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With unrestricted B3LYP and CAM-B3LYP calculations, we have investigated the linear HC,N* (n=2-14)
clusters focusing on the ground-state geometries, vibrational frequencies, rotational constants, dipole
moments, energy differences (AE,), and incremental binding energies (AE'). The results indicate that
the odd-numbered HC,,N* clusters have polyacetylene-like structures with significant single-triple bond
length alternation, while the even-numbered analogues exhibit some sort of cumulenic character, with
the former being more stable than the latter. The CASPT2/cc-pVTZ approach has been employed to

ﬁ?’e‘/::ﬁg N* (n=2-14) estimate the vertical excitation energies for the dipole-allowed (2, 3)?TT < X?I1 and dipole-forbidden
B3LYP " 12® « X211 transitions in HC,N* (n=5-14) clusters. The predicted excitation energies of 22IT « X?I1
CASPT2 transitions for HC,N* (n=5-13) clusters are 2.27, 2.33, 2.04, 2.02, 1.84, 1.76, 1.62, 1.58, and 1.49eV,

respectively, in good agreement with the available observed values (2.12, 2.17, 1.84, 1.89, 1.61, 1.66,
1.42,1.49, and 1.27eV). In addition, the higher electronic transitions of HC,N* (n=5-14) are also calcu-
lated. We expect that calculations for 32IT < X2IT transitions in odd-n clusters are able to contribute to
further experimental and theoretical researches because of their relatively higher oscillator strengths.
Finally, in the paper are discussed the possible dissociation channels and corresponding fragmentation
energies of HC,N* clusters.

Incremental binding energy
Vertical excitation energy

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Carbonaceous molecules are reported to be widely present in
interstellar [1] and circumstellar media. For recent several decades,
these molecules have received considerable attention for their
important roles in the formation of stars, protoplanetary disks,
planetesimals, and in the study of the origin of life [2-5]. Most
of these molecules are carbon chain clusters, including pure car-
bon clusters (Cy, Cs, etc.) [6] and substituted carbon clusters (CgH,
HCgN, C3S, etc.) [1,7-9]. Carbon clusters with general formula
of C;H;,, (m<n) were also found to be existent in hydrocarbon
flames and other soot-forming systems [10]. They were thought
to be intermediates for many chemical reactions [6]. Spectro-
scopic characterization of carbon chains and their ions has been
greatly motivated by a general interest in understanding the elec-
tronic structures and properties owing to their significance in
astrophysics [11], combustion [12], cosmic chemistry, molecular
electronics, and material science [13].

Among these carbon clusters, For one thing, cyanopoly-
acetylenes are quite interesting due to their unusual abundance and
astrophysical importance in interstellar medium. For another, most
of the polyatomic molecules in rich interstellar and circumstellar

* Corresponding author. Tel.: +86 378 3881589; fax: +86 378 3881589.
E-mail address: zhangjinglai@henu.edu.cn (J. Zhang).

1387-3806/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijms.2011.08.025

sources to date are carbon chains with alternating single and triple
bonds [14,15]. As a result, cyanopolyacetylenes HCy,,+1 N, with the
existence of H-(C=C),-C=N, are well-studied molecules in the
laboratory and in interstellar space. Chains up to HC;1N have
been detected in rich astronomical sources [16]. And later the lin-
ear HCy5N and HC;7N have also been detected in the laboratory
by Fourier transform microwave spectroscopy [14]. We find the
same case in cyanopolyacetylene cations, say, HCsN* and HC;N*
[17-19] have received broad investigation. A detailed study of
the rotationally resolved A2IT < X2IT 0 electronic transitions of
the cyanodiacetylene (HCsN*) [17] and cyanotriacetylene (HC;N*)
[19] cations was presented by Sinclair and his coworkers, who
discussed the rotational constants of the two cations contempo-
raneously. Complementary to the work, Maier et al. made a report
on the observed electronic spectra of cyanopolyacetylene cations
HCy,,_1N* (n=2-7) and HC,,N* (n=3-6) in the gas phase and neon
matrices, which is a summary of the previous work in this system
[20].

