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Abstract The ground-state equilibrium geometries of the

linear carbon chain cations NC2nN? (n = 1–7) have been

investigated with B3LYP, CAM-B3LYP, and RCCSD(T)

calculations. The ground state (X2Gg/u) and excited state

(12Gu/g) have been optimized by using the complete active

space self-consistent field method. The present study

reveals that these linear cations generally have the char-

acteristic of bond length alternation in both electronic

states. The vertical excited energies for the dipole-allowed

(1, 2, 3)2Gu/g / X2Gg/u transitions as well as the dipole-

forbidden 12Uu/g / X2Gg/u transitions have been computed

with the complete active space second-order perturbation

theory. The calculated transition energies of 12Gu/g / X2Gg/u

for NC2nN? (n = 1–6) in the gas phase are 2.26, 2.09, 1.91,

1.72, 1.56, and 1.39 eV, respectively, which mutually agree

well with the available experimental values of 2.11, 2.07, 1.88,

1.67, 1.49, and 1.34 eV. Moreover, the corresponding

absorption wavelengths are predicted to have the significant

nonlinear size dependence, which is different from the bands

origin in NC2nN (n = 1–7).

Keywords NC2nN? � Electronic spectra � Excited state �
Ab initio study

1 Introduction

Nowadays, many astrophysicists are very interested in

molecules and ions containing the CN group, which have

been detected in interstellar clouds and atmospheres of

carbon stars [1]. Moreover, the presence of neutral cya-

nopolyacetylenes in the interstellar medium is well estab-

lished [2–4]. In addition, cyanopolyacetylenes and their

cations are unstable molecules under usual terrestrial con-

ditions that can react with a wide variety of atoms, thus,

they have been the subject of several studies of reaction

mechanisms that may be relevant to their production in

astronomical environments [5]. Because of the important

position of these species both in astrophysics and terrestrial

processes, there has been a growing interest in experi-

mental and theoretical studies on their structural and

spectral properties [6–13]. In the last several decades, the

cyanopolyacetylene cations NC2nN? (n = 1–6) attracted

considerable attention, and a large number of experimental

and theoretical studies were performed on the species [10–

13].

To our best knowledge, some collaborative studies have

been taken on the properties of NC2nN? (n = 1–6). Maier

and co-workers observed the absorption spectra of NC2nN?

(n = 1–6) in 5 K neon matrices [10–12]. The bands origin

for the 12Gu/g / X2Gg/u transition locates at 588, 598, 659,

741, 831, and 923 nm, respectively. Moreover, they

obtained the absorption spectra of NC2N?, NC4N?, and

NC6N? in the gas phase, and the bands origin are 578, 596,

and 656 nm, respectively [10]. They also measured the

higher excited electronic transitions of NC2N?, NC4N?,

and NC6N? and found several new absorption bands.

Theoretically, Lee et al. [13] predicted the equilibrium

geometries of ground state for NC2nN? (n = 2–6) at UHF/

4-31G level of theory. Moreover, they calculated the
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vertical transition energies for the 12Gu/g / X2Gg/u tran-

sition by the complete active space self-consistent field

method (CASSCF) and the complete active space second-

order perturbation theory method (CASPT2) with DZVP

basis set [14–16]. However, they pointed out that it was a

preliminary study, and the results were not good for some

species. In addition, they did not find the size dependence

of vertical excitation energies for NC2nN?. Cao et al. [17]

also calculated the vertical transition energies of NC4N? by

using a multireference configuration interaction method

(MRD-CI), and the values are 2.14 and 3.32 eV for the (1,

2)2Gu/g / X2Gg/u transition, respectively, while they just

computed the cluster NC4N?, thus, the NC2nN? system

need more theoretical investigations.

Consequently, in order to interpret the experimental

bands and enrich the chemical properties for these species

systematically, the trustworthy theoretical calculations on

the excited state properties of these linear cationic chains

are highly required. In our previous calculations, the

CASPT2 [18] theory has been used for C2n?1Cl?

(n = 0–4) [19], HC2nH? (n = 2–8) [20], and HC2n?1H?

(n = 2–7) [21] clusters, and we got very excellent results.

Therefore, in this paper, we have performed an extensive

investigation on the vertical excitation energies of dipole-

allowed (1, …, 3)2Gu/g / X2Gg/u transitions as well as the

dipole-forbidden 12Uu/g / X2Gg/u transitions for the cat-

ions NC2nN? (n = 1–7) at the CASPT2 level of theory.

