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Abstract

Geometrical and electronic properties of \; (m = 1-14) positively and negatively charged clusters have been investigated by hybrid
B3LYP functional at the respective 6-311G(d) and 6-BE&Kd) levels. Our results revealed that i, (m = 2—-14) cationic ions and fN,
(m = 6-14) anions form linear conformer with, [y symmetry except for GN,™ cationic ion whereas N, (m = 1-5) anions form
chain-like arrangements. Two N atoms favor to bond at ends in linear and chain-like configurations. Both calculated HOMO-LUMO gaps
and adiabatic ionization potentials showed that th&l&(m = 1-14) clusters with evemnare more stable than those with atdThe second
difference in energy for EN,* (m = 1-14) ions revealed that the cationic ions with emeare more stable than those with oadwhich
is consistent with the observed cationic even—odd alternation of the TOF signal intensities. The relative stability of anions is in opposition to
that of cationic clusters.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction interpreting the anionic geometries. Hence, it is of interest
to carry on an investigation in the carbon—nitrogen ions. Cao

Recently, a great deal attention has been paid to study ofand Peyerimhoff10] and Lee[12] successively reported a
carbon nitride (CN) film since this material is, theoretically, study of NGN* and NGN™ ions with density functional
harder than diamonf,2]. In an ultrahigh vacuum environ-  theory (DFT). Pascoli and Lavend¥3] investigated ¢;N—
ment, carbon nitride film§3,4] can be obtained by carbon— anions with B3LYP, MP2, MP4, QCISD(T) and CCSD(T)
nitrogen cluster depositions. Since the cluster-assembledand drew a conclusion: (1) the B3LYP predictions appear
materials may have uncommon properties, information reliable not only for the geometries and vibrational frequen-
about the geometric structure and electronic ground statecies but also for the energies for small and medium-sized
of these clusters is of primary importance. Up to now the heteroatom-containing carbon clusters, (2) MP2 calcula-
structure and electronic state of neutrg|\G;, (m = 2-10, tions appear to be insufficiently accurate for the energies
n = 1-2) clusters have been theoretically well understood of anionic carbon clusters under the influence of the high
[5-8]. There are a number of well-known experimental pro- spin contamination of the HF reference wave function in
cedures[9-11] for producing carbon-nitrogen clusters in the MP2 method. No systematic study of geometries and
the laboratory. In some variations of these mass spectrometrelative stabilities has been reported fo; I ions.
ric techniques, the clusters were observed in ionic forms. On  In this work, we systematically carried out density func-
the other hand, it is well known that the loss or acceptance tional calculations on N2 ions of up to 16 atoms. DFT
of an electron would introduce significant structural distor- methods have been shown to provide good accuracy at rel-
tions to corresponding neutral clusters. The structures of atively low computational cost. The charged-induced struc-
neutral clusters are therefore expected to be less reliable intural changes in these ions will be discussed.

The rest of the paper is organized as followsShkttion 2
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These minimized cationic and neutral structures were fi- Ny - N
nally optimized with B3LYP/6-311G(d) method. The anions / 146.31 (d)
) o 1.267 1.180
were finally optimized at the B3LYP/6-33G(d) level. 1.1 1'33\13;} el
Harmonic vibrational frequencies were calculated at the ’
final level to characterize the stationary points as minima or Fig. 1. Minimum energy structures of anionic clusters (a—d).

transition state structures on the potential energy surfaces

of corresponding clusters. All of the obtained most sta- form chain-like configurations. Two N atoms favor to bond

ble charged and neutral, @I, clusters were characterized at ends in linear and chain-like structures.

as energy minima without imaginary frequencies. Partial

charges were given with Mulliken atomic charges. The first 3.1, Geometry

ionization potentials and electron affinities of varioysNG

clusters were calculated with adiabatic approximation. All 3.1.1. CN,

calculations were carried out using the Gaussian’98 pro-  Armstrong et al.[5] investigated three different neutral

gram[14] on Dell Precision 650 workstations. and cationic isomers at B3LYP/6-31G(2df) level. We sup-
port their predictions that the lowest-energy neutralo,CN

_ _ molecule is a N-C-N (R, 325) conformer. A linear

3. Results and discussion N-N—C (Cyv, 3%) is 1.29eV less stable. Their difference

in energy and energy ordering are quite similar to previous

For G, clusters withn = 3-10, ab initio calculations  5iculation (1.26 e\[5]) on neutral molecule.