No doubt that numerous experimental data on the electronic
spectra of HC;N* are available [17-23], theoretically, however,
the related calculations have been only limited to some separate
molecules or the lowest electronic excitation states. As far as we
know, Lee et al. optimized the geometries of the linear cyano-
substituted polyacetylene cations, H-C,—CN* (n=4-11), using the
UHF/4-31G level of theory and calculated the transition energies for
the lowest 7 — 7™ electronic excitations with the complete active
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Fig. 1. B3LYP and CAM-B3LYP optimized bond lengths (in angstrom) and NBO charges (in parentheses) of the linear ground-state HC,N* (n=2-14) clusters.

space self-consistent field method (CASSCF) and the complete
active space second-order perturbation theory method (CASPT2)
[24]. Later, Cao et al. predicted the vertical transition energies for
the strongest 22I1 < X211 transition and other higher 2T « X2T1
transitions of HCsN* by the multireference configuration interac-
tion procedure (MRCI) [25].

To get a thorough understanding of the ground- and excited-
states of HC,N*, therefore, a systematically theoretical study of
structures and electronic spectra of the carbon clusters is necessary.
Here, in the paper, we firstly investigated linear HC;N* (n=2-14)
clusters on their ground-state bonding characters, vibrational fre-
quencies, rotational constants, dipole moments, energy differences
(AEy), incremental binding energies (AE!"), and dissociation chan-
nels, illustrating the relative stability consistent with the regularity
of odd/even alternation derived from previous studies of HC;N clus-
ters [26]. Then, the vertical excitation energies of HC,N* (n=5-14)

were explored in detail by the highly accurate CASPT2 level of the-
ory, which has been successfully applied to studies of HCy,,.1H*
(n=2-7)[27], HCy,H* (n=2-8)[28], MgCy,H (n=1-5)[29], and the
similar systems.

2. Computational details

The ground-state equilibrium geometries of linear HC,N*
(n=2-14) clusters have been optimized by density functional
(B3LYP [30-32] and CAM-B3LYP [33]) calculations along with the
cc-pVTZ basis set. The nature of the optimized structures was eval-
uated by the frequency analyses and the odd/even regularity was
explored by the energy calculations.

The vertical excitation energies (AE) for the dipole-allowed
(2, 3)2I1 < X211 and dipole-forbidden 12® « X2I1 transitions of
HC,N* (n=5-14) at the B3LYP/cc-pVIZ geometries have been
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Table 1

The CASSCF active spaces of HC,N* (n=5-14) at the CASPT2 calculations.
Species CASSCF active space Electrons
HCsN* (13,0,0,0/0,5,5,0) 11
HCgN* (14,1,1,0/2,4,4,0) 11
HCN* (17,0,0,0/0,6,6,0) 15
HCgN* (18,2,2,0/2,4,4,0) 11
HCoN* (21,0,0,0/0,6,6,0) 19
HCyoN* (22,2,2,0/2,5,5,0) 15
HCy N* (25,0,0,0/0,7,7,0) 23
HCqoN* (26,3,3,0/2,5,5,0) 15
HCy3N* (29,0,0,0/0,8,8,0) 27
HC14N* (30,4,4,0/2,5,5,0) 15

investigated by CASPT2 [34] with the cc-pVTZ basis set. As shown
in Table 1, the calculated CASSCF active space for even-n clusters
consists of two o valence orbitals and some low-energy T valence
orbitals, while only some low-energy m valence orbitals are con-
tained in odd-n clusters. Four numbers of the front group represent
the number of inactive orbitals with symmetry labels aq, b1, by, and
a,, respectively, and figures of the latter stand for the number of
active orbitals with similar symmetry.

In the CASPT2 calculation, the oscillator strengths (f) are calcu-
lated by the following formula:

f= %AE’TM’Z 1)

where AE is the transition energy between the ground and excited
states in atomic unit and TM refers to the transition dipole moment
in atomic unit [35].

All calculations in the present work have been performed by the
Gaussian 09 [36] and MOLPRO 2006 [37] program packages.

