0%0% 0?0’ i om0’ m?

units are triple bonds, and the linear carbon chain consists of BeGt-  (C0re)0?0202020202020202 0202020 o st oo

conjugated triple and single bonds. For addhe carbon chains

on the left of the beryllium atom are also characterized as (n = 4—14) clusters. The electronic configurations are sum-
polyacetylene-like whereas the carbon chains on the right-handmarized as

side are showing cumulene-like character of a whole series of

double bonds. (core)V?..17%..(n + 2)02(D)Jt4 n=even
According to the NBO charges shown in Figure 12, the 2

majority of positive charge (in the range of 1.321L.426) is n4+ 1

located on the beryllium atom. There is also a sort of large/ (core)¥?...17"...(n + 2)02(T)n2 n= odd

small alternation with odd/evem the positive charges on the

beryllium atom of evemisomers are slightly larger than those  The dianionic GBe>~ (n = 4—14) clusters possessn(4+ 4)

of oddn (except for GB&*), and the level of the positive charge  valance electrons, among which ar@ Z electrons. The

increases with a rise in the number of carbon atoms. The outermost doubly degenerateorbitals of linear GBe*~ clusters

negative charge is distributed among the carbon atoms, withwith evenn are fully occupied =+ electronic state); for odd,

the two carbon atoms bonded to beryllium atom showing higher they are half-filled =~ electronic state). The HOMO with fully

levels of charging. filled 7 orbitals is always energetically more stable than that
The structure with the heteroatom located at the end of the with a half-filled electron shell.

carbon chain is favored in energy for many hetero-carbon  The ground-state {Be? (n = 4—14) alternates betweé "

monoanionic clusters. As for neutral hetero-carbon clusters, (evenn) and®<~ (odd n) electron states. This arises from the

Chuchev et al. studied 8 and GB; clusters by means of the  fact that all MOs withz-symmetry are doubly degenerate. The

B3LYP method and found that some isomers with a boron atom addition of an extra carbon atom would result in having two

at the third position are ground-state structufeklein et al. more electrons included in the-system. These electrons are

suggested two possible structures for th8€~ clusters; they accommodated in a-orbital, resulting in a triplet state. When

considered the configuration of having a beryllium atom located N is even, the number of alpha and beta electrons in the singlet

at the end of the carbon chain (model 5c) could be more stableState are equal, whereas wherns odd, the number of alpha

than the “V-shape” structure of having two side linearcBains electrons in the triplet state is larger (by 2) than that of the beta

joined to the beryllium atom at an angtel00°. The reason eIectrons_. The effects of different parity suggest t_hat the grou_nd

given is that conjugation and charge separation are both greatestates with evem are more stable. The general idea is that it

in the former cas@! According to our NBO charge calculation ~ réduires more energy to remove an electron from a closed-shell

on model 5c, despite conjugation being larger in the linear configuration (i.e., at even) than from an open-shell config-

structure, the beryllium atom is less able (compared to any of Uration (i.e., at odd). o

the carbon atoms) in stabilizing any extra charge (even as small_ 3-4- Electron Detachment Energy and Electron Affinities.

as—0.024), and the majority of negative charge is in fact located The amount of energy involved in the removal of an electron

in the carbon chain, and hence charge separation should bd™©m @ dianion, i.e., the electron detachment energy (EDE,
relatively smaller. adiabatic) can be obtained by computing the difference of the

The st f f Coulomb Isi f 2 doublv ch d total energies of the optimized monoanionic and dianionic
' he strong force ot L.oulomp repuision ot a doubly charged . qiag (i.e.Emonoanion— Edianion- When an EDE of higher value
anion would either enhance the emission of an electron or

he d . f th lecular f Ki has to be applied for the removal of an electron from a dianion,
promote t € epomposmon of the molecular framewor IO the dianion is more stable with respect to electron autodetach-
two monoanionic fragmen.According to the NBO charges

h A he ch ; li > ment. Electron affinity (EA, adiabatic) is computed as the energy
shown in Figure 12, the charges of beryllium atoms are positive jitterence between the optimized neutral and anionic clusters