Moreover, we also discussed their structural characteristic,

stabilities, and size dependences of the excited state

properties. We hope that our calculations can provide

reliable theory basis for the further experiment.

2 Computation details

The equilibrium geometries of linear carbon clusters

NC2nN? in their ground states have been optimized by

RCCSD(T) method [22–24] with cc-pVTZ basis set [25–29]

for n = 1–5, as well as 6-31G* basis set [30–40] for

n = 1–7. The B3LYP [41–43] and CAM-B3LYP [44] den-

sity functionals with cc-pVTZ basis set optimized results are

presented for a direct comparison. In addition, the geome-

tries of the first excited state 12Gu/g and ground state X2Gg/u

of NC2nN? (n = 1–7) have been explored by the CASSCF

method [45, 46] with 6-31G* basis set. Rotational constants

have been calculated under the optimized geometries above,

and the stability of optimized structures has been evaluated

through the vibrational calculations.

The relative energies of the ground state and the excited

electronic states of NC2nN? (n = 1–7) have been com-

puted by the complete active space second-order pertur-

bation theory (CASPT2) method with the cc-pVTZ

basis set [25–28, 47] at the RCCSD(T)/6-31G(d) and

RCCSD(T)/cc-pVTZ equilibrium geometries. In the CAS-

PT2 calculation, the CASSCF active space is generally

composed of the low-energy p valence orbitals. In order to

consider the electron correlation effect, the number of the

active orbitals and electrons has been individually selected

for each species, all of which are listed in Table 1. The first

set of eight numbers mean the numbers of inactive (doubly

occupied in each configuration) orbitals with symmetry

labels Ag, B3u, B2u, B1g, B1u, B2g, B3g, and Au, respec-

tively, while the last eight numbers are the similar sym-

metry distribution number for the active orbitals.

The oscillator strengths (f) are calculated with the fol-

lowing formula:

f ¼ ð2=3ÞDE j TM j2 ð1Þ

where DE denotes the transition energy between the ground

state and the excited state in atomic unit, and TM is the

transition moment in atomic unit [48].

All electronic structure calculations in the present work

have been performed by the Gaussian 09 [49] and MOL-

PRO 2006 [50] program packages.

3 Results and discussion

3.1 Geometries and stabilities

3.1.1 The ground state geometries

The B3LYP, CAM-B3LYP, and RCCSD(T) optimized

bond lengths of carbon clusters NC2nN? (n = 1–7) in their

ground states are displayed in Fig. 1. Compared to the

RCCSD(T) results, both the B3LYP and CAM-B3LYP

predict similar bond lengths of the equilibrium geometries.

Moreover, Fig. 1 indicates that there is a character of bond

length alternation (BLA) in NC2nN? (n = 1–7), which

is consistent with the previous studies on C2n?1Cl?

(n = 0–4) [19], HC2nH? (n = 2–8) [20], HC2n?1H?

(n = 2–7) [21], and polyyne oligomers [51]. The character

of BLA by CAM-B3LYP is significantly notable than those

Table 1 The CASSCF active spaces of NC2nN? (n = 1–7) at the

CASPT2 calculations

Species CASSCF active space Electrons

NC2N? (5, 0, 0, 0, 4, 0, 0, 0/0, 2, 2, 0, 0, 2, 2, 0) 7

NC4N? (7, 0, 0, 0, 6, 0, 0, 0/0, 3, 3, 0, 0, 2, 2, 0) 11

NC6N? (9, 0, 0, 0, 8, 0, 0, 0/0, 3, 3, 0, 0, 2, 2, 0) 15

NC8N? (11, 0, 0, 0, 10, 0, 0, 0/0, 3, 3, 0, 0, 3, 3, 0) 19

NC10N? (13, 0, 0, 0, 12, 0, 0, 0/0, 4, 4, 0, 0, 3, 3, 0) 23

NC12N? (15, 0, 0, 0, 14, 0, 0, 0/0, 4, 4, 0, 0, 4, 4, 0) 27

NC14N? (17, 2, 2, 0, 16, 1, 1, 0/0, 3, 3, 0, 0, 3, 3, 0) 19
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by B3LYP. In addition, the acetylenic bonding can disperse

the positive charge in NC2nN? through conjugation inter-

action, and it will stabilize the cationic clusters.

