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Abstract

We designed numerous models of C,Ns~ (n=1-13) using molecular graphics software. Geometry optimization and calculation of vibration
frequency were carried out by means of the B3LYP density functional approach. After comparison of structure stability, we found that the ground-
state structure of CNs~ shows a N4CN chain configuration whereas those of C, N5~ (n=2-13) contain a planar pentagonal ring compose of nitrogen
and carbon atoms when n < 8, and of carbon atoms only when 9 < n. For odd-n ground-state isomers with 1 <n <9, one carbon atom of the ring
is bonded to a nitrogen atom and the other carbon atom(s) are bonded to a cyano (-CN) group. When # is even and with 2 <n < 10, all the carbon
atom(s) within the ring are bonded to a cyano group. When n=11-13, one of the carbon atoms of the ring is bonded to a straight NC,—, NC3—
and NC,— chain, respectively, while the other carbon atoms of the ring are each bonded to a cyano group. The NC,— and NC,— chains show
cumulenic-like structures whereas the NC;— chain shows polyacetylene-like structure. According to total energies, the C,Ns~ with even n are more
stable than those with odd n, matching the peak patterns observed in the mass spectra of C,N5~. The trend of such odd/even alternation can be

explained based on concepts of bonding characters, energy differences, electron affinities, and incremental binding energies.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Binary cluster anion; C,N5~; Nitrogen-doped cluster; Density functional study

1. Introduction

The discovery of strange carbon compounds and clusters has
opened up research fields of new magnitude. Carbon clusters
containing nitrogen have been detected in celestial bodies [1-3],
and recent results of experimental and theoretical investigations
on binary clusters prompted further enthusiasm. In the search
of new materials, scientists have worked on nitrides of various
types. It was reported that carbon/nitrogen binary clusters can
be generated by means of unconventional methods such as laser
ablation [4-6]. According to the theoretical prediction of Niu et
al., crystalline 3-C3 Ny is comparable to diamond in hardness [4].
To understand the nature of these cluster-assembled substances
that differ greatly in properties, scientists have been conducting
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examinations on the geometric structures and ground-state elec-
tronics of the materials. Recently, there have been reports on
the theoretical investigations of nitrogen-doped carbon clusters.
Using the HF method, Wang et al. carried out calculations on
linear C,,N~ and showed that the odd-n isomers are much more
stable than the even-n ones, in good agreement with the experi-
mental results [7]. Zhan and Iwata reported the ground states of
C,N™ (n=1-13) after conducting a series of ab initio calcula-
tions [8]. Pascoli and Lavendy described the linear structures of
C,N~ (n=1-7) based on the results of density functional cal-
culations and reported that the ground-state isomers are linear
in structure [9]. Tittle et al. analyzed C5N; clusters by adopting
the density functional method [10]. Armstrong et al. did cal-
culations on the ionization energies of CN; isomers at the G1
and G2 levels [11]. Chuchev and Belbruno conducted B3LYP
density functional calculations on structures of CgN, C¢N», and
C, N> and made prediction on the most stable isomers [12—14].
BelBruno investigated the structures and energies of C3Ny4 by
ab initio calculation [15], and those of carbon/nitrogen clus-
ters with up to 12 atoms by density functional calculations [16].
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Jiang et al. carried out density functional study on structures and
stabilities of C,N>™ (n=1-14) ions [17]. Tang et al. studied the
structures and energies of cyclic C,,N5~ (n=1-6) clusters by
means of B3LYP/6-31G* calculations [18]. Recently, we per-
formed density functional studies on the structures and energies
of C,N3™ (n=1-8) [19], and Lord et al. investigated the struc-
tures and energetics of the pentacyanocyclopentadienyl (PCCP)
system by means of DFT methods [20].

Despite the various works that have been done on nitrogen-
doped carbon clusters, our understanding of these materials is
still limited. In the time-of-flight mass spectra of C,N,,~ [5],
C, N5~ exhibited even/odd alternation in signal intensity: signal
intensities of anionic clusters with even n are generally higher
than those with odd n. To explore these experimental observa-
tions theoretically, we designed numerous structural models of
C,Ns5~ (n=1-13), and performed geometry optimization and
calculations on vibration frequencies by means of the B3LYP
density functional method. The stabilities, geometry structures,
bonding characters, energy differences, electron affinities, and
incremental binding energies of the clusters have been inves-
tigated. Based on the results, we provide insights into why the
C,Ns5~ (n=1-13) isomers with even n are more stable than those
with odd n.

