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We present a theoretical investigation of neutral and ionic C7 molecules. Since carbon chains present
isomerism and the number of possible structures increases fast with the number of carbon atoms,
a B3LYP/aug-cc-pVTZ search of stationary points has been achieved. For C7, we found twelve
minimal structures. Among these forms, eleven C7 isomers are located into the lowest singlet hy-
per potential energy surface. The most stable form of C7 is linear and possesses a 1�g

+ symmetry
species. For C7

−, we characterized fifteen stable forms, where twelve are of doublet spin-multiplicity.
The global minimum of C7

− is a 2�g doubly degenerate Renner-Teller structure. For C7
+ cation,

we found eleven doublet and three quartet isomers with a 7-atom cycle, C7
+ (X2A1) ground state.

For the most stable forms, explicitly correlated (R)CCSD(T)-F12 calculations have been performed
for the determination of equilibrium geometries and for the spectroscopic characterization of C7,
C7

−, and C7
+, providing accurate rotational constants and harmonic frequencies. Vertical excitation

energies to the lowest electronic states have been computed at the CASSCF/MRCI/aug-cc-pVTZ
level. Thirty five electronic states of C7, suitable of being involved in reactive processes, lie below
7 eV. Fourteen metastable electronic states of C7

− have been found below 3.5 eV. For linear-C7, we
compute the electron affinity and the ionization energy to be 3.38 eV and 10.42 eV, respectively.
© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4817199]

INTRODUCTION

During the 1980s decade, Cn carbon chains were pro-
posed as responsible for the Diffuse Interstellar Bands
(DIBs),1 and started to be considered as relevant species for
astrophysics. Commonly, they appear in astrochemical mod-
els as important intermediates of reactions involving car-
bon compounds such as polycyclic aromatic hydrocarbons
(PAHs). Small chains are considered as building blocks of
larger species such as the fullerenes. Pure carbon chains are
abundant species in carbon rich circumstellar envelopes.2

In spite of their astrophysical relevance, few bare chains
have been observed in gas phase extraterrestrial sources. The
reasons of that can be the absence of permanent dipole mo-
ments indispensable for radioastronomical observations and
the lack of well characterized molecular properties. The short-
est chain C2, discovered in Cygnus OB2,3 was the first one de-
tected, followed by C3 and linear-C5 found in IRC+102164–6

and Sagittarius B2.5 Detections were performed through the
analysis of infrared active vibrational excitations or through
their electronic transitions.

Neutral and charged pure carbon chains are known to
exist in a rich variety of structures, including chains and
monocyclic and polycyclic rings.7 Many of them are highly
reactive and extremely difficult to treat at the laboratory
level. Smaller species have been studied using different

a)E-mail: mmogren@ksu.edu.sa
b)E-mail: senent@iem.cfmac.csic.es
c)E-mail: hochlaf@univ-mlv.fr

theoretical and experimental techniques such as ab initio
calculations,8–13 high resolution infrared spectroscopy in gas
phase or solid matrices,14–23 vibrationally resolved photoelec-
tron spectroscopy,24 optical emission and absorption spec-
troscopy in solid matrices and gas phase,25–29 and multipho-
ton electron detachment techniques.7 Gas phase electronic
spectral data can be compared directly with astrophysical
observations.25, 30

Detailed presentation of previous studies treating neu-
tral, cationic, and anionic C7 can be found in van Orden
and Saykally7 and Jochnowitz and Maier25 reviews, and in
Refs. 8–24 and 26–29. Briefly, the structure of neutral linear-
C7 and various monosubstituted 13C-isotopologues has been
investigated using coupled-cluster with single, double, and
triple substitutions (CCSD(T)) theory concluding that no
evidence of floppiness appears.13 Rotational constants (Be

= 916.8 MHz and B0 = 919.0 MHz), as well as some an-
harmonic spectroscopic parameters are provided.13 Vertical
excitations to the lowest electronic states of the neutral form
have been computed by Kolbuszewski8 and Giuffreda et al.,12

whereas electronic states of linear-C7
− were determined by

Lakin et al.10 and Cao et al.11 The spin-orbit constant of C7
−

(X2�g) was estimated to be Aso = 26.8 cm−1 by Lakin et al.10

Large scale coupled cluster calculations have been used to
find the equilibrium structure of linear-C7

−.
The infrared spectrum of neutral C7 was studied first in

neon and argon matrices and, more recently, in gas phase.14–23

C7 presents eleven vibrational modes, five of them lying be-
low 500 cm−1. Very recently, the infrared active modes ν4(σ u)
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and ν5(σ u) were precisely measured using high resolution
spectroscopy.21–23 The two band centers were localized at
2138.38 cm−1 and 1898.44 cm−1, respectively.