With regard to RCCSD(T) approach, the maximum

deviation of the optimized bond lengths by cc-pVTZ basis

set and the 6-31G* basis set is 0.012 Å, indicating that the

RCCSD(T)/6-31G* is a cost-effective level of theory

yielding the reliable results in the structural calculations of

these species. Therefore, we employed RCCSD(T)/6-31G*

to optimize the chains of NC2nN? (n = 1–7) in the present

work and implemented RCCSD(T)/cc-pVTZ to compute

the chains of NC2nN? (n = 1–5). Moreover, we find that at

the RCCSD(T)/6-31G* level of theory, the carbon–carbon

triple bond length is between 1.236 and 1.260 Å, and

carbon–carbon single bond lengths are between 1.324 and

1.378 Å.

In order to further understand the BLA feature, we take

the optimized equilibrium configurations of NC8N? and

NC8N [9] as representative species for comparison in

Fig. 2. As can be seen in Fig. 2, the BLA feature in NC8N

is slightly more remarkable than the corresponding

NC8N?, and the differences between the single and triple

bond lengths are in the range of 0.139–0.201 Å for NC8N

and 0.071–0.180 Å for NC8N?, respectively. Owing to loss

of one electron, the p-bonding interaction in NC8N? is less

localized than that in NC8N, and the extended conjugated

interactions can stabilize the cation.

3.1.2 Rotational constants

Table 2 lists the calculated rotational constants (Be) for

NC2nN? (n = 1–7) using the optimized geometries above.

In previous study [20, 21], the RCCSD(T) approach is

reliable for rotational constants calculations. Moreover, the

calculated results by RCCSD(T) method with cc-pVTZ and

6-31G* basis sets are almost the same in this paper.

Therefore, considering the computational cost, we carry

out the curve fitting by RCCSD(T)/6-31G* for NC2nN?

(n = 1–7):

log Be MHzð Þ ¼ Aþ Bnþ Cn2 þ Dn3 þ En4; ð2Þ

where A = 4.4407, B = -0.9401, C = 0.1755, D =

-0.0198, and E = 9.0956 9 10-4. The fitting error and

correlation coefficient are 9.1542 9 10-6 and 1, respec-

tively, showing high accuracy. In addition, as the chain size

increases, the calculated rotational constant gradually

decreases from 4.5466 to 0.0702 GHz from NC2N? to

NC14N?. It is noticeable that for NC2nN? (n = 1–3), our

Fig. 1 The optimized bond

lengths (in Å) of NC2nN?

(n = 1–7) cations by B3LYP,

CAM-B3LYP, and

RCCSD(T) method

Fig. 2 Optimized of all bond lengths of NC8N? and NC8N [9] for the

ground state at the RCCSD(T)/6-31G* level. ‘‘i’’ is numbered starting

from one to the other
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calculations by Eq. 2 agree well with the available exper-

imental data (B0) [52–54] of 4.6767, 1.3395, and

0.5622 GHz, respectively, and the absolute errors between

experimental values and the results by fitting curve are

0.135, 0.025, and 0.014 GHz. It can be seen that our fitting

is reliable. Meanwhile, the calculations by B3LYP and

CAM-B3LYP approach with cc-pVTZ basis set also pro-

vide the comparable rotational constants.

3.1.3 Stabilities

For the further insight into the nature of the optimized

structures, we collect, in Table 3, the harmonic vibrational

frequencies of NC2nN? (n = 1–7) chain theoretical pre-

diction at the B3LYP/cc-pVTZ level. We find that the

lowest bending frequencies of NC2nN? (n = 1–7) are 193,

102, 60, 40, 28, 21, and 16 cm-1, respectively, all of which

are real, suggesting that these cationic radicals are stable on

the potential energy surface. Besides, very low vibrational

frequencies suggest a shallow potential with respect to the

corresponding normal coordinate, and the lowest bending

frequencies are gradually decreasing accompany with the

increasing of n. To understand the stability of these cat-

ionic species deeply, the dissociation has also been con-

sidered. The ground state of clusters NC2nN? (n = 1–7)

have BLA character, thus, carbon–carbon single bond is

more easily broken, therefore, we mainly compute disso-

ciated energies of them at B3LYP/cc-pVTZ level. The

clusters lose –C:C– group because of carbon–carbon

single bond dissociation, which would need 496, 482, 475,

471, 468, 467 kcal mol-1 for NC2nN? (n = 2–7), respec-

tively. Therefore, we find that the chains is longer, the

dissociated energies needed is lower, that means, the sta-

bility is poorer with the increasing of chains, which is

consistent with our frequencies analyze. Moreover, we find

that the clusters NC2nN? lose –C:C–C:C–, –C:C–

C:C–C:C–, –C:C–C:C–C:C–C:C–, –C:C–

C:C–C:C–C:C–C:C– groups as the carbon–carbon

single bond dissociation can obtain the same conclusion.

