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a b s t r a c t

In this work, the odd-numbered linear hydrocarbon cations HC2n+1H+ (n = 2–7) have been investigated
with the B3LYP, CAM-B3LYP, and RCCSD(T) calculations focusing on the ground-state geometries, as well
as with the CASSCF calculation for the structural optimizations of the ground and first excited states.
The present studies reveal that these cation radicals possess stable structures with the ground state of
X2�u when n is even or X2�g when n is odd, featuring some sort of cumulenic character for the middle
carbon chains. Consistent with the previous studies of HCnSi+ clusters, the odd-numbered HCnH+ chains
are less stable than the even-numbered ones. The vertical excitation energies for the dipole-allowed
12� ←X2� transitions of HC H+ (n = 2–7), obtained by the CASPT2/cc-pVTZ level, are 2.59, 2.11,
heoretical studies

lectronic spectra
inear size dependence

g/u u/g 2n+1

1.87, 1.65, 1.49, and 1.35 eV, respectively, which mutually agree with the available experimental data
of 2.48, 2.07, 1.78, 1.57, 1.42, and 1.29 eV. Particularly the corresponding absorption wavelengths are
predicted to have the remarkably linear size dependence, as experimentally observed. In addition, the
higher excited electronic transitions of HC2n+1H+ (n = 2–7) are also calculated, indicating that the absorp-
tion wavelengths for the 32� ←X2� transitions also exhibit similar linear relationship and the

s ma
largest oscillator strength

. Introduction

In the past decades, polyynes and their derivatives have gen-
rated considerable astrophysical and chemical interest owing to
heir relevance to the interstellar environments [1–4] and chem-
cal processes [5]. It has been suggested that the number of the
yanopolyynes, which have been detected in the space, amounts
o 8 [6–13]. In addition, the linear cationic chains HCnH+ (n = 4–16)
ave also been extensively studied, both experimentally and theo-
etically, leading to reliable reference data about bond lengths, rota-
ional constants, and absorption spectra for these species [14–32].

The polyyne cations HC2nH+, as representative for the open-shell
arbon chain radicals, continue to be of special concerns [14–30].
xperimentally, Freivogel et al. [16] and Dzhonson et al. [24] mea-
ured the absorption spectra assigned as the A2�u/g←X2�g/u
ransitions of HC2nH+ (n = 2–8) in 5 K neon matrices and in the gas

hase, respectively. Fulara et al. [25] currently recorded the higher
xcited electronic transitions of HC2nH+ (n = 2–7) in 6 K neon matri-
es. Theoretically, Sobolewski and Adamowicz [27] predicted the
ertical excitation energies for the A2�u/g←X2�g/u transitions in
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ke them accessible more easily in the further experiments.
© 2009 Elsevier B.V. All rights reserved.

HC2nH+ (n = 2–4) with the complete active space second-order per-
turbation theory (CASPT2). A few years later, Cao and Peyerimhoff
[28] calculated the vertical transition energies from the ground to
low-lying doublet excited states of HC6H+ by means of the multiref-
erence configuration interaction (MRCI) method. Recently, Komiha
et al. [29] computed the excitation energies of the quartet states in
HC4H+ and HC6H+ using the restricted coupled cluster with pertur-
bative triples [RCCSD(T)] approach.

In contrast to HC2nH+, however, the HC2n+1H+ clusters have
attracted little attention [16,17,31,32]. The related studies have
only been limited to the absorption spectra of the origin bands
for HC2n+1H+ (n = 2–7) in 5 K neon matrices [16,17], as well as
the vertical transition energies from the ground to the low-lying
excited electronic states of HC2n+1H+ (n = 2–4) by virtue of the ab
initio MRCI method [31,32]. Accordingly, a better knowledge of
ground- and excited-states properties is highly desirable for a bet-
ter understanding of these species, especially the larger carbon
chains. In our previous work, we reported the CASPT2 investiga-
tions on the electronic spectra of HC2nH+ (n = 2–8) and found the
excellent agreement between the experiments and theoretical cal-

culations [30]. Here, we extend our studies to the HC2n+1H+ (n = 2–7)
system at the same theoretical level. The geometric features, atomic
charge populations, vibrational frequencies, rotational constants,
relative stabilities, and electronic spectra of these linear species
are demonstrated. A comparison of the structures and electronic

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:zxcao@xmu.edu.cn
dx.doi.org/10.1016/j.ijms.2009.12.013
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3.1.1. Ground-state geometries
Fig. 1 shows B3LYP, CAM-B3LYP, and RCCSD(T) optimized

geometries in their ground states of the linear HC2n+1H+ (n = 2–7).
Fig. 1. B3LYP, CAM-B3LYP, and RCCSD(T) optimized

pectra with the HC2nH+ clusters and experimental studies is also
resented.