[15,16]predicted linear structures for odand cyclic forms Their energy ordering is changed in the cationic configu-
for evenn, and there is experimental evidence for both lin- | ation The linear N=C—N (Rp) is slightly higher in energy.
ear and ring geometri¢$7,18] Larger clusters form mono- 522 av than the N-N—C (C,) conformer. The N—N anc,i
cyclic or bicyclic rings[19], and many with: > 28 giverise  \_c pond lengths for N-N—C cationic ion are 1.165 and
to fullerene structuref20]. These geometries indicate that 1 o3- A, respectively. Their energy difference is also quite
C atoms tend to attain small atomic coordination (hybridiza- analogous to the previous result (0.25Y). For all other
tion with sp or sp character mainly) forming few strong  mempers of this series, those linear isomers having terminal
bonds at small clusters while an even number of atoms with nitrogen atoms are the lowest energy configuration.

large atomic coordination lead to multiple bonds and the  the energy ordering of two linear structures is preserved
formation of the fullerenes, nanotubes, onions (multishell i, the anion. The linear N—C—N (D) is more stable than
spherical concentric fullerenes) in the larger clusters. On the y,5t inear N=N—-C (Gv) by 2.02eV.

other hand, previous work§,21-23]have revealed that the

substitution of two C atoms by two N atoms does not es- - N N

sentially modify the original carbon cluster structure in C 2) P= P9~ MJ (b)
clusters, and the neutral and singly charged carbon clusters

with one or two heteroatoms prefer linear or cyclic confor-

mations withn < 20. Hence, the calculated geometries of N “N W—Mﬂ (d
CuN2 (m = 1-14) singly charged ions should prefer chain (c)

or cyclic forms. The current effort was mainly focused on
searching for the minimum energy configuration in chain

}f
and cyclic forms and studying structural distortions upon © ‘__‘»J— M‘ )

charging. %
The minimum energy geometric sketches gf\G; anions N _

are shown inFig. 1L The energetically low-lying geomet- 3_3 - JJ .

ric ions are given irFig. 2 The minimum energy structures (@ N2 ‘g N )

of C,,N2 (m = 2-14) cationic and N2 (m = 6-14) an- - ““‘ "JJ“

ionic clusters form !inear arrangements Witbopsymm_e”y Fig. 2. Energetically low-lying isomers of /N, cationic and anionic
except for GiNoT ion whereas N, (m = 1-5) anions clusters (a—h).
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3.1.2. CNy lengths), respectively. An isomer {C&A”) [similar to 2(b)]
C2N3 has a linear N—-C—C—N (D, 123) minimum en- is the third most stable state, lying 1.31 eV higher in energy

ergy with de—c = 1.3751A anddc— = 1.1551A. The  above the lowest energy state.

differences in calculated bond lengths and experimental val-

ues[24] are smaller than 0.6% and there exists a systematic3.1.4. CaN2

trend in the remaining small errors. Botschw|aa] studied Smith et al.[27] produced N-C-C-C-C-N, N-C-C-C-
NCCN molecule with MP2, CCSD, CEPA-1 and CCST(T) N-C and C-N-C—C-N-C isomers in an argon matrix and
methods, and their bond lengths are closer to experimentalmeasured their vibrational frequencies. The lowest energy
data[24] than ours. Two linear N~-C-N—-C (&, 1=) and C4N3z isomer (N-C-C-C-C-N, Dy) is the linear arrange-
C—N—N—-C (Dh, lgar) isomers are 1.04 and 3.10eV less Mment of nuclei in thé- 7 electronic state. Our calculations
stable above minimum energy, respective|y_ indicate the existence of three linear energetically Iow-lying