3.2 CASSCF optimized geometries

of the X2Gg/u and 12Gu/g state

Figure 3 depicts the CASSCF optimized geometries with

6-31G* basis set of the X2Gg/u ground state and 12Gu/g

excited state for the NC2nN? (n = 1–7) carbon clusters.

Considering the converged problem of the states, we select

three pu (2pu–4pu) and three pg (2pg–4pg) orbitals for the

active spaces of NC12N?, and for the other species, the

active spaces are consistent with those in Table 1. As can

be seen in Fig. 3, we find that the bond length of N–C

generally decreases as the chain size increases for NC2nN?

(n = 2–7), and both of the X2Gg/u ground state and 12Gu/g

excited state have the character of bond length alternation

for NC2nN? (n = 1–7), which has been long established

according to Su–Schrieffer–Heeger’s model for polyacet-

ylene [38, 39] that the electronic excitations in conjugated

chains should possess local character.

3.3 Vertical excitation energies

The cationic chains NC2nN? (n = 1–7) are in 2Gg/u ground

states arising from a pg
3 or pu

3 electronic configuration.

The charge always to be delocalized in DFT, while the

RCCSD(T) approach can predict more reliable local

deformation than the DFT approaches. In present work,

local deformation plays an important role in the structure of

ground states and excited states for linear clusters NC2nN?.

Therefore, we calculate the electronic configuration, ver-

tical excitation energies (DE), and oscillator strengths (f) of

the dipole-allowed (1, 2, 3)2Gu/g / X2Gg/u transitions as

well as the dipole-forbidden 12Uu/g / X2Gg/u transitions

for the chains NC2nN? by CASPT2 method with the cc-

pVTZ basis set at the RCCSD(T)/6-31G* and RCCSD(T)/

Table 2 The calculated rotational constants (Be in cm-1) of NC2nN? (n = 1–7)

Be B0

RCCSD(T)/6-31G* RCCSD(T)/cc-pVTZ B3LYP/cc-pVTZ CAM-B3LYP/cc-pVTZ Expt.

NC2N? 4.5466 4.6171 4.7027 4.7402 4.6767 (24)a

NC4N? 1.3078 1.3252 1.3490 1.3563 1.3396 (72)b

NC6N? 0.5509 0.5576 0.5682 0.5705 0.5622 (05)c

NC8N? 0.2835 0.2868 0.2922 0.2932

NC10N? 0.1649 0.1668 0.1700 0.1705

NC12N? 0.1043 0.1075 0.1079

NC14N? 0.0702 0.0724 0.0726

a From Ref. [52]
b From Ref. [53]
c From Ref. [54]
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cc-pVTZ equilibrium geometry, respectively. Table 4

summarizes our calculated results referred above and the

available experimental data along with the previous theo-

retical data which calculated at CASPT2/D2VP level with

UHF/4-31G optimized structures. Fig. 4 displays the rela-

tive energy levels of the selected excited states in NC2nN?

(n = 1–7). It is interesting to find that the maximum

deviation from experimental results is 0.04 eV between the

gas phase [10] and the 5 K neon matrixes [10–12]. In

addition, compared with these experimental values, our

calculations using the RCCSD(T)/6-31G* optimized

geometries can give comparable results.