2. Computational methods

Devices for molecular graphics, molecular mechanics, and
quantum chemistry were used for the investigation. First, a three-
dimensional model of a cluster was designed using HyperChem
for Windows [21] and Desktop Molecular Modeler for Win-
dows [22] on a PC/Pentium IV computer. Then, the model was
optimized by MM+ molecular mechanics and semi-empirical
PM3 quantum chemistry. Last, geometry optimization and cal-
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culations of vibration frequencies were conducted using the
B3LYP density functional method of Gaussian 98 package [23]
with 6-311G* basis sets, i.e., Becke’s three-parameter non-
local exchange functional with the correlation functional of
Lee et al. [24-26]. The single point energy calculations fol-
lowing the optimizations were performed by using the larger
6-311+G* basis set, including diffuse functions (i.e., B3LYP/6-
311+G*//B3LYP/6-311G*) [27]. All energies were calculated
with zero point energy (ZPE) correction [28]. 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 C,N5~ (n=1-13) formula. The assumption of a reason-
able geometrical structure was the initial step for the optimiza-
tion of the new clusters. First we examined a large number of
possible models which are reasonable in chemical understand-
ings, among which are linear, cyclic, and bicyclic, as well as
three-dimensional structures. After a number of trial optimiza-
tions, the results are summarized and models with imaginary
vibration frequencies and/or of higher energies are discarded;
those configurations are not considered as initial models. Shown
in Figs. 1-13 are the isomers corresponding to local minima
of C,N5~ (n=1-13) with both singlet and triplet forms opti-
mized. We only include here the stable isomers with real vibra-
tion frequencies and those with imaginary frequencies and of
higher energies are excluded. In the case of triplet-state C, N5~
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Fig. 1. Eight isomers of CN5 ™.
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Fig. 2. Six isomers of CoN5 ™.
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Fig. 3. Ten isomers of C3N5~.
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Fig. 4. Ten isomers of C4Ns~.
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Fig. 5. Ten isomers of CsNs~.
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Fig. 6. Fourteen isomers of C¢N5 ™.
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(n=1-13) isomers, spin contamination (%) value (before anni-
hilation of the contaminants) is between 2.01 and 2.08, i.e.,
within 4% of the expected value of 2.0; such slight deviation
should not have a large effect on our results. In each figure, the
models are arranged in the order of ascending total energy; light-
gray balls represent carbon atoms and dark-gray ones denote
nitrogen atoms. Many of the models depicted in this paper have

never been reported before. The calculated structures are pre-
sented in Figs. 1-13.

Listed in Table 1 are the symmetries, total energies, electronic
states, and relative energies of the C,,N5~ (n=1-13) structures
shown in Figs. 1-13. Model la shows a chain configuration
with a terminal —CN unit. Model 1b (7.22 kcal/mol higher than
Model 1a in energy) is a structure with a nitrogen atom bonded
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Fig. 7. Eleven isomers of C7Ns~.
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Fig. 8. Eleven isomers of CgNs~.
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Fig. 9. Ten isomers of CoN5~.
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Fig. 10. Eight isomers of C1oNs~.

to the carbon atom of a pentagonal N4C ring. The data so far
indicate that with n=2-8, the C,N5~ anions of lowest energy
contain a planar pentagonal ring composes of nitrogen and car-
bon atoms, and each carbon atom in the ring is bonded to either

(h)

a cyano (—CN) group or a nitrogen atom. Model 2a displays a
structure with a cyano group bonded to the carbon atom of the
CNy ring. Model 3a is a C3N5~ structure with the two carbon
atoms of the C,Nj3 ring bonded to a nitrogen atom and a cyano
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Fig. 11. Seven isomers of C;;N5~.
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Fig. 12. Eleven isomers of C1aNs5~.