3. Results and discussion

3.1. Geometry configuration, vibrational frequencies, NBO
charges, rotational constants, and dipole moments

3.1.1. Geometry configuration

The unrestricted B3LYP and CAM-B3LYP optimized bond lengths
of linear HC;N* (n=2-14) clusters in their ground states are dis-
played in Fig. 1. Bond lengths predicted by the two methods are
almost identical with the maximum deviation of 0.014 A. When n
is odd, the C-C bond lengths exhibit a significant polyacetylene-like
character, which is a series of single-triple bond alternate pat-
tern marked with a regular alternation of long (~1.305-1.351A)
and short (~1.214-1.245A) bonds at B3LYP/cc-pVTZ theoretical
level. C-Cbond lengths of even-numbered clusters show the similar
long/short alternation. But the trend weakens along from both ends
to the center of the corresponding chains and the pattern gradu-
ally fades to exhibit some sort of cumulenic character. Fig. 2 depicts
the bond lengths of linear HC13N* and HC14N* clusters versus i (i
means the number from one bond to the other beginning with C-H
bond), whichis anillustration to the parity alternation in the HC,N*
(n=2-14)clusters. Additionally, C-N bond lengths tend to decrease
with the extension of carbon chains, which may imply higher and
higher C-N bond energies.

3.1.2. Vibrational frequencies

In order to further analyze the nature of optimized structures,
we calculated the vibrational frequencies and IR intensities of
HC,N* (n=2-14) clusters at the B3LYP equilibrium geometries (see
Table S1 in Supplementary Information). The lowest bending vibra-
tional frequencies are 66, 205, 120, 104, 75, 61, 47, 40, 33, 28, 24,
21, and 18 cm™!, respectively, and without imaginary frequency,
indicating that carbon chains in Fig. 1 are stable structures on the
potential energy surfaces (PES).
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Fig. 2. Bond lengths (in angstrom) of all the bonds along the linear HC;3N* and
HC14N* chains at the B3LYP/cc-pVTZ level. “i” is numbered starting from one to the
other beginning from C-H bond.

3.1.3. NBO charges

Also displayed in Fig. 1 are the NBO atomic charges (values in
parentheses underneath the atoms) of the linear HC;N* (n=2-14)
clusters. According to Fig. 1, positive charges located on the termi-
nal Hand N atoms decrease gradually as the carbon chains lengthen.
For even-n clusters, the odd C atoms counting from H atom bear
more positive charges and even C atoms more negative charges.
While in terms of odd-n counterparts, still a large proportion of
positive charges are distributed over the C atoms next to H besides
the terminal H and N atoms. And charges on other C atoms tend to
be more and more dispersed with a rise in n.

3.1.4. Rotational constants

Table 2 lists the calculated rotational constants of HC,N*
(n=2-14) under the optimized geometries above. Based on the
B3LYP/cc-pVTZ results, we performed the corresponding fitting
curve in Fig. 3 and yielded the following equation:

logBe (MHz) = 5.0758 — 0.6370n + 0.0672n% — 4.04 x 10~3n3
+9.64 x 107°n* (2)

where n=2-14. The fitting error and correlation coefficient are
0.00517 and 0.99996, respectively, exhibiting high accuracy. The
rotational constants gradually decrease from 11.0821 GHz of HC,;N*
to 0.0885GHz of HC14N* with an increase in the size of carbon
chains. Obviously, the calculated rotational constants for HCsN*

Table 2
The calculated rotational constants (Be, GHz) and dipole moments (u, Debye) of
HC,N* (n=2-14) cations at the B3LYP/cc-pVTZ and CAM-B3LYP/cc-pVTZ levels.

Species Be "
B3LYP CAM-B3LYP Expt. B3LYP CAM-B3LYP

HCN* 11.0821 11.1760 43478 44704
HCsN* 4.5651 4.5940 49481 5.0904
HC4N* 2.3272 2.3394 5.7474 5.9536
HCsN* 1.3467 1.3530 1.33852 6.2685 6.5263
HCgN* 0.8512 0.8549 6.8807 7.1457
HCN* 0.5716 0.5739 0.5690° 7.3613 7.6939
HCgN* 0.4032 0.4048 7.8795 8.1964
HCyN* 0.2946 0.2957 8.3292 8.7462
HCyoN* 0.2222 0.2230 8.7947 9.2003
HCyN* 0.1715 0.1720 9.2214 9.7351
HCq,N* 0.1353 0.1358 9.6858 10.1500
HCy3N* 0.1085 0.1088 10.0606 10.6983
HCq14N* 0.0885 0.0888 10.4931 11.1418