The interpretation of DIBs nature has generated elec-
tronic spectra studies of C7 and C7

−,25, 29 although astrophys-
ical observations rejected the C7

− diffuse interstellar band hy-
pothesis on the basis of laboratory measurements.30 The 1�u

+

← X1�g
+ and 1�g ← X1�g

+ electronic absorption transi-
tions corresponding to the neutral form trapped in Ne matri-
ces were analyzed by Maier and co-workers.26 The band cen-
ters are localized at 39 556 cm−1 and 18 440 cm−1.26 Using
anion photoelectron spectroscopy, Kohno et al.28 observed a
band at 1.71 eV, which they tentatively assigned to a triplet
state of 3�u

+, 3�u
−, or 3�u symmetry. For C7

− anion, elec-
tronic transitions from X2�g to three doublet electronic states
of 2�u symmetry were measured by Tulej et al.25, 29

The present paper tries to give a complete characteriza-
tion of the molecule covering different aspects for which there
is lack of available information. Therefore, we describe a rig-
orous and systematic theoretical study of the seven atom car-
bon chain C7, as well as its corresponding charged species
C7

− and C7
+. This work and its methodology follow previous

studies on other carbon chains performed using highly cor-
related ab initio methods.31–38 As bare carbon chains present
isomerism, we started our investigations by a detailed search
of equilibrium structures. Some of them are undetectable
forms given their low stability, but they can be important in-
termediates during reactive processes in combustion and in
astrophysical media. For the most stable forms, we used ex-
plicitly correlated methods to compute structural parameters
and rotational constants. Since carbon chains present a large
density of electronic states close to the ground state, we have
determined, using multi reference configuration interaction
theory, vertical excitation energies to the lowest states, which
can be involved in the reactivity.38

This paper is organized as follows: First, we detail
the computational methods used. Then, we present our re-
sults ((R)CCSD(T) calculations of the isomers, structure, and
(R)CCSD(T)-F12 equilibrium spectroscopic parameters of
the most stable forms and multi reference configuration inter-
action approach (MRCI) electronic vertical excitations) and
their comparison to previous experimental and theoretical8–13

works. As the number of isomers is too large, B3LYP results
of the preliminary search of stationary points are provided in
the supplementary material.58

COMPUTATIONAL DETAILS

The preliminary search of C7, C7
−, and C7

+ minimum
energy structures and transitions states was carried out with
the code GAUSSIAN 09,39 density functional theory with
the B3LYP functional,40, 41 and the aug-cc-pVTZ basis set.42

For the equilibrium molecular structure optimizations, we
used the standard options as implemented in the GAUSSIAN
code. Later on, the energies of all structures were refined
by performing single point calculations on the B3LYP ge-
ometries using restricted coupled cluster theory with a per-
turbative treatment of triple excitations (RCCSD(T)).43 Af-
terwards, the most relevant structures and their spectroscopy

parameters were computed using explicitly correlated cou-
pled cluster theory RCCSD(T)-F12.44 For these last calcu-
lations, three basis sets were employed: the orbital aug-cc-
pVTZ, an aVTZ-MP2FIT basis set for the density fitting
integral evaluation of the F12 integrals, and the VTZ/JKFIT
basis set because the many electron integrals are approxi-
mated by resolutions of the identity expansions.45 As pre-
viously established (Refs. 51–57, and references therein),
the (R)CCSD(T)-F12/aug-cc-pVTZ accuracy reaches the
RCCSD(T)/aug-cc-pV5Z precision, but by means of a rela-
tively low computational effort. Therefore, it represents a very
efficient level of theory for accurate characterizations of de-
tectable molecular species.