The energy ordering is partially changed in the cationic isomers except the minimum energy. The linear structures
ion. The linear N~C—C—N (Rp) is most favorable confor- ~ N-C—-C—C-N-C (G, %), C-N-C-C-N-C (R, ')
mation. The linear N~C—N—C with an imaginary bending and C—-C-C-N-C-N (Gy, '%) are 1.07, 2.22 and 2.60eV
mode frequency lies at 0.94 eV higher in energy. Its bend- higher in energy relative to the minimum energy, respec-
ing mode frequency shows a tendency of trying to vibrate tively.
the middle carbon atom along radial direction and leads to  Lee[12] and Cao and Peyerimhdft0] have successively
a bent chain 2(a), which locates at 0.62 eV less stable aboveinvestigated the NgN™ ion with DFT. The linear NGN*
the minimum energy. was predicted to be the most stable form, which is consis-

The linear N-C—C—N (R, configuration is a transition ~ tent with our results. The strongest vibrational banadof
state with an imaginary bending mode frequency in anionic linear NGN* was predicted to be 2133.3 cth A compar-
state. Its bending mode frequency shows a tendency of condson of calculated and experimental frequency (2010tm
trarily vibrating two carbon atoms along transverse direction [29]) shows a good agreement if the calculated value is
and results in a bent chain 1(a), which is lowest energy statescaled by factor 0.957. The linear isomers N-C-C—-C-N-C
(Con, 2By). Their difference in energy is 0.02 eV. Anisomer (Coov), C-N-C-C—N-C (xn) and C-C—-C-N-C-N (&v)
[quite similar to 2(a)] is the third most stable state, locating are 0.69, 1.51 and 1.70eV higher, respectively, in energy

at 1.09 eV higher in energy above the lowest energy state. above the linear N-C—C—C—-C-N R, *Tly).
The linear N-C-C—-C-C-N (D) is a transition state

3.1.3. C3N2 with an imaginary bending mode frequency in anionic state.
Blanksby et al[26] has experimentally and theoretically Its bending mode frequency reveals that two carbon atoms
investigated neutral, cationic and anionigNZ clusters. contrarily vibrate along transverse direction and conduces to

We support their predictions that the lowest-energy neu- a bent chain 1(c), which is lowest energy stat@h(@Ag).

tral, cationic and anionic configurations are linear, linear Their difference in energy is 0.02eV. A new isomer 2(c)

and bent chain, respectively. Linear neutral conformer (Cpy, °B>) is the third most stable state, lying at 1.01 eV

N—-C—-C-C—-N (Rop, 325) is energetically most favorable. higher in energy above the lowest energy state.

Two bent chains & (*A1) [quite similar to 1(b)] and €

(BA") [quite similar to 2(b)] locate at 0.80 and 1.24eV 3.1.5. CsN»

above the minimum energy, respectively. Linear NGN (Doon) molecule[7,8,27,28]was predicted
The energy ordering is partially changed in the cationic to be lowest energy structure. We support their conclusions

ion. The linear N-C—C-N-C with an imaginary bend- that the neutral N, has a linear NgN minimum energy

ing mode frequency locates 0.48eV higher in energy. Its (Dooh, 3Xg). This is followed by a bent NEN (Cay, B1)

bending mode frequency makes linear conformer bent and[quite similar to 2(d)], which is 0.16 eV higher in energy.

conduces to a bent chain 2(b)(GA’), which is 0.47 eV The next isomer in the energy ordering, at 0.79 eV above the

less stable above the linear N—C—C—C—N.(P 2I1y). minimum energy, is found to be aE(*A1) configuration,

A comparison of our bond lengths and previous calcula- which is derived from capping a carbon atom between two

tions (B3LYP/6-31G-(d) [26]) shows their differences are middle C atoms in N-C—C-C—C—-N molecule.

0.6% (N-C) and 0.4% (C-C) for NI (Do) cationic The energy ordering is partially changed in the cationic

conformer, respectively. state. A bent chain [quite similar to 2(d)] lies at 0.16 eV
The linear N-C-C—C-N (Rp) isomer is a transition higher in energy above the lowest state JNQ D). The

state with an imaginary bending mode frequency in an- linear NGNC (Cy) becomes more stable and locates at

ionic state. Its bending mode frequency results in a bent 0.66 eV higher in energy.

chain 1(b), which is lowest energy statex(C?B;). Their The energy ordering is changed in the anion. In terms of

difference in energy is 0.20eV. There are no experimental energetic behavior, the most favorable anionic configuration

bond lengths and angles available. The differences in ouris bent chain NgN (Cs) 1(d). The linear NGN (Doon) and

geometric parameters and calculations (B3LYP/6-316) bent chain 2(d) locate at 0.011 and 0.014 eV, respectively.