. Computational details

All electronic structure calculations in the present work have
een performed by the Gaussian 09 [33] and MOLPRO 2006 [34]
rogram packages. The B3LYP [35–37] and CAM-B3LYP [38] den-
ity functionals with the cc-pVTZ basis set, as well as the RCCSD(T)
39] method with the 6-31G(d,p) basis set, have been used to the full
eometry optimizations of their ground states for the linear carbon
hain cations HC2n+1H+ (n = 2–7). The RCCSD(T)/cc-pVTZ optimized
esults for the smaller chains n = 2–4 are also given for a direct com-
arison. The nature of the optimized structures could be evaluated
hrough the vibrational calculations. In addition, the CASSCF [40,41]
pproach along with the same 6-31G(d,p) basis set has also been
sed to optimize the X2�u/g ground state and the 12�g/u excited
tate.

The CASPT2 [42] level of theory with the cc-pVTZ basis set
ave been used to calculate the vertical excitation energies
�E) of the dipole-allowed (1, 2, 3)2�g/u←X2�u/g transitions
nd dipole-forbidden 12�g/u←X2�u/g transitions for HC2n+1H+

n = 2–7) clusters at the RCCSD(T)/6-31G(d,p) equilibrium geome-
ries. In the CASPT2 calculation, the CASSCF active space is generally

omposed of the low-energy � valence orbitals, all of which are
isted in Table 1, where the first set of eight numbers denote
he numbers of inactive (doubly occupied in each configuration)
rbitals with symmetry labels Ag, B3u, B2u, B1g, B1u, B2g, B3g, and Au,

able 1
he CASSCF active spaces of HC2n+1H+ (n = 2–7) at the CASPT2 calculations.

Species CASSCF active space Electrons

HC5H+ (6,0,0,0,5,0,0,0/0,2,2,0,0,2,2,0) 9
HC7H+ (8,0,0,0,7,0,0,0/0,3,3,0,0,3,3,0) 13
HC9H+ (10,0,0,0,9,0,0,0/0,3,3,0,0,3,3,0) 17
HC11H+ (12,1,1,0,11,0,0,0/0,4,4,0,0,3,3,0) 17
HC13H+ (14,1,1,0,13,1,1,0/0,4,4,0,0,4,4,0) 17
HC15H+ (16,2,2,0,15,1,1,0/0,5,5,0,0,4,4,0) 17
lengths (in angstrom) of HC2n+1H+ (n = 2–7) cations.

respectively, while the last eight numbers are the similar symmetry
distribution numbers for the active orbitals.

Generally, the oscillator strengths (f) in the CASPT2 calculations
are computed by the formula:

f = 2
3

�E|TM|2 (1)

where �E is the transition energy between the ground and excited
states in atomic unit and TM is the transition moment in atomic
unit [43].

3. Results and discussion

3.1. Optimized ground-state geometries, Mulliken charge
populations, vibrational frequencies, rotational constants, and
Fig. 2. Bond lengths (in angstrom) of all the bonds along the linear HC15H+ and
HC16H+ [30] chains at the RCCSD(T)/6-31G(d,p) level. “i” is numbered starting from
one to the other.
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mode of alternating linear carbon chains.
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Table 3
The selected vibrational frequencies (in cm−1) of HC2n+1H+ (n = 2–7) at the B3LYP/cc-
pVTZ level.

Species Mode Vibrational frequencies

HC5H+ �u 127.7, 405.3, 840.5
�g 783.6, 2053.6, 3379.4
�u 1588.8, 1961.7, 3371.9

HC7H+ �u 75.9, 311.0, 808.9
�g 571.8, 1698.4, 2135.0, 3400
�u 1103.1, 1896.1, 2065.4, 3397.0

HC9H+ �u 47.6, 222.4, 784.7
�g 450.0, 1275.2, 2063.0, 2154.4, 3413.6
�u 874.4, 1746.8, 1815.0, 2144.3, 3411.8

HC11H+ �u 32.8, 166.7, 767.4
�g 370.8, 1063.1, 1780.1, 2134.8, 2137.3, 3422.8
�u 724.3, 1379.4, 1720.1, 2059.1, 2186.3, 3421.5