For the (R)CCSD(T) and (R)CCSD(T)-F12 calculations
and for the determination of vertical electronic excitations,
we used the MOLPRO program suite.46 Electron affinities,
vertical and adiabatic excitation energies to the excited elec-
tronic states were determined with the complete active space
self-consistent field (CASSCF) method,47, 48 followed by the
internally contracted MRCI.49, 50 For the linear forms, in the
CASSCF calculations, the lowest seven σ g, two πu, and seven
σ u molecular orbitals (MOs) were kept doubly occupied, and
we considered the upper three σ g, four πu, two σ u, and four
πg MOs as active defining an active space of 13 active orbitals
and 12 electrons for neutral C7, 13 electrons for C7

−, and 11
electrons for C7

+. For cyclic-C7
+ (XII-isomer, see below), the

lowest eight a1, one b1, and six b2 MOs were kept doubly oc-
cupied and we considered the upper five a1, three b1, three b2,
and two a2 MOs as active.

RESULTS AND DISCUSSION

Stationary points, spectroscopic parameters, electron
affinity, and ionization energy

Eighteen, nineteen, and twenty different stationary
structures of C7, C7

−, and C7
+ have been found after a

systematic search performed with B3LYP/aug-cc-pVTZ. The
corresponding energies, structural parameters, dipole mo-
ments, rotational constants, and harmonic frequencies are pro-
vided as the supplementary material.58 At this level of theory,
twelve C7 structures correspond to minimum equilibrium ge-
ometries (M). The remaining ones are transition states (TS).
The charged species, C7

− and C7
+, reveal fifteen and four-

teen minima, respectively. The main set of C7 isomers (a total
of eleven structures) shows singlet ground electronic states,
whereas C7

− and C7
+ display twelve and eleven isomers with

ground states of doublet spin multiplicities.
To perform a systematic and complete search of iso-

mers, we have designed all the possible structures that can
be formed with seven identical carbon atoms, starting by the
linear form followed by geometries containing cycles of three,
four, five, six, and seven atoms. For each case, the geometry
optimization has been performed using the largest symmetry
group and all the sub-groups and different spin multiplicities.

To obtain more accurate relative stabilities, (R)CCSD(T)/
aug-cc-pVTZ single point calculations were achieved on all
density functional structures (DFT) structures. (R)CCSD(T)
relative energies are shown in Table I. Lower energy isomers
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TABLE I. C7 isomers (M) and transition states (TS) calculated with (R)CCSD(T)/aug-cc-pVTZ. Relative
energies (Er) are in eV.
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FIG. 1. The low energy structures of C7, C7
−, and C7

+; RCCSD(T)/aug-cc-pVTZ relative energies are referred to l-C7 (in eV).

are shown in Figure 1. The most stable geometries of the neu-
tral and anion species are two linear forms, I-C7 (X1�g

+)
and I-C7

−(X2�g) (or l-C7 and l-C7
−), and for the cation, the

lowest energy corresponds to a 7-atom cyclic structure XII-
C7

+ (X2A1) (or c-C7
+). This last one displays an imaginary

frequency when it is calculated with B3LYP (see the supple-
mentary material58 where it is classified, such as TS). Since
MP2 and highly correlated RCCSD(T) calculations lead to a
minimum instead to a TS. The imaginary frequency at DFT
level can be related to a lack of electronic correlation. The
effect of dynamical correlation on carbon chain isomer rela-
tive energy was already evidenced for C6.35 In Table II, some
RCCSD(T)-F12 structural and spectroscopic properties corre-
sponding to the three linear forms, I-C7, I-C7

−, and I-C7
+ and

to the cyclic XII-C7
+, are shown. Three of these structures,

I-C7, I-C7
−, and XII-C7

+, represent the minimum energy ge-
ometries. I-C7

+ is an equilibrium geometry lying at 1.57 eV
over XII-C7

+.
For carbon chains, the number of stable geometries in-

creases fast with the number of carbons. In our previous pa-
pers, we found a total of 2, 3, and 3 isomers for C4, C4

−,
and C4

+, respectively;31, 34, 36 4 for C5;33 and 9 and 7 for C6

and C6
−, respectively.35, 37 For short neutral Cn chains, it is

generally accepted that those with even n show two isomers,
one cyclic and one linear of similar stabilities but of differ-
ent spin multiplicities. When n is odd,7 a single prominent
stable structure is found. Our previous calculations for n < 7
species31, 33–37 show that these species obey this rule. Indeed,
the most stable forms of C4 and C6 are singlet cycles of four
and six atoms followed by triplet linear ones showing rela-
tive energies of 0.07 eV and 0.5 eV, respectively. In the case
of C5, the prominence of the singlet linear form is evident,
since the following isomer lies over 2.6 eV. Similar to C5,
the favorable lowest geometry of C7 is linear (I-C7 or l-C7).