[26]) are smaller than 0.8% (bond angles) and 0.9% (bond They are nearly degenerate.
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3.1.6. CeNy
Chuchev and BelBrun{8] performed density functional
calculations (B3LYP/cc-pVTZ) on §N» molecule and pre-

dicted the minimum energy geometry to be linear structure.

We support their conclusions that the linear §NC(Dqoh,

Z.-Y. Jiang et al./International Journal of Mass Spectrometry 230 (2003) 33-39

The linear isomers NENC (Cov, 12) and CNGNC (Dyoh,
123) are 1.10 and 2.24 eV higher in energy, respectively.
The energy ordering is preserved in the cationic ion. The
linear NGNC (Cyy) and CNGNC (Dyoh) are 0.82 and
1.67 eV higher in energy relative to the linear §iG respec-

123) is the most favorable state. There are three energeti-tively. Agreiter[30] produced NGN™ cationic cluster, but

cally low-lying linear species except the minimum energy.
The linear species NSBIC (Cooy, 1), CNCNC (Dooh,
154) and GNCsN (Coy, ') locate at 1.10, 2.23 and
2.60eV higher in energy relative to the minimum energy,
respectively.

Lee [12] studied the GN>* and GN2™ cationic ions
with BLYP method and the lineardBl,™ was predicted to
be the most favorable form, which is consistent with our
results. The strongest vibrational bangof linear NGN*
was predicted to be 2194.4crh A comparison of calcu-
lated frequency and experimental observation (2093:8'cm

[30]) clearly indicates an excellent agreement if the calcu-

no experimental bond lengths and vibrational frequencies
were reported. Our bond lengths and vibrational frequencies
should be useful for future experimental investigations.

The energy ordering is partially changed in the anion. The
most favorable anionic conformer is also linear formdNIC
(Dooh). A branched form (&, 2Bp) [similar to 2(e)] and
a bent chain (g 2A’) [similar to 2(f)] locate at 1.12 and
1.40eV, respectively.

3.1.9. CgNo
The singlet state energy is 0.64 eV higher above the triplet
state for linear NGN molecule. A bent chain N§N (Cyy,

lated value is scaled by the same factor (0.957). The linear3B1) [similar to 2(d)] and a linear N§NC (Cuy, 3X) locate

isomers NGNC (Cyv) and CNGNC (Do) locate at 0.76

at0.27 and 1.15eV higher, respectively, above the minimum

and 1.57 eV higher, respectively, in energy relative to the energy.

minimum energy.
The energy ordering is partially changed in the anionic

The energy ordering is preserved in the cationic state.
The bent chain NgN (Cyy) and linear NGNC (C..y) locate

state. The most favorable anionic conformation is also linear 0.25 and 0.82 eV higher, respectively, above the minimum

(Dooh) form. The branched form 2(e) and bent chain 2(f) lo-

energy.

cate at 1.06 and 1.37 eV, respectively. The charged-induced The energy ordering is also preserved in the anionic state.
structural relaxation appears to be small for this anion so The linear form NGN (Do) is most favorable conformer.
that the neutral and anionic conformers have the same form.A bent chain NGN (Cyy) [similar to 2(d)] and linear NgNC

This cluster size is a watershed in structural rearrangement(C..y) lie 0.30 and 1.43 eV higher, respectively, above the

upon charging in N2 clusters. The structural changes in-

minimum energy.

duced by charging are small when cluster size is greater than

number 7.

3.1.7. CiNp

The difference in singlet and triplet states of linearNC
molecule is 0.71 eV and the triplet state (B, 325) is most
favorable in energy. This is followed by a branched form
(Cs, 1A, lying at 1.06 eV, which is derived from capping a

3.1.10. C1oN2
The singlet state of linear N@N molecule is more stable
than its triplet states by 1.88 eV. Similar tg> molecule,
two linear NGNC (Cooy, 'E) and CNGNC (Dooh, *£§)
species are 1.12 and 2.26 eV higher in energy, respectively.
The energy ordering is preserved in the cationic state. Sim-
ilar to CgNy cluster, the linear N6NC (Cyy) and CNGNC

C atom between 3rd and 4th atoms in N-C—C—C—C—-C—-C—N (Do) are 0.87 and 1.74 eV higher in energy relative to the

structure. A linear NGNC (Coy, 1X) is 1.16 eV higher in
energy.