HC13H+ �u 23.9, 123.1, 753.7
�g 315.3, 911.7, 1448.7, 2047.7, 2105.8, 2183.9, 3429.2
�u 617.8, 1189.2, 1634.6, 1797.6, 2124.9, 2198.3, 3428.1

HC H+ �u 18.1, 94.4, 742.9
Fig. 3. The longitudinal optical (LO)

y comparison to the RCCSD(T) results, both the B3LYP and CAM-
3LYP predict similar bond lengths of the equilibrium geometries;
owever, the bond length alternation (BLA) values by B3LYP are sig-
ificantly smaller than those by CAM-B3LYP, in accordance with the
revious studies on HC2nH+ (n = 2–8) [30] and polyyne oligomers
44]. The RCCSD(T)-predicted bond distances with both basis sets
re almost the same and the maximum discrepancy is 0.012 Å from
he central C–C bonds in HC5H+. It can be therefore concluded that
he RCCSD(T)/6-31G(d,p) is a cost-effective level of theory for the
tructural calculations of these species. At the RCCSD(T)/6-31G(d,p)
evel, the H–C bond lengths are in the range of 1.069–1.074 Å, bear-
ng essentially the character of single bond, while the adjacent
H)C–C bond lengths are within the 1.229–1.252 Å range, showing
dominant character of triple bond.

For a more thorough comparison of the BLA, as reported in the
ork of bare carbon chains Cn [45], the geometries of HC15H+ and
C16H+ [30] determined by the same RCCSD(T)/6-31G(d,p) level
re depicted in Fig. 2 as a representative example for the odd- or
ven-numbered carbon chain, respectively. Interestingly, we find
hat the curve of HC16H+ with the acetylenic structure displays
he short/long alternating pattern along the pure carbon chain. For
C15H+, however, the short/long alternation of C–C bond lengths

ades out gradually from the two ends to the middle of the chain,
xhibiting a character of partial cumulenic structure. Presumably,
he notable difference in electronic structure between the odd-
nd even-numbered linear hydrocarbon cations may lead to the
istinct properties of their low-lying excited states to a certain
xtent.

.1.2. Mulliken charge populations
The predicted Mulliken atomic charge populations and spin den-

ities of HC2n+1H+ (n = 2–7) are summarized in Table 2. As can be
oted in Table 2, the positive charge apparently transfers from the
entre to both sides of the chain with increasing number of car-
on atoms, which is consistent with those in HC2nH+ (n = 2–8) [30].

owever, the spin populations mainly locate around the central
arbon atoms, quite different from the HC2nH+ clusters [30]. Such
pin distributions means that there is different spin delocalization
etween the two series.

able 2
he calculated atomic charge populations and spin densities of HC2n+1H+ (n = 2–7)
t the B3LYP/cc-pVTZ level.

n Atomic chargers (in plain) and spin densities (in italic) from H to
central C atoms

2 0.2087, −0.3883, 0.2842, 0.7909
−0.0104, 0.4248, −0.1480, 0.4672

3 0.1984, −0.3946, 0.4477, 0.2293, 0.0383
−0.0080, 0.3300, −0.1271, 0.3754, −0.1407

4 0.1893, −0.4106, 0.3913, 0.3876, 0.0225, −0.1603
−0.0065, 0.2679, −0.1115, 0.3157, −0.1347, 0.3383

5 0.1834, −0.4200, 0.4452, 0.3544, −0.0888, 0.0498, 0.1514
−0.0055, 0.2243, −0.0968, 0.2699, −0.1257, 0.3032, −0.1387

6 0.1784, −0.4115, 0.4472, 0.3180, −0.0585, −0.0693, 0.0566, 0.0783
−0.0047, 0.1919, −0.0850, 0.2345, −0.1146, 0.2720, −0.1372, 0.2863

7 0.1744, −0.4101, 0.4515, 0.3369, −0.1124, −0.0899, 0.0969, 0.0587,
−0.0320
−0.0041, 0.1666, −0.0754, 0.2063, −0.1043, 0.2450, −0.1306, 0.2670,
−0.1412
15

�g 274.1, 797.6, 1279.0, 1808.1, 2055.5, 2118.3, 2210.6, 3434.1
�u 538.2, 1045.3, 1497.2, 1554.3, 2044.9, 2169.7, 2193.1, 3433.1

The lowest bend frequencies are in bold.