However, the relative energy of the following cyclic isomer
(XII-C7 or c-C7) is very low (0.5 eV) as for C6. Both iso-
mers I-C7 and XII-C7 show singlet ground electronic states.
C7 presents hence mixed isomeric properties of odd and even
carbon chains.

Electron-affinities of l-C4 and l-C6 were calculated to be
3.82 eV and 4.16 eV38 at the (R)CCSD(T)/aug-cc-pVTZ level
of theory. These values are close to the experimental values
of 3.882 eV and 4.185 eV.24 At this level of calculation, l-
C7 electron affinity is computed to be 3.27 eV, which is off
by ∼0.01 eV from the experimental value (3.358 eV24). The
large electron affinity of C7 is on line with the stabilization
of linear carbon chains with electron attachment to form lin-
ear anions. The latter ones are highly more stable than the
remaining negatively charged isomers.34, 37, 38 A priori, this is
one of the reasons for which negative carbon chains were the
first detected in astrophysical media.38 Therefore, C7 and C7

−

are good candidates to be present there. At the (R)CCSD(T)-
F12 level, the I-C7 electron affinity (EA) has been deter-
mined to be 3.32 eV. This value switches to 3.38 eV when
the zero point vibrational energy correction is considered and
can be compared with the photoelectron spectroscopy value,
EA = 3.358 eV.24

Anion C7
− shows three isomers with relative ener-

gies with respect to the linear form lower than 2 eV (see
Figure 1). They correspond to II-C7

− (Er = 0.72 eV), IV-C7
−

(Er = 1.26 eV) and VIII-C7
− (Er = 1.90 eV). The C7 energy

difference between the two first isomers, I-C7
− and II-C7

−

(0.72 eV) is lower than for C4 (1.34 eV) and C6 (1.15 eV).
We can conclude that, although l-C7

− is really stable, it is less
prominently stable than l-C4

− and l-C6
−.

Dynamical electron correlation included in our post
Hartree-Fock computations plays a crucial role on the rela-
tive stabilities of the cation isomers. With density functional
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TABLE II. Total electronic energies (E, in a.u.), relative energies (Er, in eV), bond distances (in Å), equilibrium rotational constants (in MHz), harmonic
fundamental frequencies (ω, in cm−1), electron affinity (EA, in eV), and ionization energy (IE, in eV) of the linear l-C7, l-C7

−, and l-C7
+ and of the c-C7

+
isomer calculated with RCCSD(T)-F12/aug-ccpVTZ.

l-C7 (X1�g
+) (I-C7)

Calc. Expt. [Ref. #, g, m]a Calc. Expt. [Ref. #, g, m]a

E − 265.915226 ω4(σ u) 2200.1 2138.315 [Refs. 14, 16, and 21, g]
Er 0.0

2134.6 [Refs. 17, 22, and 26, m];
2127.8 [Ref. 18, m];
2120.4 [Ref. 19, m]

EA 3.38 3.358 [Ref. 24]
IE (l → l+) 10.42 ω5(σ u) 1931.6 1898.378 [Refs. 15 and 23, g]
IE (l → c+) 9.1 1897.5 [Refs. 17, 22, and 26, m];

1894.2 [Ref. 18, m];
1889.3 [Ref. 19, m]

Be 911.792 917.755 [Ref. 16] ω6(σ u) 1088.1
C1-C2 1.2756 ω7(πg) 469.6 496 ± 110 [Ref. 24, g]
C2-C4 1.2900 ω8(πg) 147.2
C4-C6 1.2925 ω9(πu) 460.5
ω1(σ g) 2166.5 ω10(πu) 227.7
ω2(σ g) 1564.4 ω11(πu) 63.9
ω3(σ g) 574.9 548 ± 90 [Ref. 24, g]

582 [Ref. 19, m]

l-C7
− (X2 �g) (I-C7

−)
Calc. Calc.