group, respectively. Model 4a is with each of the carbon atoms
of the C,N3 ring bonded to a cyano group, whereas Model 5a
is with one carbon atom of the C3N» ring bonded to a nitrogen
atom and each of the other two carbon atoms bonded to a cyano
group. Model 6a is similar to Model 5a in structure, only that
each of the three carbon atoms of the C3Nj ring is decorated
with a cyano group. Model 7a is with the carbon atoms of the
C4N ring bonded to a nitrogen atom and three cyano groups,
respectively. Model 8a is with each of the four carbon atoms of
the C4N ring bonded to a cyano group. With n=9-13, the ring
of the most stable isomers is composed of carbon atoms only.
Model 9a is with one carbon atom of the Cs ring bonded to a
nitrogen atom and each of the other carbon atoms bonded to a
cyano group. Model 10a is with each of the carbon atoms of the
Cs ring bonded to a cyano group. As for C;;N5—, Model 11a
shows a planar Cg ring with five of the carbon atoms bonded
to a cyano group, whereas Model 11b shows a Cs ring with
four of the carbon atoms bonded to a cyano group and the fifth
carbon atom bonded to a NC,— chain. Model 11b is the sec-
ond most stable; it is beat by Model 11a by 3.26 kcal/mol. In
view of such a small difference in relative energy, we consider
that Model 11b is also a candidate of ground-state C;1N5~ and
have it adopted in Fig. 14. In Models 12a and 13a, the Cs ring
has four carbon atoms bonded to a cyano group and the fifth
carbon atom decorated with a NC3— and NCy4— chain, respec-
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tively. Tang et al. investigated the structures and energies of
cyclic Co,N5~ (n=1-6) clusters by means of B3LYP/6-31G*
calculations. Our results of ground-state C,N5~ withn=2,4, 6,
8, 10, 12 are in good agreement with the results of Tang et al.
[18].

In the case of having isomers close in energy, the methods
adopted for theoretical calculation could have an effect on the
ordering of energy. In order to confirm that it is not the case in
our studies, we performed CCSD(T)/6-311G* computation on
CN5 ™ as well; the energies for 1a, 1b, 1c, 1d, le, 1f, 1g,and lh are
—311.0913, —311.0879, —311.0373, —311.0244, —311.0204,
—311.0120, —311.0044, and —311.9890 a.u., respectively. The
energy trend is the same as that obtained in B3LYP/6-311+G*
calculations.