The energy ordering is partially changed in the cationic
ion. The bent chain N-C—C—C—-C—-C—-C—C-N,(&\") [sim-
ilar to 2(d)] and linear NgGNC (C.y) locate at 0.02 and
0.76 eV higher in energy relative to the linear NC(Doh),
respectively.

The energy ordering is partially changed in the anionic
state. The most favorable structure is also linear formyNIC
(Dosoh). A branched form (g, 2B1) [similar to 2(e)] and
a bent chain N—-C—C—C—C—-C—C—-N-Cs(€A") [similar to
2(f)] locate at 0.87 and 1.44 eV, respectively.

3.1.8. CgN\y
The linear N@N is the most stable and its triplet state

linear NGoN (Doon), respectively.

The energy ordering is partially changed in the anion. The
most favorable isomer gN2~ is also linear form NGN
(Dooh)- Similar to GN> anion, a branched form £) [sim-
ilar to 2(e)] and a linear N6NC (C.) locate at 1.20 and
1.40eV higher in energy, respectively.

3.1.11. C11Np
The singlet state energy is 0.59 eV higher above the triplet
state for linear NN molecule. Similar to @N»> molecule,
a bent chain Ng&N (Coy, 3B1) locates 0.28 eV higher in en-
ergy above minimum energy. This followed by a linear iso-
mer NCoNC (Coov, 3), which is 1.15 eV higher in energy.
The energy ordering is preserved in the cationic state.
Similar to GN> cluster, the bent chain NgN (Cy,) and

energy is 2.15eV higher above the singlet state. There arelinear NG oNC (Cy) locate 0.26 and 0.87 eV higher above

two low-lying linear species except the minimum energy.

the linear NG1N (Dooh) cationic state, respectively.
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The energy ordering is partially changed in the anionic
species. The chain N@N (Cpy, 2B,) is a little bent and the
most favorable conformer. The bent chain N (C,,) and
a branched form (&, 2B1) [similar to 2(e)] lie 0.32 and
1.12 eV higher in energy.

3.1.12. C1oNp
The linear structure NGN is the most stable and its

triplet state energy is 1.68 eV higher above the singlet state.

Similar to the GoN2 molecule, the linear NGNC (Coov,
1¥) and a planar &, (*A1) ring are 1.12 and 1.72 eV higher
in energy, respectively. This is first time that a cyclic struc-

37

are 1.36 and 1.38 eV higher in energy relative to the linear
NC14N (Doon), respectively.

3.2. Sructural relaxation

In CN2 (Dooh) molecule, the carbon atom bears positive
charge (0.298), and each of nitrogen atoms has negative
charge ¢0.146). However, both carbon and each of ni-
trogen atoms hold the same sign of electric charge (€ 0.6
and N 0.4, respectively) in CN (Doon) cationic configura-
tion. Removal of an electron on ionization results in elec-
trostatic interaction inversion from attraction to repulsion.

ture appears as one of the energetically lowest three isomersThe electrostatic interaction inversion accounts for the in-

in this series. For pure carbon, Clusters, the geometric
change from chain to ring was observed arounrd 10[15].
However, similar change appears around= 12 [22] in
SibC,, clusters. This change has not appeared up te 14
in C,,N> clusters.

The energy ordering is partially changed in the cationic
ion. Similar to GgN> cluster, the linear NGNC (C.oy) and
CNC1oNC (Doon) are 0.90 and 1.82eV higher in energy
relative to the linear NGN (Doon), respectively.

The energy ordering is partially changed in the anion. The
most favorable isomer GN>~ is also linear form N@N
(Dooh)- Similar to GgN2 anion, a branched form [similar
to 2(e)] and the linear NENC (C.y) locate at 1.30 and
1.47 eV, respectively.

3.1.13. Ci3N2

The singlet state energy is 0.55 eV higher above the triplet

state for linear NgsN molecule. This is followed by a bent
chained NG3N (C,y, 3B1) isomer, which is 0.21 eV higher
in energy. The third is a linear isomer NMNC (Coov, °%),
being 1.15eV higher in energy.