3.1.3. Vibrational frequencies
In order to further understand the nature of the optimized

structures we have, in Table 3, collected the harmonic vibrational
frequencies of HC2n+1H+ (n = 2–7) chains at the B3LYP equilibrium
geometries. We note that the lowest bending frequencies are 127.7,
75.9, 47.6, 32.8, 23.9, and 18.1 cm−1, respectively, all of which are
real, suggesting that these cation radicals are stable on the potential
energy surface.

In addition, we have also selected, on the basis of the longitudi-
nal optical (LO) mode as shown in Fig. 3, the LO mode frequencies of
short linear HCnH+ chains (n = 4–16) in Fig. 4, due to the well-known
relationship between bond length alternation and the longitudinal
C–C stretching modes in linear carbon clusters [46,47]. By symme-
try, the LO mode is Raman active for even-numbered n or IR active

for odd-numbered n. One can see that the two series of the carbon
chains exhibit the similar trend with increasing chain length. How-
ever, the frequency of the even-n chains is larger than that of the
adjacent odd-n ones, indicating that there is bond strengthening in
the structures of for the former, which may make them more stable.

Fig. 4. The longitudinal optical (LO) mode frequencies of the linear carbon clusters
HCnH+ (n = 4–16) at the B3LYP/cc-pVTZ level.
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ig. 5. The calculated rotational constants at the RCCSD(T) optimized geometries of
C2n+1H+ (n = 2–7) cations (below) and HC2nH+ (n = 2–8) cations (above) [30].

.1.4. Rotational constants
The rotational constants (Be) of HC2n+1H+ (n = 2–7) obtained

sing the RCCSD(T)/6-31G(d,p) calculations, as well as the results
f HC2nH+ (n = 2–8) [30], are plotted in Fig. 5. As can be seen in Fig. 5,
oth two curves match very well. For HC2n+1H+, the fitting gives rise
o the following equation:

og Be (MHz) = 5.7572− 0.9591n+ 0.1560n2

− 0.0153n3 + 6.25× 10−4n4 (2)

here n = 2–7. The fitting error and correlation coefficient are
.0012 and 1, respectively, revealing high accuracy. As the size
f the chain increases, the predicted rotational constant gradually
ecreases from 2.2413 to 0.0869 GHz on passing from HC5H+ to
C15H+.

.1.5. Energy differences
The energy difference, defined as the difference between the

otal energies of the adjacent chains, can be used to determine the
elative stability of the cationic chains. For the HCnH+ chains, the
nergy difference is calculated as

En = E(HCnH+)− E(HCn−1H+) (3)

In Fig. 6 is displayed the variation of energy differences (�En) of
he linear HCnH+ chains vs. n at the RCCSD(T)/6-31G(d,p) optimized

eometries. It can be seen from Fig. 6 that the odd-numbered chains
re higher than the even-numbered ones in �En-values, suggesting
hat the former are slightly less stable than the latter. This result is
ccordant with the previous studies on HCnSi+ chains [48].

ig. 6. Energy differences �En (in atomic unit) of the linear HCnH+ (n = 4–16) chains
s. n.
s Spectrometry 290 (2010) 113–119

3.2. CASSCF optimized geometries of the X2�u/g and 12�g/u
states

Depicted in Fig. 7 are the CASSCF optimized geometries of the
X2�u/g ground state and the 12�g/u excited state for the HC2n+1H+

(n = 2–7) clusters using the CASSCF active spaces in Table 1. It is
noticeable that promotion of the electron from X2�u/g→12�g/u

leads to the elongation of the shorter C–C bonds (1.190–1.272 Å)
and the shortening of the longer C–C bonds (1.276–1.373 Å), com-
pared to the ground state. The relaxation makes the BLA in the
excited state less pronounced and the cumulenic feature more
remarkable.

3.3. Vertical excitation energies

Table 4 presents the predicted vertical excitation energies
(�E) and oscillator strengths (f) of the dipole-allowed (1, 2,
3)2�g/u←X2�u/g transitions as well as the dipole-forbidden
12�g/u←X2�u/g transitions for the linear HC2n+1H+ (n = 2–7) radi-
cals by the CASPT2 method and the cc-pVTZ basis set. The available
experimental data for HC2n+1H+ (n = 2–7) [16,17] and previous MRCI
results for HC2n+1H+ (n = 2–4) [31,32] are also given in parentheses.