After the study of a great number of models, including those
of Figs. 1-13, it is apparent that “having a nitrogen atom at a
terminal position” is preferred for stable clusters regardless of
geometry (whether it is branch, chain or cyclic), and such config-
uration is crucial to the stability of clusters. The relative energy
of the isomers for a particular cluster increases as the number
of terminal nitrogen atoms decreases. For the clusters with a
small number of carbon atoms (i.e., 1 <n<?9), the pentagonal
rings are composed of nitrogen and carbon atoms are popular.
An isomer with an N-N bond inside its structure is generally
poor in stability. For example, the C,N5~ (n=2-8) structures
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Fig. 13. Eight isomers of C13Ns~.
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Table 1
Symmetries, electronic states, total energies (a.u.), and relative energies (kcal/mol) of C;N5~ (n=1-13) isomers
Figure Cluster Symmetry State Total energy Relative Figure Cluster Symmetry State Total energy Relative
energy energy
Fig. la CNs~ Cs A —311.8591 0.00 Fig. 7e C7Ns5~ Cay 3A,  —540.5420 6.21
Fig. 1b CNs~ Coy 3A, —311.8476 7.22 Fig. 7f C7N5~ Coy 3A, —540.5202 19.89
Fig. lc CNs~ Cs A —311.8093 31.25 Fig. 7g C7Ns5~ Cay 3A,  —540.5182 21.15
Fig. 1d CNs~ C, A —311.7916 42.36 Fig. 7h C7Ns~ Cs A —540.5179 21.34
Fig. le CNs~ Cs A —311.7882 44.49 Fig. 7i C7Ns5~ Cs A/ —540.5005 3225
Fig. If CNs~ Cay A, 3117721 54.59 Fig. 7j C7Ns~ Cs LA/ —540.4543 61.24
Fig. 1g CNs~ Cs A —311.7677 57.35 Fig. 7k C7Ns5~ Cay 3A,  —540.3886 102.47
Fig. 1h CNs~ Cay A, —311.7490 69.09 Fig. 8a CgNs~ Cay A —578.7388 0.00
Fig. 2a CNs~ Gy A —350.0431 0.00 Fig. 8b CgNs~ Cay TA —578.7013 23.53
Fig. 2b CNs~ Gy N —350.0181 15.69 Fig. 8¢ CgNs~ Cay A —578.6916 29.62
Fig. 2¢ CNs~ Gy Ay —349.8921 94.75 Fig. 8d CgNs~ Cay TA —578.6663 45.49
Fig. 2d CoNs~™  Cyy N —349.8860 98.58 Fig. 8¢ CgNs~ Cay A —578.6272 70.03
Fig. 2e CNs~ Gy 3B, —349.8838 99.96 Fig. 8f CgNs~ Cay 3B, —578.6037 84.78
Fig. 2f CNs~ Gy N —349.8427 125.75 Fig. 8g CgNs~ Cay 3B, —578.5939 90.93
Fig. 3a CNs~ G 3A” —388.0975 0.00 Fig. 8h CgNs~ Cay 3B, —578.5732 103.92
Fig. 3b CNs~™  Cay A, —388.0890 5.33 Fig. 8i CgNs~ Cay A, —578.5631 110.25
Fig. 3¢ CNs~ G 3A” —388.0798 11.11 Fig. 8] CgNs~ Cay A —578.5459 121.05
Fig. 3d CNs~ G A7 —388.0754 13.87 Fig. 8k CgNs~ Cay A —578.4118 205.20
Fig. 3e C3Ns~  Cyy 3A, —388.0593 23.97 Fig. 9a CoN5~ Cay 3A, —616.7677 0.00
Fig. 3f CNs~ G A7 —388.0490 30.43 Fig. 9b CoNs~ Cay A, —616.7303 23.44
Fig. 3g CNs~ G 3A” —388.0303 42.16 Fig. 9¢ CoNs~ Cay 3A,  —616.7288 24.42
Fig. 3h CiNs~ Gy A, —387.9449 95.76 Fig. 9d CoNs~ Cay N —616.7136 33.91
Fig. 3i CNs~ Gy Ay —387.8594 149.41 Fig. 9¢ CoNs~ Cay A —616.6724 59.77
Fig. 3 C3Ns~ G A7 —387.8454 158.20 Fig. 9f CoNs~ Cay A, —616.6184 80.78
Fig. 4a C4N5~  Cyy N —426.2911 0.00 Fig. 9g CyN5~ Coy 1A —616.6168 81.84
Fig. 4b C4Ns~ G A —426.2859 3.26 Fig. 9h CoNs~ Cay A, —616.6013 91.53
Fig. 4c CiNs~ Gy Ay —426.2851 3.77 Fig. 9i CoNs~ Cay A, —616.5523 122.28
Fig. 4d C4Ns~  Cyy 1A, —426.2706 12.86 Fig. 9j CoNs~ Cay 3B, —616.4499 186.55