E − 266.037098 ω(σ g) 3148.6; 2027.5; 840.8
Er 0.0 ω(σ u) 4896.1; 2568.9; 647.9
Be 901.579 ω(πg) 486.5; 488.9; 174.1; 180.5
C1-C2 1.2801 ω(πu) 345.3; 359.7; 260.9; 263.7; 76.8; 70
C2-C4 1.3111
C4-C6 1.2823

l-C7
+ (2�u

+) (I-C7
+)

Calc. Calc.
E − 265.532170 C1-C2 1.2754
Er 1.57 C2-C4 1.2955
Be 914.563 C4-C6 1.2746

c-C7
+ (X2A1) (XII-C7

+)
Calc.b Calc.b

E − 265.589736 C1C2C3 106.5
Er 0.0 C2C3C4 147.6
Ae 5882.485 C3C4C5 114.5
Be 4877.818 C2C1C7 138.7
Ce 2666.625 ω(a1) 2042, 1816, 1384, 1059, 939, 441
C1-C2 1.3452 ω(b1) 559, 342
C2-C3 1.3210 ω(b2) 3412, 1859, 1210, 660, 474
C3-C4 1.2994 ω(a2) 572, 331
C1-C7 1.2758

ag = Gas phase; m = Ar, Ne, Kr matrices.
bc-C7

+ harmonic frequencies have been obtained with MP2/aug-cc-pVTZ.

theory (B3LYP), XII-C7
+ is a transition state lying −0.85 eV

below the linear form. By contrast, it represents the most sta-
ble isomer at the RCCSD(T) level of theory, where a strong
stabilization (of 1.77 eV) in favor of I-C7

+ is found (see
Figure 1). At the (R)CCSD(T)-F12 level, the C7 ionization en-
ergy (IE) was determined to be 10.42 eV when the zero point
vibrational energy correction is considered. IE is deduced as
the energy difference between the energies of the linear forms
I-C7 and I-C7

+ (l → l+). Our value is little bit higher than the

previous one calculated by Deleuze et al.59 (IE = 9.9 eV). For
the energy difference between the absolute minimum struc-
tures of I-C7 and XII-C7

+ (l → c+), it is calculated 9.1 eV.
The RCCSD(T)-F12/aug-cc-pVTZ equilibrium rota-

tional constants of I-C7, I-C7
−, I-C7

+, and XII-C7
+ were

computed to be Be = 911.792 MHz, Be = 901.579 MHz, and
Be = 914.563 MHz, and Ae = 5882.485 MHz, Be = 4877.818
MHz, and Ce = 2666.625 MHz, respectively. To evaluate the
quality of these results, our previous estimations of rotational
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TABLE III. MRCI/aug-cc-pVTZ vertical excitation energies (E, in eV) to the lowest electronic states of C7, C7
−, and C7

+. We also list the prominent electron
configuration quoted at equilibrium geometry of the corresponding ground state.

Symmetry E Prominent configuration Expt. Previous calculation

l-C7

X 1�g
+ 0.00a (8σ g)2 (2πu)4 (7σ u)2 (1πg)4 0.00 0.0 [Refs. 8 and 12]

3�u
+ 1.97 (8σ g)2 (2πu)3 (7σ u)2(1πg)4(2πg)1 1.71 [Ref. 28] 1.89 [Ref. 8], 1.07 [Ref. 12]

3�u 2.20 (8σ g)2 (2πu)3 (7σ u)2(1πg)4(2πg)1 1.79 [Ref. 8], 1.19 [Ref. 12]
3�u 2.20 (8σ g)2 (2πu)4 (7σ u)1(1πg)4(2πg)1 2.16 [Ref. 8], 1.13 [Ref. 12]
3�g 2.21 (8σ g)1 (2πu)4 (7σ u)2(1πg)4(2πg)1 1.92 [Ref. 8], 1.14 [Ref. 12]
3�u

− 2.21 (8σ g)2 (2πu)3 (7σ u)2(1πg)4(2πg)1 2.0 [Ref. 8], 1.25 [Ref. 12]
1�u 2.36 (8σ g)2 (2πu)3 (7σ u)2(1πg)4(2πg)1 1.54 [Ref. 8], 1.23 [Ref. 12]
1�u