The energy ordering is preserved in the cationic state.

Similar to G 1N> cluster, the bent chain N@N (Cy) and
linear NG 2NC (Cyy) isomers lie 0.20 and 0.90 eV higher,
respectively, above the linear N§N (Doopn) cationic cluster.

The energy ordering is partially changed in the anion. The
linear form NG3N (Dson) is most favorable anion. A bent
chain NG3N (Cyy) and the ring-like form (G, 2B1) 2(g) lie
0.26 and 1.31eV higher, respectively, above the minimum
energy.

3.1.14. Cy4N>

The difference in singlet and triplet state of linear NS
molecule is 1.54 eV. A linear NGNC (Cov, 1%) and a pla-
nar Gy (YA1) structures [quite similar to 2(h)] are 1.13 and
2.21 eV higher, respectively, in energy above the minimum
energy.

The energy ordering is preserved in the cationic state.

The linear NG3NC (Cy) and planar G, (?A1) ring 2(h)

crease of C—N bond length in the cationic state. kiN&
molecule, changes induced by ionization are quite notice-
able. The structural changes involve a decrease of the C-C
distance and an increase of the N-C distance to similar ex-
tents. They result from removing an electron from the high-
est occupied orbital (HOMO) with antibonding (C-C) and
bonding (C—N) characters. In odd-numbes,G1N2 (Dooh)
molecules except for C) removal of an electron on ion-
ization gives rise to decrease of all C—C bond lengths and
decrease in total sum of bond lengths ig,C1N2 (Dooh)
cationic ions. In even-numberzN2 (Doon) molecules ex-
cept for GNo, removal of an electron on ionization results in
increment of C—N bond lengths. Total decrease of C—C bond
lengths is greater than sum of C—C and C-N bond-length
increment. This explains the decrease in total sum of bond
lengths in G,;N2 (Doon) cationic ions.

In NCN™ (Dsoh) anion, the carbon atom bears positive
charge (0.1d), and each of nitrogen atoms has negative
charge £0.57). The repulsive electrostatic force between
N and N atoms is greater than attractive electrostatic inter-
action between N and C atoms. Hence, the C—N bond length
increases upon affinity. The geometries eNz~, C3N> ™,
C4N2~ and GN2~ for doublet states are all planar conform-
ers, but they deviate more largely from the linear structures.
Their bent forms result from second order Jahn-Teller effect
[13]. The geometries of N2>~ (m > 5) for doublet states
are all linear species. The C—N bond lengths of g/Ng~
(5 < m < 14) increase upon charging. The sum of C-C and
C-N bond-length increments is greater than total decrease
of C—C bond lengths. This can account for the increase in
total sum of bond lengths in£; N2 (Doon) anions.

3.3. Relative stability

We have adopted HOMO-LUMO gaps to explore the rel-
ative stability of the neutral clusters. The HOMO-LUMO
gaps are plotted iRig. 3(a). It is clear that the gap values are
larger as evemn and lower as odan, which indicates that
those G,N2 neutral clusters corresponding to evenare

are 0.93 and 1.84 eV higher in energy relative to the linear more stable. The large adiabatic ionization potential (AIP)

NC14N (Doon), respectively.
The energy ordering is partially changed in the anion. A
linear NG 3NC (Cooy) and a branched form [similar to 2(e)]

of the corresponding neutral cluster is another indication of
the stability of the clusters. The calculated AIP values of
C.u N2 are shown irFig. 3(b). The AIP values hold the same
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Fig. 3. (a) HOMO-LUMO gaps van. (b) Adiabatic ionization potential
vs. m.
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Fig. 5. Second difference in energy for cationic ions ws.