2 Experimental value from Ref. [17].
b Experimental value from Ref. [19].
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Fig. 3. The calculated rotational constants and dipole moments versus the number
of carbon atoms n of HC,N* (n = 2-14) cations optimized at the B3LYP/cc-pVTZ level.

and HC;N* agree reasonably with the corresponding experimen-
tal values (1.3385GHz, 0.5690 GHz) [17,19], suggesting that the
B3LYP/cc-pVTZ level is reliable. Approximate rotational constants
are predicted by CAM-B3LYP/cc-pVTZ (see Table 2).

3.1.5. Dipole moments

As displayed in Table 2, the dipole moments of HC;N* (n=2-14)
optimized by B3LYP/cc-pVTZ and CAM-B3LYP/cc-pVTZ levels are
close to each other. It's clear to us from Fig. 3 that the dipole
moments increase monotonically with an increase in the number of
carbon atoms, which implies that the microwave spectra for longer
carbon clusters tend to be collected more easily.

3.2. Energy differences (AE,) and incremental binding energies
(AE")

The relative stability of odd- and even-n HC;N* analogues could
be assessed by energy differences (AEy) and incremental binding
energies (AE!) (see Table S2 in Supplementary Information). The
energy difference is calculated as

AEn = E(HC,N*) — E(HC,_1N¥) (3)

where AE, denotes the energy difference between a cluster and its
previous neighboring cluster. The smaller the AE,-value, the more
stable is the cluster. Depicted in Fig. 4 are energy differences versus
the number of carbon atoms (). Apparently, the AE,-values vary in
a pattern of odd/even alternation: when n is odd, the AE;-values
are smaller than values of neighboring even-numbered clusters,
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Fig. 4. Energy differences AE, (in atomic unit) of the linear ground-state HC,N*
clusters.
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Fig. 5. Incremental binding energies AE' (in atomic unit) of the linear ground-state
HC,N* clusters.

making it clear that odd-n HC;N* clusters are more stable than
even-n counterparts.

The incremental binding energy (AE!), another important
parameter to estimate the relative stability of the investigated clus-
ters [38], is predicted as the atomization energy (AE, ) difference of
adjacent clusters. A larger AE! implies a more stable cluster. It can
be expressed as

AE' = AE,(HCoN*) — AE,(HC,_1NT) (4)

where AE, [39] denotes the energy difference between a molecule
and its component atoms, i.e.,

AE, = [n x E(C) + E(N) + E(H)] — E(HC,N*) (5)

Fig. 5 displays the AE!-values of HC;N* (n =2-14) clusters versus
n. As expected, the values fluctuate following a contrary pattern of
odd/even alternation to AE,: when n is odd, the AE!-values are
larger compared to even-n isomers. From the result, we can further
deduce that clusters with odd n are more stable than those with
even n.

3.3. Vertical excitation energies

The ground state of the linear clusters HC,N* (n=2-14) is X2I1
arising from the electronic configuration as follows:

(Core)1a?...17*...(n+2)02. .. (g) wt (g-ﬂ) !

x whenniseven

(Core)lcz...lﬂ4...(n+2)0‘2...(n;1>w4(n;1>w3

x whennis odd

in which, the valance orbitals are comprised of (2n+4)o and
(2n+1)m electrons. Detailed valance electron configuration of
ground-state HC;N* (n=2-14) is provided in Table S3 in Supple-
mentary Information.

3.3.1. HC;yN* (n=3-7)

The vertical excitation energies (AE) and oscillator strengths
(f) for the dipole-allowed (2, 3)2IT < X211 and dipole-forbidden
12® « X211 transitions of HCy,N* (n=3-7) obtained by the
CASPT2/cc-pVTZ level are summarized in Table 3, together with
the available experimental data listed in parentheses.