Among the selected four excited electronic states, the 12�g/u
states are the lowest, derived from the highest occupied molec-
ular orbital (HOMO) to the singly occupied molecular orbital
(SOMO), i.e., n�g→ (n + 1)�u for HC4n+1H+ or (n + 1)�u→ (n + 1)�g

for HC4n+3H+ (n = 1–3). The vertical excitation energies are calcu-
lated at 2.59, 2.11, 1.87, 1.65, 1.49, and 1.35 eV, respectively, with
the corresponding f-values of 4.58×10−4, 2.23×10−4, 1.18×10−3,
8.98×10−4, 1.94×10−3, and 3.68×10−3, respectively, in very good
agreement with the available experimental results of 2.48, 2.07,
1.78, 1.57, 1.42, and 1.29 eV [16,17]. Comparing with the previ-
ous MRCI studies on HC2n+1H+ (n = 2–4) [31,32] we find that our
estimate for HC5H+ is only 0.03 eV higher than the corresponding
MRCI value of 2.56 eV [31], whereas our calculations for HC7H+ and
HC9H+ yield much better results than the corresponding MRCI val-
ues of 2.34 eV [31] and 2.13 eV [32]. In addition, it is worthy to
note that the absorption wavelengths of the origin band for HC9H+

reported by the two literatures are not consistent: one is 695 nm
[16], and the other is 659 nm [17]. We adopted the former (695 nm)
for comparison as it corresponds to the value of the fitting curves
in the two literatures.

The next two low-lying excited states are 12�g/u and 22�g/u,
originating from the same electronic excitations as the correspond-
ing 12�g/u states. The 12�g/u states are computed at 3.16, 2.59,
2.20, 1.77, 1.66, and 1.47 eV above the ground state, respectively.
By the spin and dipole rules, the 12�g/u←X2�u/g transitions are
forbidden. The 22�g/u states are predicted at 3.49, 2.88, 2.22, 1.95,
1.74, and 1.57 eV, respectively, and the corresponding f-values
are 3.42×10−2, 1.19×10−2, 4.90×10−4, 1.91×10−3, 6.29×10−4,
and 3.69×10−6, respectively. For the smaller carbon chains, the
22�g/u←X2�u/g transitions may be found more easily in the fur-
ther experiments.

The last low-lying 32�g/u excited states exhibit multireference
character, and the two electronic excitations as shown in Table 4
have comparable contribution. The vertical excitation energies
locate at 3.57, 2.89, 2.51, 2.18, 1.96, and 1.78 eV, respectively. The
largest f-values (6.01×10−2, 1.11×10−1, 1.87×10−1, 1.82×10−1,
2.42×10−1, and 3.25×10−1) make them detectable more easily
experimentally.
3.4. Size dependence of absorption wavelengths

As can be found in the experiments, the absorption wavelengths
of the origin bands for HC2n+1H+ (n = 2–7) chains have the promi-
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Fig. 7. CASSCF optimized bond lengths
ently linear size dependence [16,17]. Therefore, a linear fitting
or the 12�g/u←X2�u/g transition energies (� in nanometer) has
een carried out based upon the data in Table 4 (see Fig. 8). The lin-
ar fitting curves from the 22�g/u←X2�u/g and 32�g/u←X2�u/g
ransitions are described in Fig. 9 for comparison. These fittings

able 4
he vertical excitation energies (�E, eV) and oscillator strengths (f) of selected four trans

Species State Excitation

HC5H+ X2�u · · ·1�4
u1�4

g2�1
u2�0

g

12�g 1�g→2�u

12�g 1�g→2�u

22�g 1�g→2�u

32�g 1�g→2�u

(2�u→2�g

HC7H+ X2�g · · ·1�4
g2�4

u2�1
g3�0

u

12�u 2�u→2�g

12�u 2�u→2�g

22�u 2�u→2�g

32�u 2�g→3�u

(2�u→2�g

HC9H+ X2�u · · ·2�4
u2�4

g3�1
u3�0

g

12�g 2�g→3�u

12�g 2�g→3�u

22�g 2�g→3�u

32�g 3�u→3�g

(2�g→3�u

HC11H+ X2�g · · ·2�4
g3�4

u3�1
g4�0

u

12�u 3�u→3�g

12�u 3�u→3�g

22�u 3�u→3�g

32�u 3�g→4�u

(3�u→3�g

HC13H+ X2�u · · ·3�4
u3�4

g4�1
u4�0

g

12�g 3�g→4�u

12�g 3�g→4�u

22�g 3�g→4�u

32�g 4�u→4�g

(3�g→4�u

HC15H+ X2�g · · ·3�4
g4�4

u4�1
g5�0

u

12�u 4�u→4�g

12�u 4�u→4�g

22�u 4�u→4�g

32�u 4�g→5�u

(4�u→4�g

a Experimental values in 5 K neon matrixes from Refs. [16,17].
b Previous MRCI values from Ref. [31].
c Previous MRCI value from Ref. [32].
gstrom) of HC2n+1H+ (n = 2–7) cations.
yield the following equation:

� = A+ Bn (4)

where n = 2, 3, . . ., 7, and the expression
�[nm] = 1239.824[nm× eV]/�E[eV] is used.

itions for HC2n+1H+ (n = 2–7) using CASSCF active spaces in Table 1.

�E f

0.00
2.59 (2.48)a (2.56)b 4.58×10−4

3.16 0.00
3.49 3.42×10−2

c2 = 0.33 3.57 6.01×10−2

c2 = 0.23)

0.00
2.11 (2.07)a (2.34)b 2.23×10−4

2.59 0.00
2.88 1.19×10−2

c2 = 0.26 2.89 1.11×10−1

c2 = 0.20)

0.00
1.87 (1.78)a (2.13)c 1.18×10−3

2.20 0.00
2.22 4.90×10−4

c2 = 0.39 2.51 1.87×10−1

c2 = 0.18)

0.00
1.65 (1.57)a 8.89×10−4

1.77 0.00
1.95 1.91×10−3

c2 = 0.40 2.18 1.82×10−1

c2 = 0.18)

0.00
1.49 (1.42)a 1.94×10−3

1.66 0.00
1.74 6.29×10−4

c2 = 0.41 1.96 2.42×10−1

c2 = 0.17)

0.00
1.35 (1.29)a 3.68×10−3

1.47 0.00
1.57 3.69×10−6

c2 = 0.41 1.78 3.25×10−1

c2 = 0.17)
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Fig. 8. The linear size dependences of the absorption wavelengths of the
12�g/u←X2�u/g transitions for HC2n+1H+ (n = 2–7) clusters at the CASPT2 level, as
well as the observed values [16,17].
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ig. 9. The linear size dependences of the absorption wavelengths of the
2�g/u←X2�u/g and 32�g/u←X2�u/g transitions for HC2n+1H+ (n = 2–7) cations at
he CASPT2 level.

For the experimental data, A = 322.46 and B = 91.85. The fitting
rror and correlation coefficient are 6.42 nm and 0.9994, respec-
ively, exhibiting high accuracy. In the case of the CASPT2 predicted
quation, A = 316.86 and B = 86.30, and the fitting error and correla-
ion coefficient are 8.35 nm and 0.9989, respectively. It is apparent
hat the two curves are very close to each other as displayed in
ig. 8 and the above linear �–n relationships could reproduce the
xperimental and calculated data very well. Also, this effect has
een observed in the other carbon chains, such as HC2n+1H [17,49]
nd HC2nH+ [16,17,24,30].

For the 22�g/u excited states, the fitting error is 16.40 nm, as
lmost twice as that of the 12�g/u excited states. Clearly, the lin-
ar relationship is less notable as shown in Fig. 9. For the 32�g/u
xcited states, however, the fitting error is only 5.91 nm and the
inear relationship is quite pronounced.

. Conclusions

With state of the art theoretical calculations, we reported in
his work the equilibrium geometries and electronic spectra of
he linear carbon chain radicals HC2n+1H+ (n = 2–7). The present
esults demonstrate that HC2n+1H+ clusters are observed to have
ome sort of cumulenic character in the middle of the chains and

he BLA in the first excited state is less notable than the corre-
ponding one in the ground state. However, the odd-n cationic
hains are difficult to form and more susceptible to fragmenta-
ion, due to the lower stabilization than the even-n ones. On the
ther hand, for the dipole-allowed 12�g/u←X2�u/g transitions,
s Spectrometry 290 (2010) 113–119

the agreement between the available experimental results and our
theoretical predictions is good, with the largest difference of only
0.11 eV. Furthermore, the corresponding absorption wavelengths
exhibit notably linear size dependence, as shown in previous exper-
iments. For the higher transitions, the absorption wavelengths for
the 22�g/u←X2�u/g and 32�g/u←X2�u/g transitions also show
similar linear relationships. Overall, the present calculations pro-
vide accurate information for spectroscopists and they should be
helpful to the further experimental studies.
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