(1.3_21—1.4_26), and dividing the comugaﬂon system into two (i.€., Eneurai— Emonoanio). A higher electron affinity would imply
sections with a Be atom could obviously reduce the Coulomb h4¢ more energy is released when an electron is added to the
repulsion force of the negative charges. The separated conjuganeyral molecule, and the generation of the respective monoanion
tion systems could each accommodate negative charge for bette[s more readily done. Generally speaking, a corresponding
electronic stability. Hence, the interior beryllium atom plays - monoanionic cluster larger in electron affinity is more stable.
an important role of separating the two negative charges. With | isted in Table 3 are the electron detachment energy (EDE),
the reduction in Coulomb repulsion, the dianionic structures with gjectron affinities (EA), atomization energpE.), and incre-
the beryllium atom located inside the carbon chain are more mental binding energyAE") for the most stable Be?~ (n =
stable than those with the beryllium atom located at the end of 4—14). Figure 14 depicts the EDE and EA values of the most
the carbon chain. stable GBe?>~ (n = 4—14) dianions and the corresponding
3.3. Electronic Configuration. Shown in Table 2 are the  monoanions, respectively, versus the number of carbon atoms.
configurations of the valence orbital of the most stahiBe&~ The EDE curve of the dianions shows a pattern of mild
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Figure 15. Incremental binding energieSE' (kcal/mol) of the most
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4—14) anions and the corresponding monoanions, respectively (asthe number of carbon atoms.

shown in Table 3), versus the number of carbon atoms.

TABLE 3: Electron Detachment Energy EDE (au), Electron
Affinities EA (au), Atomization Energy AE, (au), and
Incremental Binding Energy AE' (au) of the Most Stable
CnB€&™ (n = 4-14)

clusters EDE EA AEa AE'
C,Be?” —0.00609 0.2062 0.9025

CsBe?~ 0.0097 0.10237 1.0993 0.1968
CeBe?~ 0.01291 0.20507 1.3991 0.2998
C/Be*~ 0.03315 0.1144 1.5998 0.2007
CgBe?~ 0.03087 0.20137 1.8877 0.2879
CoBe?~ 0.04858 0.14059 2.0869 0.1992
CioBe?” 0.04649 0.20021 2.3633 0.2764
C1.Be*” 0.06191 0.13577 2.5677 0.2044
CiBe?” 0.05915 0.19939 2.8355 0.2678
C1Be*~ 0.07223 0.14231 3.0417 0.2063
CrBe?~ 0.06926 0.19935 3.3028 0.2610

alternation, indicating that the dianions are having similar
resistance against electron autodetachment. Compared to th
EDE curve, the EA curve is more drastic in alternation: EA of
evenn clusters are noticeably higher than those of-odzhes.
The monoanions that resulted in the fragmentation of even-
dianions are hence more stable than those generated in th
decomposition of odardianions. The overall results of electron
detachment with due consideration to the EA and EDE values
suggest that the evanC,Be?~ clusters are more stable than
the oddn C,B€e*~ clusters.

3.5. Incremental Binding Energies.The incremental binding
energy AE"), which is the atomization energE,) difference
of adjacent clusters, can also reflect the relative stability of the
anionic clusters (Table 3J.It is expressed as

AE' = AE(C,B€") — AE(C,_,B€")

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

AE, = nE(C) + E(Be) — E(C,B€”")

As shown in Figure 15, the values AE' vary according to
a pattern of odd/even alternation: Wharis even, theAE,
value is big; whem is odd, theAE, is small. Because a larger
AE' value implies a more stable,Be?~ structure, one can
deduce that a (Be?~ cluster with evemn is more stable than
one with oddn. Such an odd/even alternate pattern of electron
affinity and incremental binding energy is consistent with the

experimental observation of Klein et#The missing of oddt
peaks or products in experimental studies can be explained by
a combined consideration of the overall behaviors of electron
detachment (EA and EDE) and the incremental binding energies
of the dianionic clusters. Since the electron affinities of the
corresponding monoanionic clusters and the incremental binding
energies of the dianionic clusters are obviously low whes

odd, compared to the evenelusters, the oddrones are less
stable and more susceptible to fragmentation.

4. Conclusions

The ground-state structures off&?~ (n = 4—14) are linear
with the beryllium atom located inside the, Chain. For the
side chains with an even number of carbon atoms, the bond
lengths and bond orders suggest a polyacetylene-like structure,
whereas for the side chains with an odd number of carbon atoms,
the data suggest a cumulenic-like arrangement. The dianionic
RQlusters with “every” are more stable than those with “odd-
n". The trend of odd/even alternation can be explained according
to the variation of bonding character, electronic configuration,
electron detachment, and incremental binding energy. The results

%f calculation are in good agreement with the relative intensity

of the GBe*~ (n = 4—14) species observed in experimental
studies.
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