Fig. 4e C4Ns~ G A —426.2514 24.91 Fig. 10a  CjoNs~  Cyy TA; —654.9527 0.00
Fig. 4f C4Ns—  Cypy TA, —426.2098 51.02 Fig. 10b  CioNs~  Cay A —654.8599 58.22
Fig. 4¢g C4N5~  Cyy 3B, —426.1780 70.97 Fig. 10c  CjoN5s~  Cyy 3B, —654.8341 74.422
Fig. 4h C4Ns~ G A7 —426.1423 93.37 Fig. 10d  CioNs~  Cyy TAy —654.7852 105.21
Fig. 4i C4N5~  Cyy 3B, —426.1172 109.12 Fig. 106 CjoN5s~  Cyy 1A, —654.7579 122.21
Fig. 4 C4N5~  Cyy 3B, —426.1086 114.52 Fig. 10f  CioNs~  Cyy TAy —654.7527 125.46
Fig. 5a CsNs~ Gy 3A;  —464.3344 0.00 Fig. 10g  CpNs~  Cay TA —654.7257 142.46
Fig. 5b CsNs~  Cyy A, —4643122 13.93 Fig. 10h  CioNs~  Cs 3A/ —654.6833 169.02
Fig. 5¢ CsNs~ G A —464.3106 14.93 Fig. 1la  C; N5~  Cy 1A, —692.9761 0.00
Fig. 5d CsNs~— G A7 —464.2982 2272 Fig. 11b  C;Ns~  Cyy A, —692.9709 3.26
Fig. 5e CsNs~ ’B —464.2816 33.13 Fig. 1lc ~ C; N5~ Cy TA; —692.9261 31.37
Fig. 5f CsNs~ G A7 —464.2701 40.35 Fig. 11d  C;Ns~  Cyy A, —692.8832 58.31
Fig. 5g CsNs~  Cyy 3A, —464.2622 45.31 Fig. 1le  C; N5~  Cy N —692.8427 83.71
Fig. 5h CsNs~  Cay 3A,  —464.2498 53.09 Fig. 11f  Cy; N5~  Cyy 3A; —692.8225 96.38
Fig. 5i CsNs™  Cay TA; —464.2261 67.96 Fig. 1lg  C;Ns—  Cyy A, —692.8022 109.12
Fig. 5j CsNs~ G 3A” —464.1878 91.99 Fig. 122 CpoNs~  Cay TA —731.1181 0.00
Fig. 6a CgNs~  Cay N —502.5266 0.00 Fig. 12b Cp;pNs™  Cyy 1A —731.0688 30.94
Fig. 6b C¢Ns~  Cay N —502.5006 16.32 Fig. 12c  CppNs~  Cay 1A —731.0277 56.73
Fig. 6¢ CeNs~ G A —502.4526 46.44 Fig. 12d  Cp;pNs™  Cyy TA; —731.0219 60.37
Fig. 6d CeNs~  Cay N —502.3948 82.71 Fig. 122 Cpp2Ns~  Cay A —730.9956 76.87
Fig. 6e CeNs~  Cay 3N —502.3829 90.17 Fig. 12f  C;pNs™  Cyy TA; —730.9708 92.43
Fig. 6f C¢Ns~  Cay N —502.3802 91.87 Fig. 122 CppNs~  Cay 3A; —730.9595 99.52
Fig. 6g CeNs~ G A —502.3744 95.51 Fig. 12h  Cp;pNs™  Cyy TA; —730.9537 103.16
Fig. 6h CeNs~  Cay 3B, —502.3667 100.34 Fig. 12i  CppNs—  Cay A —730.9206 123.93
Fig. 6i CgNs~  Cay N —502.3525 109.25 Fig. 12 CipNs~™  Cay 3B, —730.8905 142.82
Fig. 6j CeNs~  Cay 1A —502.3437 114.77 Fig. 12k  CppNs~—  Cay 1A —730.7065 258.28
Fig.6k  CgNs~  Cay 3B, —502.3298 123.49 Fig. 132 C;3Ns~  Cyy A, —769.1564 0.00
Fig. 61 CeNs~  Cay 1A —502.3160 132.15 Fig. 13b  C;3Ns~—  Cay TA —769.1402 10.17
Fig.6m  C¢Ns~  Cs 3A”7 —502.2921 147.15 Fig. 13¢  C;3sNs~  Cyy TA —769.1350 13.43
Fig. 6n C¢Ns~  Cay 3A —502.1636 227.79 Fig. 13d  C;3Ns~  Cay 3A,  —769.1010 34.76
Fig. 7a CiNs~ G A7 —540.5519 0.00 Fig. 13e  Ci;3Ns~  Cyy A —769.0937 39.34
Fig. 7b CiNs~ G A7 —540.5509 0.63 Fig. 13f  Ci;3Ns~  Cay A —769.0427 71.35
Fig. 7c CiNs~™  Cay N —540.5508 0.69 Fig. 13g  Ci;3Ns~  Cyy A, —769.0318 78.35
Fig. 7d CNs~  C —540.5439 5.02 Fig. 13h  Ci;3N5~  Cay 3B, —769.0089 92.56
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Fig. 14. Bond lengths (in A) and NBO charges distributions (in parentheses) of the most stable C,Ns~ (n=1-13).
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with the nitrogen atoms within the pentagonal rings having “sep-
arated” nitrogen atom(s) are lower in energy. The isomers with
“shared-edge” cyclic structures are generally high in energy, for
example, those of Models 3i, 3j, 41, 5e, 6j, 6k, 7j, 8k, 9i, 9j, 12j,
12k, 13g, and 13h.