Table 3 The calculated

harmonic vibrational

frequencies (in cm-1) of

NC2nN? (n = 1–7) in their

ground states by B3LYP/cc-

pVTZ

Bold values indicate the lowest

bending frequencies for clusters

NC2nN? (n = 1–7)

Species Mode Vibrational frequencies

NC2N? rg 909, 2,298

ru 1,921

pg 430, 524

pu 193, 225

NC4N? rg 631, 2,033, 2,303

ru 1,236, 2,126

pg 252, 261, 529, 567

pu 102, 109, 434, 486

NC6N? rg 485, 1,392, 2,179, 2,254

ru 942, 2,056, 2,186

pg 160, 164, 423, 460, 528, 580

pu 60, 63, 280, 283, 511, 533

NC8N? rg 394, 1,128, 2,055, 2,184, 2,246

ru 768, 1,478, 2,161, 2,206

pg 107, 109, 292, 301, 493, 511, 529, 582

pu 40, 41, 202, 202, 413, 442, 521, 554

NC10N? rg 332, 957, 1,532, 2,127, 2,164, 2,265

ru 650, 1,249, 2,049, 2,148, 2,250

pg 75, 77, 227, 230, 405, 429, 508, 531, 536, 580

pu 28, 29, 145, 146, 301, 312, 478, 484, 527, 563

NC12N? rg 287, 831, 1,332, 2,041, 2,073, 2,205, 2,273

ru 562, 1,089, 1,568, 2,113, 2,152, 2,277

pg 56, 58, 175, 175, 307, 319, 466, 480, 516, 533, 548, 579

pu 21, 21, 109, 110, 246, 251, 399, 420, 497, 520, 531, 566

NC14N? rg 252, 735, 1,186, 1,592, 2,024, 2,137, 2,208, 2,285

ru 496, 966, 1,392, 2,034, 2,075, 2,199, 2,289

pg 44, 45, 137, 138, 260, 266, 394, 413, 487, 507, 520, 536, 554, 577

pu 16, 17, 84, 86, 197, 198, 312, 324, 455, 468, 508, 534, 534, 567

Fig. 3 CASSCF–optimized

geometries (in Å) of X2Pg/u and

12Pu/g for NC2nN? (n = 1–7)

cations
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The lowest excited state is found to be 12Gu/g among the

selected four excited electronic states, derived from the

next highest occupied molecular orbital (HOMO-1) to the

highest occupied molecular orbital (HOMO) orbital

(p ? p) for NC2N?, and HOMO-3 orbital to HOMO

orbital (p ? p) for NC2nN? (n = 2–7). The calculated

vertical excitation energies from 12Pu/g / X2Pg/u of

NC2nN? (n = 1–6) are 2.26, 2.09, 1.91, 1.72, 1.56, and

Table 4 The calculated vertical excitation energies (DE in eV) and oscillator strengths (f) for NC2nN? (n = 1–8) by CASPT2 method

Species State Transition CASPT2//RCCSD(T)