− 2.43 (8σ g)2 (2πu)3 (7σ u)2(1πg)4(2πg)1 2.00 [Ref. 8], 1.25 [Ref. 12]
1�u 2.98 (8σ g)2 (2πu)4 (7σ u)1(1πg)4(2πg)1 2.29 [Ref. 26] 2.64 [Ref. 8], 1.5 [Ref. 12]
1�g 2.99 (8σ g)1 (2πu)4 (7σ u)2 (1πg)4(2πg)1 2.26 [Ref. 8], 1.51 [Ref. 12]
1�u

+ 3.04 (8σ g)2 (2πu)3 (7σ u)2 (1πg)4(2πg)1 5.54 [Ref. 8], 3.61 [Ref. 12]
5�u

− 3.40 (8σ g)1 (2πu)4 (7σ u)1 (1πg)4(2πg)2

5�g
+ 3.87 (8σ g)2 (2πu)2 (7σ u)2 (1πg)4(2πg)2

5�g 3.88 (8σ g)2 (2πu)3 (7σ u)1 (1πg)4(2πg)2

5�u 3.89 (8σ g)1 (2πu)3 (7σ u)2 (1πg)4(2πg)2

3�g 4.01 (8σ g)2 (2πu)4 (7σ u)2 (1πg)3(2πg)1 2.42 [Ref. 8], 2.4 [Ref. 12]
3�g

+ 4.18 (8σ g)2 (2πu)4 (7σ u)2(1πg)3(2πg)1 2.59 [Ref. 8], 2.78 [Ref. 12]
3�g

− 4.28 (8σ g)2 (2πu)4 (7σ u)2 (1πg)3(2πg)1 3.38 [Ref. 8], 2.69 [Ref. 12]
1�g 4.43 (8σ g)2 (2πu)4 (7σ u)2 (1πg)3(2πg)1 2.75 [Ref. 8], 2.69 [Ref. 12]
1�g

− 4.50 (8σ g)2 (2πu)4 (7σ u)2 (1πg)3(2πg)1 3.31 [Ref. 8], 2.87 [Ref. 12]
21�g

+ 4.48 (8σ g)2 (2πu)4 (7σ u)2 (1πg)3(2πg)1 2.31 [Ref. 8], 3.37 [Ref. 12]
23�g 4.68 (8σ g)2 (2πu)3 (7σ u)1 (1πg)4(2πg)2 3.31 [Ref. 12]
23�u 4.69 (8σ g)2 (2πu)4 (7σ u)1 (1πg)4(2πg)1 3.31 [Ref. 12]
3	u 4.77 (8σ g)1 (2πu)3 (7σ u)2 (1πg)4(2πg)2

3	g 4.77 (8σ g)2 (2πu)3 (7σ u)1 (1πg)4(2πg)2

21�g 5.28 (8σ g)2 (2πu)3 (7σ u)1 (1πg)4(2πg)2 4.09 [Ref. 12]
21�u 5.38 (8σ g)1 (2πu)3 (7σ u)2 (1πg)4(2πg)2 4.09 [Ref. 12]
1	g 5.52 (8σ g)1 (2πu)3 (7σ u)2 (1πg)4(2πg)2

1	u 5.56 (8σ g)2 (2πu)3 (7σ u)1 (1πg)4(2πg)2

5�u 5.60 (8σ g)1 (2πu)3 (7σ u)2 (1πg)3(2πg)2

5�u
+ 5.92 (8σ g)1 (2πu)3 (7σ u)2 (1πg)3(2πg)2

5�g
− 6.03 (8σ g)1 (2πu)3 (7σ u)1 (1πg)4(2πg)3

5�g 6.34 (8σ g)1 (2πu)3 (7σ u)1 (1πg)4(2πg)3

5	u 6.89 (8σ g)2 (2πu)3 (7σ u)1 (1πg)4(2πg)1

5	g 6.90 (8σ g)1 (2πu)3(3πu)1(7σ u)2 (1πg)4(2πg)1

l-C7
−

X 2�g 0.00b (8σ g)2 (2πu)4 (7σ u)2 (1πg)4(2πg)1 0.00 0.00 [Refs. 10 and 11]
4�u 1.93 (8σ g)2 (2πu)3 (7σ u)2 (1πg)4(2πg)2

2�u 2.28 (8σ g)2 (2πu)3 (7σ u)2 (1πg)4(2πg)2 1.98 [Refs. 10 and 29] 2.77 [Ref. 11]
4�g