Both nitrogen and phosphorus are Group VA elements; an
atom of the two elements can offer five valence electrons for
chemical bonding. Comparing C,N™ [9] and C,N,>~ [17] to
C,P™ [29] and C,P>™ [30,31], respectively, one can detect
similarities in structure characteristics: (i) the locations of
doped atom(s), (ii) the energies, and (iii) the odd/even alternate
behaviors of the straight C,, chains. When the number of doped
atoms is three, the binary clusters differ in geometry. The
ground-state structures of C,P3~ are straight carbon chains
with a P>C ring located at one end and a phosphorus atom
at the other, and there is this alternate behavior of even-n
clusters being more stable than odd-n clusters [32]. For the
C,N3~ (n=3-8) clusters, the ground-state isomers show three
branches, each with a nitrogen atom located at the end. When
n=5-8, the longest branch of C,N3~ is polyacetylene-like.
When n=>5 or 7, the longest branch is connected to the central
sp2 carbon in a non-linear fashion [19]. When the number of
doped atoms is five, the binary clusters also show different
geometric configurations. The ground-state structures of C,,P5™
(n=1-7) are straight carbon chains with a P4C ring located at
one end and a phosphorus atom at the other [33].

3.2. Bonding characters

Depicted in Fig. 14 are the bond lengths and NBO charges of
the most stable C,,N5~ (n=1-13) structures. The C-N distance
measured experimentally is 1.153 A in hydrogen cyanide (proto-
typical C=N triple bond), 1.209 A in isocyanic acid (prototypical
C=N double bond), and 1.376 A in formamide (prototypical
C-N single bond) [9,27]. As revealed in Fig. 14, with bond
lengths within the 1.157—1.159 A range, the C-N bonds of cyano
groups bonded to carbon atoms of the pentagonal rings are triple
bonds; the bond lengths of the exocyclic C—C bonds (within
the 1.405-1.441 A range) are between that of single and double
C—C bonds. The N-N bonds of the pentagonal rings have bond
lengths of 1.321-1.337 A, intermediate to the generally accepted
lengths of single (1.450 A) and double (1.250 A) N-N bonds of
similar bonding environments. The bond lengths of C—N in the
ring structures are in the range of 1.338-1.384 A, that is between
that of single and double C—N bond.

According to our NBO charge calculations, the atomic charge
of any of the pentagonal rings in Fig. 14 varies from —0.58 to
—0.88, and the rest of the negative charge of C, N5~ is residing
on the cyano group(s). In other words, the majority of the nega-
tive charge of the isomers is located within the rings. Tang et al.
carried out B3LYP/6-31G* calculations on C;,N5~ (n=1-6)
clusters and found that the atomic charges within the rings
obtained from Mulliken population analysis vary from —0.74
to 0.38 [18]. It is apparent that the Mulliken population anal-
ysis using such basis set without diffuse function could result
in unreasonable charge values within the rings of the Cp,,N5™
(n=1-6) anions.

For the ground-state isomers of C,N5~ (n=2, 4, 6, 8), both
carbon and nitrogen atoms of the pentagonal rings are sp’
hybridized and each nitrogen atom has a pair of dangling elec-
trons. The p,-orbital electrons of the atoms of the ring and the
delocalized electron of the anion form a system of 6 electrons.
In other words, there is a system of 61 electrons on a planar five-
membered ring, analogous to that of the aromatic cyclopentadi-
enyl anion. Furthermore, the triple bond of the cyano group(s)
can conjugate with the  bond of the ring, resulting in better sta-
bility of the species. Lord et al. calculated electron affinities (EA)
of pentacyanocyclopentadienyl by means of B3LYP, BLYP, and
BP86 methods with DZP++ basis set. They interpreted that the
large EA values are a result of stabilization induced by aro-
maticity, m-system delocalization, and the electron-withdrawing
effect of the five cyano groups [20].