DEa fa DEb fb

NC2N? X2Pg …1pu
44ru

25rg
21pg

3 0.00 0.00

12Pu 1pu ? 1pg 2.26 (2.11)c {2.15}d 3.36 9 10-2 2.30 3.52 9 10-2

22Pu 1pg ? 2pu 4.35 {4.16}d 1.99 9 10-2 4.48 1.95 9 10-2

12Uu 1pg ? 2pu 5.02 0 5.15 0

32Pu 1pg ? 2pu 5.62 1.88 9 10-2 5.75 1.83 9 10-2

NC4N? X2Pu …6ru
27rg

21pg
42pu

3 0.00 0.00

12Pg 1pg ? 2pu 2.09 (2.07)e {2.08}d [2.09]f 2.74 9 10-2 2.14 2.94 9 10-2

22Pg 2pu ? 2pg 3.29 {3.16}d 8.51 9 10-3 3.38 8.44 9 10-3

12Ug 2pu ? 2pg 3.82 0 3.90 0

32Pg 2pu ? 2pg 4.30 6.28 9 10-3 4.39 6.20 9 10-3

NC6N? X2Pg …8ru
29rg

22pu
42pg

3 0.00 0.00

12Pu 2pu ? 2pg 1.91 (1.88)e {1.89}d [1.85]f 9.92 9 10-2 1.94 1.02 9 10-1

22Pu 2pg ? 3pu 2.42 1.56 9 10-2 2.49 1.72 9 10-2

12Uu 2pg ? 3pu 2.76 0 2.84 0

32Pu 2pg ? 3pu 3.26 {3.17}d 1.66 9 10-2 3.33 1.99 9 10-2

NC8N? X2Pu …10ru
211rg

22pg
43pu

3 0.00 0.00

12Pg 2pg ? 3pu 1.72 (1.67)d [1.57]f 8.09 9 10-2 1.75 8.17 9 10-2

22Pg 3pu ? 3pg 2.21 1.44 9 10-2 2.27 1.41 9 10-2

12Ug 3pu ? 3pg 2.54 0 2.60 0

32Pg 3pu ? 3pg 2.96 1.28 9 10-2 3.02 1.25 9 10-2

NC10N? X2Pg …12ru
213rg

22pg
43pu

43pg
3 0.00 0.00

12Pu 3pu ? 3pg 1.56 (1.49)d [1.70]f 1.45 9 10-1 1.59 1.46 9 10-1

22Pu 3pg ? 4pu 1.95 1.93 9 10-2 2.00 1.90 9 10-2

12Uu 3pg ? 4pu 2.24 0 2.28 0

32Pu 3pg ? 4pu 2.62 1.63 9 10-2 2.67 1.62 9 10-2

NC12N? X2Pu …14ru
215rg

23pu
43pg

44pu
3 0.00

12Pg 3pg ? 4pu 1.39 (1.34)d [1.34]f 1.88 9 10-1

22Pg 4pu ? 4pg 1.82 2.52 9 10-2

12Ug 4pu ? 4pg 2.08 0

32Pg 4pu ? 4pg 2.43 2.43 9 10-2

NC14N? X2Pg …16ru
217rg

23pu
43pg

44pu
44pg

3 0.00

12Pu 4pu ? 4pg 1.20 2.41 9 10-1

22Pu 4pg ? 5pu 1.38 1.34 9 10-2

12Uu 4pg ? 5pu 1.56 0

32Pu 4pg ? 5pu 1.96 1.21910-2

The values in parentheses, braces are the experimental data obtained in 5 K neon matrixes and gas phase, and the values in square brackets are

previous theoretical data calculated at CASPT2/D2VP//UHF/4-31G level
a CASPT2/cc-pVTZ//RCCSD(T)/6-31G*
b CASPT2/cc-pVTZ//RCCSD(T)/cc-pVTZ
c From Ref. [11]
d From Ref. [10]
e From Ref. [12]
f From Ref. [13]
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1.39 eV, respectively, in a good accord with the available

experimental values of 2.11, 2.07, 1.88, 1.67, 1.49, and

1.34 eV obtained in the 5 K neon matrixes by Maier et al.

[10–12]. Our calculated results are much better than the

previous theoretical data for most species [13, 17].

Therefore, we calculate the vertical excitation energy of

12Pu/g / X2Pg/u for the longer chain NC14N? at the same

level, and the value obtained is 1.20 eV. We hope that the

present theoretical study is useful and reasonable in future

experiment study on the molecule. In addition, we also

obtain the oscillator strengths from 12Pu/g / X2Pg/u for

the chains NC2nN? (n = 1–7). The corresponding oscilla-

tor strengths are 3.36 9 10-2, 2.74 9 10-2, 9.92 9 10-2,

8.09 9 10-2, 1.45 9 10-1, 1.88 9 10-1, and

2.41 9 10-1, respectively, thus, we can see clearly that the

electronic spectra become more accessible to the longer

carbon chains experimentally.

As Table 4 and Fig. 4 display, the relative energy level of

selected three low-lying excited states (22Gu/g, 12Uu/g, and

32Gu/g) in NC2nN? (n = 1–7) has a similar fashion. The

electron promotions from the ground state to the 22Gu/g, 12Uu/

g, and 32Gu/g excited states are ascribed to the excitation from

the HOMO to the lowest unoccupied molecular orbital

(LUMO). As Table 4 lists, the vertical excitation energies of

22Gg/u state of NC2nN? (n = 1–7) were computed as 4.35,

3.29, 2.42, 2.21, 1.95, 1.82, and 1.38 eV above the ground

state energy, respectively. The experimental data obtained in

the gas phase are 4.16 and 3.16 eV for NC2nN? (n = 1–2),

thus, we can see that our calculations are close to the avail-

able experimental values with maximum deviation of

0.19 eV [10]. The corresponding oscillator strengths are

1.99 9 10-2, 8.51 9 10-3, 1.56 9 10-2, 1.44 9 10-2,

1.93 9 10-2, 2.52 9 10-2, and 1.34 9 10-2, therefore,

22Gu/g / X2Gg/u transitions can be detectable in the experi-

ments. The 12Uu/g states are 5.02, 3.82, 2.76, 2.54, 2.24, 2.08,

and 1.56 eV above the ground state, respectively. The cal-

culated vertical excitation energies of 32Gu/g / X2Gg/u are

5.62, 4.30, 3.26, 2.96, 2.62, 2.43, and 1.96 eV, respectively.