Among the three selected electronic excitations, 2211 state is
the lowest with the electronic transition from highest occupied
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Table 3
The vertical excitation energies (AE, eV) and oscillator strengths (f) of selected three transitions for HC;,N* (n=3-7) using CASSCF active spaces in Table 1.
Species State Excitation AE f
HCgN* X211 . Am2n*15023 w4 5m0 0.00
2211 3T — 4w 2.33(2.17)*(2.18)° 6.62 x 10—°
120 3T —4m 2.66 0.00
3211 3m—4m 3.01 2.15%x 1073
HCgN* X2T1 ...2m*19023m* 4457 670 0.00
2211 47 — 5 2.02 (1.89)b.c 2.05x 1073
120 41 — 571 232 0.00
3211 47 — 517 2.57 1.98 x 102
HCyoN* X211 ...3m*23024m*5m46m! 770 0.00
2211 51— 6™ 1.76 (1.66)2:b-c 1.26x 1073
120 51— 6T 2.06 0.00
3211 5T — 6T 225 7.64x 1077
HCq,N* X2T1 ...27024m*5m*6m4 7 80 0.00
2211 6T — 7T 1.58 (1.49)b-c 2.65x 1073
120 6T — 7T 1.84 0.00
3211 6T — 7T 2.02 3.02x 1074
HC4N* X211 ...31025m*6m* 748! 9mo 0.00
2211 77— 8T 1.44 4.49 x 1073
12d 7T — 8™ 1.66 0.00
3211 7T — 8T 1.84 1.49x 1073

2 Experimental values from Ref. [20].
b Experimental values from Ref. [22].
¢ Experimental values from Ref. [23].

molecular orbital (HOMO) to single occupied molecular orbital
(SOMO), that is, nm— (n+1)w in HCy,N* clusters. The avail-
able experimental data (2.17, 1.89, 1.66, and 1.49eV) [20,22] for
HC,,N* (n=3-6) are well reproduced by the CASPT2 calculation,
in which 22IT « X211 transitions occur at 2.33, 2.02, 1.76, and
1.58 eV, respectively, with corresponding oscillator strengths (f)
of 6.62 x 10>, 2.05 x 10>, 1.26 x 103, and 2.65 x 10~3. With the
increase of n, 221 < X2I1 transitions of HC,,N* clusters exhibit an
f-increment trend, suggesting that electronic transitions are liable
to be detected experimentally as the chain size increases. The next
two excited states, 12® and 3211, possess the same electronic tran-
sition as 2211 state. In accordance with the rules of spin and dipole,
12® « X2T1 transitions are dipole-forbidden and the related excita-
tion energies are 2.66, 2.32, 2.06, 1.84, and 1.66 eV. The 3211 « X211

transitions take place at 3.01, 2.57, 2.25, 2.02, and 1.84 eV, with
corresponding oscillator strengths (f) of 2.15 x 1073, 1.98 x 102,
7.64 x 1077,3.02 x 104, and 1.49 x 103, respectively.

3.3.2. HCope1N* (n=2-6)

Table 4 presents the CASPT2 calculated vertical excitation
energies (AE) and oscillator strengths (f) for the dipole-allowed
(2, 3)2IT1 < X211 and dipole-forbidden 12® « X2I1 transitions of
HC;,+1N* (n=2-6). The available experimental data are also listed
in parentheses.

As Table 4 shows, the strongest 221 < X2I1 transitions, aris-
ing from nm — (n+1)w excitation, are calculated to be 2.27, 2.04,
1.84, 1.62, and 1.49eV, respectively, above the ground state and
agree reasonably with experimental data (2.12, 1.84, 1.61, 1.42,

Table 4
The vertical excitation energies (AE, eV) and oscillator strengths (f) of selected three transitions for HC,,,+1N* (n=2-6) using CASSCF active spaces in Table 1.

Species State Excitation AE f

HCsN* X211 ... 1130221433 4m0 0.00
2211 21— 3 2.27 (2.12)2:b:c 4.53 x 1072
3211 3m—4m 2.32 1.07 x 102
120 3m—4m 3.83 0.00

HC;N* X211 ...2m*17023m*4m3 570 0.00
2211 3w 47 2.04 (1.85)2(1.84)>- 9.01 x 102
3211 41 — 5T 2.68 8.20x 103
120 41 — 5T 3.09 0.00

HCoN* X211 ...210623m*4m*5m36m0 0.00
2211 47— 51 1.84 (1.61)2:b-¢ 1.56 x 10!
3211 57— 6m 2.23 1.50 x 102
120 57— 6m 2.53 0.00