For C,N5~ (n=3, 5, 7, 9), the ground-state structures of
bonding characters can be considered to be similar to those of
C,N5~ (n=4, 6, 8, 10), respectively. The differences are one
carbon atom in the five-membered ring is bonded to a nitrogen
atom (not to a cyano group), and the C—N bond lengths are with
length of 1.300-1.323 A, characteristic of that between single
and double bond. The p,-electrons of the ring atoms and the
delocalized electron of the anion form a system of 61 electrons,
the cyclic structure with 4m+2 (m=1) m electrons show aro-
matic character. The triple bond of the cyano group(s) and the
nitrogen atom bonded to the ring can conjugate to the delocal-
ized w bonding, resulting in a reduction in total energy.

In the straight NC3— branch of ground-state C12Ns5~, the
terminal C-N bond length is 1.162 A, displaying the charac-
teristic of triple bond, and the C—C bond lengths show obvious
short/long alternation, reflecting some sort of polyacetylenic-
like character. As for the NC,— and NC4— branch of ground-state
C11N5~ (Model 11b) and C13N5~ (Model 13a), respectively, the
terminal C—N bonds with lengths of 1.180—1.198 A and the C—C
bonds of the chains tend to average out in length, exhibiting some
sort of cuamulenic-like character. In the hexagonal ring of Model
11a, the carbon atoms are sp” hybridized and the one without a
cyano group shows a pair of dangling electrons. The p,-orbital
(perpendicular to the hexagonal plane) electrons of the ring and
the delocalized electron of the anion form a system of 6 elec-
trons, and the triple bonds of the five cyano groups conjugate
with the  bond of the ring, and the electron-withdrawing effect
of the five cyano groups, causing a reduction in total energy.

Shown in Fig. 15 are the schematic 7 molecular orbitals of 3D
isosurface of ground-state CsNs~ and C¢Ns5 ™. The p,-orbitals
of the atoms in the structures overlap to form delocalized w
bonding, the cyano group and nitrogen atom bonded to the ring
conjugate with the delocalized  bonding of the ring, resulting
in a reduction in total energy. The other ground-state models of
C,Ns~ display orbital of similar nature.

The electron states of ground-state C,N5~ with odd and even
number of carbon atoms are different; it is singlet for even n, and
triplet for odd n. When 7 is odd, the number of alpha electrons
in the triplet-state is larger than that of the beta electrons by 2,
whereas when 7 is even, the numbers of alpha and beta electrons
in the singlet state are the same. The effects of difference in parity
suggest that the ground states with n even are more stable: it



M.D. Chen et al. / International Journal of Mass Spectrometry 261 (2007) 57-67 65

Fig. 15. Schematic diagrams of 7 molecular orbitals of 3D isosurface of ground-state CsN5~ and CgN5~.

requires more energy to remove an electron from a closed-shell
configuration (n even) than that from an open-shell configuration
(n odd).

3.3. Energy differences

Listed in Table 2 are the energy difference, electron affinity,
atomization energy, and incremental binding energy with zero
point energy correction for ground-state C,N5~ (n=1-13). To
evaluate the relative stability of the clusters of different sizes, the
energy difference AE, = (E(C,N5™) — E(C,—1N57)), which is
defined as the difference between the total energies of the adja-
cent clusters, is calculated. Displayed in Fig. 16 is the variation
of energy difference (AE},) of the most stable C,N5~ (n=1-13)
against the number of carbon atoms, i.e., AE, is displayed as
a function of n. According to the characteristic odd/even alter-
ation, the clusters with even n are with AE, lower than those
of the adjacent clusters with odd n. The observations reiterate
that the clusters with even n are more stable than those with
odd n.

3.4. Electron affinities

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 a neutral
molecule, and the production of the corresponding anion is more

Table 2

Energy difference (AE,) (a.u.), electron affinity (EA) (kcal/mol), atomization
energy (AE,) (a.u.), and incremental binding energy (AE") (a.u.) with zero point
energy correction for the most stable C,N5~ (n=1-13)