The relatively strong transition of NC6N? at 3.26 eV should

be responsible for the experimental band at 3.17 eV [10].

Their corresponding f values are 1.88 9 10-2, 6.28 9 10-3,

1.66 9 10-2, 1.28 9 10-2, 1.63 9 10-2, 2.43 9 10-2, and

1.21 9 10-2, respectively, so the 32Gu/g / X2Gg/u transi-

tions can also be observed in further experiment. Because

of the agreement of our calculations and experimental val-

ues, we believe that this approach is reliable on this system

and could provide useful information for the further

experiment.

3.4 Size dependence of vertical excitation energies

Experimentally, Maier et al. indicated that the absorption

wavelengths of bands origin (k in nm) obtained of NC2nN?

(n = 1–6) chains for the 12Gu/g / X2Gg/u transitions show

the prominently nonlinear size dependence. Therefore, the

nonlinear size dependence along with the corresponding

calculated results for NC2nN? (n = 1–7) by CASPT2

theory with cc-pVTZ basis set at the RCCSD(T)/6-31G*

equilibrium geometry can be seen in Fig. 5. The nonlinear

fitting yields the following equation:

k ¼ A exp n=Bð Þ þ C; ð3Þ

where n is half of the total carbon atoms, and the expres-

sion (k[nm] = 1,239.824 [nm 9 eV]/DE [eV]) is used.

Moreover, in order to compare with the experimental data

and our calculations, the previous theoretical values cal-

Fig. 4 Relative energy levels of the four electronic states in NC2nN?

(n = 1–7)

Fig. 5 The nonlinear size dependence of the vertical excitation

energies of the 12Gu/g / X2Gg/u transitions for NC2nN? (n = 1–7)

cations at the CASPT2/cc-pVTZ//RCCSD(T)/6-31G* level along

with the experimental values [10–12] and previous theoretical data at

CASPT2/D2VP//UHF/4-31G level [13]
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culated at CASPT2/D2VP//UHF/4-31G level are also draw

in Fig. 5.

As Fig. 5 shows, in the case of experimental values,

A = 139.62, B = 4.45, and C = 391.01. The correlation

coefficient is 0.99821, indicating high accuracy. For the

theoretical equation, A = 141.68, B = 4.58, and

C = 374.89. The correlation coefficient is 0.99916, with a

good reproducibility. Moreover, we note that both fitting

curves match very well. Meanwhile, the previous calcula-

tions display poor nonlinear dependence.

In order to carry out a much deeper research on the size

dependence of vertical excitation energies for NC2nN?

(n = 1–7), previous studies on the neutral NC2nN [8, 9]

were brought to make a comparison. Scemama et al. [8]

and Zhang et al. [9] obtained the same vertical excitation

energies with ZINDO [55] and TD–DFT approaches,

respectively, and the absorption wavelengths of the

bands origin for the 1Ru
? / X1Rg

? transitions of NC2nN

were found to have the nonlinear size dependence

k = 1,240.6 9 (1.35961–1.15577/1.05908n)/

[2 ? (3n ? 6)1/2–(3n ? 3)1/2] [9]. The two nonlinear size

dependences are different, which may be caused by the

character of their geometries in the excited state with

respect to the ground state.

4 Conclusions

In this work, we report the equilibrium configuration and

electronic spectra for the cationic chains NC2nN?

(n = 1–7). The NC2nN? clusters are observed to have the

character of bond length alternation (BLA) in both the

X2Gg/u ground state and 12Gu/g excited state. The oscillator

strengths of the 12Gu/g / X2Gg/u transitions for the longer

chains are bigger than the shorter chains. Therefore, the

electronic spectra become more detectable for the longer

carbon chains in experiment. Moreover, for the dipole-

allowed (1, 2, 3)2Gu/g / X2Gg/u transitions, our calcula-

tions by CASPT2 method are consistent with the available

experimental values. In addition, the absorption wave-

lengths of bands for the 12Gu/g / X2Gg/u transitions

exhibit significant nonlinear size dependence. Overall, the

present calculations provide accurate information for

spectroscopists, and they offer a basis for understanding of

the excited state properties of these cyanopolyacetylene

cations, thus, they should be helpful to further experimental

and theoretical work.
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