HCyN* XTI ...250%4m45 74673 7m0 0.00
2211 57— 6m 1.62 (1.42)2b.c 2.04x 1071
3211 6m— 7 1.98 2.01 x 102
120 6m — 77 2.24 0.00

HCy3N* X211 .. AT et 7l 8mo 0.00
2211 6m— 7T 1.49 (1.27)2b- 2.51x 10!
3211 77— 8w 1.81 221x1072
120 77— 8m 2.07 0.00

2 Experimental values from Ref. [20].
b Experimental values from Ref. [22].
¢ Experimental values from Ref. [23].
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Fig. 6. The linear size dependence of the absorption wavelengths of the 22T « X2T1
transitions for HC,,N* (n=3-7) (a) and HCzp+1N* (n=2-6) (b) clusters by experi-
ments, theories and CASPT2 calculations.

and 1.27eV) [22,23]. The corresponding oscillator strengths (f) are
453 x1072,9.01 x1072,1.56 x 10-1,2.04 x 10~1,and 2.51 x 101,
Apparently, the oscillator strengths increase gradually with the
extension of carbon chains, which indicates that electronic transi-
tions for longer chains should be observable more easily in further
experiments. The (n+1)m — (n+2)m electron excitation gives rise
to higher states 12 and 32TI1. Excitation energies of 32T1 excited
state locate at 3.47, 2.68, 2.23, 1.98, and 1.81 eV, with correspond-
ing oscillator strengths (f) of 6.51 x 1073, 8.20 x 10-3, 1.50 x 102,
2.01 x 1072, and 2.21 x 102, respectively. The predicted dipole-
forbidden 12® states for HCy,+1N* (n=2-6) are higher in energy
than the ground state by 3.83, 3.09, 2.53, 2.24, and 2.07 eV, respec-
tively. According, the 32TT < X2T1 transitions can be also observable
experimentally for large oscillator strengths.

3.4. Size dependence of absorption wavelengths

As observed in the experimental studies, the absorption wave-
lengths of the origin bands for 22IT « X2IT transitions show
remarkably linear size dependence upon the number of carbon
atoms. Accordingly, we performed the linear fittings (see Fig. 6)
based on data in Tables 3 and 4, and previous theoretical data [24].
For better comparison, linear fitting curves of 32IT < X211 transi-
tions were plotted in Fig. 7. We obtained the following equation:

A=A+Bn (6)

where n=5-14, using the formula: A [nm] =1239.824[nm x eV]/AE

[eV].
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Fig. 7. The linear fitting curves for the 32IT < X?I1 transitions of HC;,N* (n=3-7)
and HCyp+1N* (n=2-6) by the CASPT2 calculations.

3.4.1. HC;yN* (n=3-7)

In the case of the experimental data in Fig. 6(a), A=308.67 and
B=43.66. The fitting error and correlation coefficient are 1.90 nm
and 0.9999, respectively, displaying high accuracy. In our equation
predicted by CASPT2, A equals 284.87 and Bequals 41.43 with fitting
error and correlation coefficient 4.41 nm and 0.9996, respectively.
Obviously, the two curves in Fig. 6(a) are close to each other very
much and the obtained linear relationship can well reproduce the
agreement of experimental and calculated data. However, we find
no distinctive linear relationship in the previous data and the result
may be in poor agreement with the experimental findings.

For 32T1 < X211 transitions, as shown in Fig. 7, we find that
linear size dependence for the absorption wavelength of even-n
clusters is more prominent compared to odd-n counterparts, with
corresponding fitting error of 4.17 nm, 13.63 nm and correlation
coefficient of 0.9994, 0.9955, respectively.

3.4.2. HCyp4+1N* (n=2-6)

It can be seen from Fig. 6(b) that in terms of the experimental
data,A=335.85and B=48.75, whose accuracy is also very high with
corresponding fitting error and correlation coefficient 4.27 nm and
0.9997, respectively. For our CASPT2 calculated results, A=358.24
and B=36.35 with fitting error and correlation coefficient 9.11 nm
and 0.9977, respectively. Likewise, the linear relationship for the
previous data is less pronounced than for our calculations as shown
in Fig. 6(b).