− 2.37 (8σ g)1 (2πu)4 (7σ u)2 (1πg)4(2πg)2

4�u
− 2.37 (8σ g)2 (2πu)4 (7σ u)1 (1πg)4(2πg)2

2	u 2.41 (8σ g)2 (2πu)3 (7σ u)2 (1πg)4(2πg)2 2.63 [Ref. 11]
22�u 2.62 (8σ g)2 (2πu)3 (7σ u)2 (1πg)4(2πg)2 2.52 [Ref. 29] 2.92 [Ref. 11]
32�u 2.82 (8σ g)2 (2πu)3 (7σ u)2 (1πg)4(2πg)2 3.03 [Ref. 11]
2�g

− 3.14 (8σ g)1 (2πu)4 (7σ u)2 (1πg)4(2πg)2 3.01 [Ref. 11]
2�u

− 3.14 (8σ g)2 (2πu)4 (7σ u)1 (1πg)4(2πg)2 3.07 [Ref. 11]
2�g

+ 3.20 (8σ g)1 (2πu)4 (7σ u)2 (1πg)4(2πg)2 3.45 [Ref. 11]
2�u

+ 3.20 (8σ g)2 (2πu)4 (7σ u)1 (1πg)4(2πg)2 3.50 [Ref. 11]
2�g 3.20 (8σ g)1 (2πu)4 (7σ u)2 (1πg)4(2πg)2 3.14 [Ref. 11]
2�u 3.20 (8σ g)2 (2πu)4 (7σ u)1 (1πg)4(2πg)2 3.16 [Ref. 11]
4�g 3.98 (8σ g)2 (2πu)4 (7σ u)2 (1πg)3(2πg)2

l-C7
+

X 2�u
+ 0.00c (8σ g)2 (2πu)4 (7σ u)1 (1πg)4

2�g
+ −0.01 (8σ g)1 (2πu)4 (7σ u)2 (1πg)4

2�u 0.09 (8σ g)2 (2πu)3 (7σ u)2 (1πg)4

4�u 1.08 (8σ g)1 (2πu)4 (7σ u)1(1πg)4(2πg)1



064301-7 Mogren Al-Mogren, Senent, and Hochlaf J. Chem. Phys. 139, 064301 (2013)

TABLE III. (Continued.)