We define the energy variation in the formulaRs(E,,) =
En+1+ En—1— 2E,,, which is the second difference in en-
ergy for cationic ions. Hence, we obtain the curves shown in
Fig. 5corresponding to the energy variations in the formula
asm. It is evident that thé,(E,,) is larger as evem and
lower as oddmin Fig. 5, which suggests that thosg, 8,
cationic species corresponding to everare more stable.
Hence, it can be excellent to explain whyMNG ™ and GN,*

in TOF mass spectrid 1] are more stable. ThBy(E,,) for
cationic ions have a flattening trend with increasing number
of total atoms, indicating that their stability appears a weak
even-odd alternation with increasing cluster size.

trend as energy gaps. Both AIP and energy gap values tend3 4. General discussion

to decrease with increasing number of total atoms. They re-

veal that the neutral N> clusters are more instable with in-

creasing cluster size, so this may be the reason why the larger

neutral G,N> clusters have not been observed until now.
The larger electron affinity of the corresponding cluster is
another indication of the stability of the anions. The electron
affinities are larger as oduh and lower as evemin Fig. 4,
which shows that those, N>~ anions corresponding to odd
m are more stable. The electron affinities have a flattening

tendency with increasing cluster size, suggesting that their

even—odd alternation of stability becomes more and more
weaker with increasing cluster size.

To test the relative stabilities of ,AN>T cationic ions
further, the following energy variation of reactions is con-
sidered:

2(C;uN2) — C,11N2 + G, —1N2

44 m
> - [ ]
G w;
= \
® 24
c
S M
S
D 14
1]
T | T | T | T | T I T I T |
0 2 4 6 8 10 12 14
m

Fig. 4. Adiabatic electron affinities ven.

The stability alternation and the variation of spin state for
neutral NG,N clusters are a result of the number of avail-
able valence electrons. The electronic structure of neutral
C,,N2 cluster is similar to that of (> cluster with poly-
acetylene structure. (N> cluster has a total(# + 2) + 2
valence electrons and thugn2 + 2) w electrons will be

left to fill the 2(m + 2) = orbitals. As shown if21], for
C,N2 with odd size 2 + 2 = 2k + 1), all 2k = bonding
orbitals are filled up by @ + 2) = 4k + 2 electrons and
the remaining two electrons just fill in the 2 non-bonding
orbitals. Thew orbitals are doubly degenerate. Since each
orbital can be occupied by two electrons, two non-bonding
orbitals (HOMO) are just half-filled. However, for,M>

with even size ¢ + 2 = 2k), all 2(m + 2) = 4k electrons

fill in 2k bonding orbitals and the HOMO is fully filled.
Therefore, G, N> with even size will be much more sta-
ble than those with odd size. Similar effect has been ob-
served in linear carbon clusters with one or two heteroatoms
[22].

For G,N2 with odd size, there are two non-bonding or-
bitals occupied by two electrons, in which electrons occupy
degenerate states with a maximum number of unpaired elec-
trons (Hund’s rules). Hence, the,Bl> clusters with odd
size have triplet minimum energy. However, foy, I8, with
even size iy + 2 = 2k), all 2(m + 2) = 4k electrons fill in
2k bonding orbitals and the HOMO is fully filled. There is
no unpaired electron in bonding orbitals, so they have sin-
glet minimum energy. For singly charged, N, ions, they
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all have doublet minimum energy because there is only one [6] J.J. Belbruno, Z.C. Tang, R. Smith, S. Hobday, Mol. Phys. 99 (2001)

unpaired electron in the highest occupied orbital.

4. Conclusions

CuN2 (m = 2-14) cationic and N> (m = 6-14) an-
ionic clusters form linear structures with.fp symmetry
except GiN,T cationic ion whereas (N, (m = 1-5) an-
ionic species form chain-like structure. Two N atoms fa-
vor to bond at ends in linear and chain-like conformer. The
structural relaxation upon affinity becomes small when the
number of total atoms is greater than 7. Both calculated
HOMO-LUMO gaps and ionization potentials show that the
C.N2 (m = 1-14) neutral clusters with evemare more sta-
ble than those with odth. The second difference in energy
reveals that the N (m = 1-14) cationic ions with evem
are more stable than those with ooid which is consistent
with the observed even—odd alternation of the TOF signal
intensities. The cationic stability appears a weak even—odd
alternation with increasing cluster size. Our calculations in-
dicate neutral and ionic /N> clusters are more instable
with increasing cluster size.

Supplementary Information
Total electronic energies, the lowest vibrational frequen-

cies, the strongest vibrational band, and bond lengths of the

most stable configurations are included in Supplementary
Information.
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