3.5. Dissociation channels

The possible dissociation channels of HC,N* clusters are compli-
cated. Nevertheless we do not intend to characterize the reaction
pathways and transition states for fragmentation but to evaluate
the relative stability of the clusters in terms of fragmentation ener-
gies based on hypothetical reactions. The six dissociation channels
predicted in the paper are presented as follows:

HC,N* — HC,_{N* +C (R1)
HC,N* — HC,_,N* +C, (R2)
HC;NT — HC,_3N* +C3 (R3)
HCN* — HC,* +N (R4)
HC;N* — C,t +HN (R5)
HC,N* - C;N* +H (R6)

Fig. 8 shows fragmentation energies related to different dis-
sociation channels versus n. As displayed in Fig. 8, we can find a
distinct odd/even alternation that the fragmentation energies of



62 Y. Zhang et al. / International Journal of Mass Spectrometry 309 (2012) 56-62

280
= 20 //._\//\H‘ —=—(R1)
= 260
E —e—(R2)
= 240 ——(R3)
< 220 (R4)
iy ——(R)
:—.:“ 200 \\—‘K‘_‘_*_’_’ -
=
=180
S
‘2 160+
g 140
&n
o
= 1204

100 T x T b T E T i T ¥ T x

2 4 6 8 10 12 14

Number of Carbon Atoms

Fig. 8. Fragmentation energies (in atomic unit) versus the number of carbon atoms
n.

odd-n HC;N* are always larger than values of even-n HC;N* for
reactions (R1) and (R3). The results are consistent with the pre-
vious conclusion in this paper that HC,N* clusters with odd n are
relatively more stable. The ejection of odd-numbered carbon atoms
will lead to an inverse in parity of the clusters and the more stable
odd-n clusters require more energy for dissociation than the less
stable even-n ones. However, the loss of a C; fragment in reaction
(R2) does not cause change in parity of the parent cationic clus-
ters and the odd/even alternation effect is less apparent than that
of reactions (R1) and (R3). Meanwhile, the fragmentation energies
are higher for the loss of C; than for the loss of C or C3. The phe-
nomenon is in accordance with report on fragmentation energies of
C,~ inprevious literature [40]. The dissociation energy of the loss of
Hinreaction (R6), showing similar odd/even alternation with reac-
tions (R1) and (R3), exhibits quite distinct parity rule from that of
the loss of N in reaction (R4). Compared with reaction (R4) in rela-
tion to the breaking of a C-N bond, reaction (R5) needs more energy
because there exists the break of a C-N as well as a C-H bond. Reac-
tion (R6), involving the ejection of a H fragment, needs the lowest
energy and is likely to be the dominant dissociation pathway.

4. Conclusions

The ground-state structures of linear HC;N* (n=2-14) clus-
ters are stable according to frequency analyses. The present work
indicates that odd-numbered clusters possess polyacetylene-like
structures, i.e., a series of alternate single-triple bonds along the
C,, chains, whereas there is a cumulenic character in even-n series.
The regularity that odd-n cationic clusters are more stable than the
even-n analogues has been illustrated according to studies on the
properties of ground-state bonding characters, energy differences
(AEy), and incremental binding energies (AE").

On the other hand, the CASPT2 calculated vertical excitation
energies for 22I1 < X211 of HC;N* (n=5-13) transitions are 2.27,
2.33, 2.04, 2.02, 1.84, 1.76, 1.62, 1.58, and 1.49eV, respectively,
matching very well with observed bands at 2.12, 2.17, 1.84, 1.89,
1.61, 1.66, 1.42, 1.49, and 1.27eV. The corresponding absorption
wavelengths present remarkable linear size dependence as shown
in experimental observations. The oscillator strengths of dipole-
allowed transitions increase with the extension of carbon chains,
which suggests that electronic spectra of longer carbon chains are
detectable more easily from an experimental point of view. In addi-
tion, we investigated the higher excited electronic transitions for
HC,N* (n=5-14) clusters, which should be responsible for assign-
ments of the experimental bands. To sum up, calculations in this
article may provide accurate information for spectroscopist and
contribute to further experimental research.
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