Figure Cluster AE, EA AE, AE!
Fig. la CNs~ 63.38 0.9982

Fig. 2a CoNs~ —38.1840 101.72 1.3249 0.3267
Fig. 3a C3Ns~ —38.0544 83.08 1.5221 0.1972
Fig. 4a C4Ns~ —38.1936 127.64 1.8584 0.3363
Fig. 5a CsNs~ —38.0433 87.10 2.0444 0.1860
Fig. 6a CeNs~ —38.1922 116.40 2.3794 0.3350
Fig. 7a C7Ns~ —38.0253 94.69 2.5474 0.1680
Fig. 8a CgNs~ —38.1869 121.23 2.8770 0.3296
Fig. 9a CoNs~ —38.0289 98.33 3.0487 0.1717
Fig. 10a CioNs~ —38.1850 126.57 3.3764 0.3277
Fig. 11a C1iNs~ —38.0234 106.78 3.5423 0.1659
Fig. 12a CiaNs™ —38.1420 123.86 3.8270 0.2847
Fig. 13a C13Ns~ —38.0383 105.50 4.0080 0.1810

-38.00 -
-38.02 - .
-38.04 -
-38.06 -
-38.08 -
-38.10 4
-38.12 1
-38.14 -
-38.16 -
-38.18 1
-38.20

AE, (a.u)

Number of Carbon Atoms

Fig. 16. Variation of energy differences AE, (a.u.) of the most stable C,,N5~
(n=1-13) clusters (as shown in Table 2) vs. number of carbon atoms.

readily accomplished. The anionic cluster with a larger electron
affinity is generally more stable. Electron affinity (EA) can be
used as another means for the evaluation of the relative stability
of anionic clusters with different sizes.

Fig. 17 depicts the EA values versus the number of carbon
atoms in the most stable Cy,Ns5~ (n=1-13) clusters. There is a
parity effect on the EA curve of C,,N5~: the EA of even-n clusters
are in general higher than those of odd-n ones. This behavior
reflects the higher stability of the even-n C, N5~ clusters.

130

2 WAV

90 +

EA (Kcal/mol)
3 3
1 N 1

(o]
o
1 n

0 2 4 6 8 10 12 14
Number of Carbon Atom

Fig. 17. Curve of electron affinity (EA) (kcal/mol) of the most stable C, N5~
(n=1-13) clusters (as shown in Table 2) vs. the number of carbon atoms.
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Fig. 18. Incremental binding energy AE! (a.u.) of the most stable C,N5~
(n=1-13) clusters (as shown in Table 2) vs. the number of carbon atoms.

3.5. Incremental binding energies

The incremental binding energy (AE') which is the atom-
ization energies (AE,) difference of adjacent clusters can also
reflect the relative stability of the anionic clusters (Table 2) [29].
We have

AE" = AE,(C,N5™) — AE4(C,—1N57)

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

AE, =nE(C)+5EN) — E(C,N57)

As showed in Fig. 18, the values of AE! vary according to a
pattern of odd/even alternation: when n is even, the AE,, value
is large; when n is odd, the AE,, is small. Because a larger AE!
value implies a more stable C,N5~ structure, one can deduce
that a C,N5~ (n=1-13) cluster with even n is more stable than
that with odd n.

Such odd-even alternate pattern of energy differences, elec-
tron affinities, and incremental binding energy is consistent with
the experimental observation of Tang et al. [S]. The missing of
odd-n peaks or products in experimental studies can be explained
by a combined consideration of the overall behaviors of elec-
tron affinities (EA) and the incremental binding energies of the
anionic clusters. Since the electron affinities and the incremental
binding energies of the anionic clusters are obviously low when
nis odd, compared to the even-z clusters, the odd-n ones are less
stable and decompose more readily.

4. Conclusions

The ground-state structures of C,N5~ (n=2-13) contain a
planar pentagonal ring of nitrogen and/or carbon atoms. When
1 <n <10, one carbon atom in the pentagon ring is bonded to a
nitrogen atom when »n is odd, when n is even, each carbon atom
of the ring is bonded to a cyano group. With n=11-13, a carbon
atom of the pentagon is bonded to a straight carbon chain with
a nitrogen atom located at the end, and the chain exhibits poly-
acetylene character when n is even, and cumulenic character

when n is odd. The C,N5~ (n=1-13) with an even number
of carbon atoms are more stable than those with odd numbers.
The trend of odd/even alternation in stability can be explained
according to the variation in bonding characters, energy dif-
ferences, electron affinities, and incremental binding energies.
The results of the calculation are in good agreement with
the phenomena observed in experimental mass spectrometric
studies.
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