Symmetry E Prominent configuration Expt. Previous calculation

2�g 1.51 (8σ g)2 (2πu)4 (6σ u)2(1πg)4(2πg)1

4�u 1.60 (8σ g)2 (2πu)3 (7σ u)1(1πg)4(2πg)1

4�g 1.61 (8σ g)2 (2πu)3 (7σ u)1(1πg)4(2πg)1

4�u
+ 1.63 (8σ g)1 (2πu)3 (7σ u)2(1πg)4 (2πg)1

4�g
+ 1.63 (8σ g)2 (2πu)3 (7σ u)1(1πg)4(2πg)1

4�g 1.98 (8σ g)2 (2πu)2 (7σ u)2(1πg)4(2πg)1

22�u 2.12 (8σ g)1 (2πu)4 (7σ u)1(1πg)4(2πg)1

22�g 2.39 (8σ g)2 (2πu)4 (7σ u)2 (1πg)3

2	g 2.48 (8σ g)2 (2πu)2 (7σ u)2(1πg)4(2πg)1

2�g
− 2.60 (8σ g)2 (2πu)3 (7σ u)1(1πg)4(2πg)1

2�u
− 2.61 (8σ g)1 (2πu)3 (7σ u)2(1πg)4(2πg)1

2�u 2.63 (8σ g)1 (2πu)3 (7σ u)2(1πg)4(2πg)1

2�g 2.64 (8σ g)2 (2πu)3 (7σ u)1(1πg)4(2πg)1

22�g
+ 2.67 (8σ g)2 (2πu)3 (7σ u)1(1πg)4(2πg)1

c-C7
+

X 2A1 0.0 (10a1)2 (11a1)1 (2b1)2(7b2)2(1a2)2

2B1 1.38 (10a1)2 (2b1)2(7b2)2(1a2)2(2a2)1

2B2 1.60 (10a1)2 (2b1)2(7b2)2(1a2)2(2a2)1

2A2 2.01 (10a1)2 (2b1)2(7b2)2(8b2)2(1a2)1

22A1 2.28 (10a1)2 (12a1)1 (2b1)2(7b2)2(1a2)2

22B2 2.97 (10a1)2 (2b1)2(7b2)2(8b2)2(1a2)1

4A1 3.29 (10a1)2 (11a1)1 (2b1)2(7b2)2(1a2)2

4A2 3.29 (10a1)1 (11a1)1 (2b1)2(3b1)1(7b2)2(1a2)2

4B2 3.32 (10a1)1 (11a1)1 (2b1)2(7b2)2(8b2)1(1a2)2

4B1 3.50 (10a1)1 (11a1)1 (2b1)2(3b1)1(7b2)2(1a2)2

Electron affinity (EA) and ionization energy (IE)e

EA (eV) = 2.73 eV 3.358 [Ref. 24]
IE (eV) = 10.18 (l → l+)
IE (eV) = 8.59 (l → c+)

aE = −265.624595 a.u.
bE = −265.724890.
cE = −265.250339 a.u.
dE = −265.308956 a.u.
eZero point vibrational energy neglected.

constants of other carbon chains, i.e., for C4Si, we can cer-
tify that explicitly correlated coupled cluster theory leads to
equilibrium rotational constants identical to the ones deter-
mined with RCCSD(T) at the complete basis set.51 The Be

parameters were further employed to evaluate B0, which are
at less than 2.5 MHz from the experimental value.51 In the lit-
erature, the few existing data correspond to the neutral form
I-C7. With infrared laser absorption spectroscopy, B0 was de-
termined to be 917.755 MHz.16 Previous RCCSD(T) calcu-
lations of Botschwina13 lead to Be (I-C7) = 916.8 MHz. In
Ref. 9, the difference Be(I-C7) − Be(I-C7

−) was computed
to be 9 MHz in a good agreement with our calculations. For
anionic and cationic forms of C7, our work represents the
first determination of these quantities that may be used for
assigning their experimental and astrophysical spectra when-
ever measured.

In Table II, the harmonic wavenumbers for the three
absolute minima are provided. For I-C7, some calculated
band positions corresponding to the ν3, ν4, ν5, and ν7

modes are compared with previous infrared experimental
data in gas phase,14–16, 21, 23, 24 or measured in Ar, Ne, or Kr

matrices.17–19, 22, 26 Although we provide all the eleven I-C7
−

frequencies, only the stretching modes are reliable. I-C7
− is

a Renner-Teller molecule (X2�g) where an important spin-
orbit effect can be expected (Aso = 26.8 cm−1, Ref. 10). Fi-
nally, we compute all positive real frequencies for XII-C7

+

using RCCSD(T)-F12, although a TS is predicted at B3LYP
level. No doubt, explicitly correlated results should be viewed
as more reliable.

Electronic states of C7

Table III lists the CASSCF/MRCI/aug-cc-pVTZ verti-
cal excitation energies to the lower electronic exited states
of I-C7, I-C7

−, I-C7
+, and of the cyclic XII-C7

+ using the
active space described in the Computational Details section.
These calculations were performed at the CCSD(T)-F12/aug-
cc-pVTZ ground electronic states geometries (Table II). A
total amount of 35, 14, and 18 states has been computed
for the three linear species I-C7, I-C7

−, I-C7
+, and 10 states

for the cyclic one. All I-C7
− states located lower than 3.8 eV

(i.e., the electron affinity of this species) can be bond states
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with minimum energy structures lying below the neutral po-
tential. At MRCI level, the EA is reduced to 2.73 eV without
considering the zero point vibrational energy correction. Nev-
ertheless, the present statement remains valid for most of the
anionic states.

Lower electronic states can play important roles in the
reactivity of small carbon chains. They can be also used for
detectability purposes in astrophysical sources.38 For neutral
C7, 35 electronic states (13 singlets, 12 triplets, and 10 quin-
tets) lying below 5.6 eV were calculated. The first excited
state is a triplet 3�u

+ of 1.97 eV, which is close to the ex-
perimental value of 1.71 eV of Khono et al.28 The first singlet
1�u lies at 2.36 eV. The 3�u and 1�u states were found at
2.19 eV and 2.98 eV. The latter compares well with the value
given by Forney et al.26 (2.29 eV), which was measured in
Neon matrix. In Table III (last column), previous vertical ex-
citations of Kobulszewski8 and Giuffreda et al.,12 computed
with MRDCI(Q) and ADC(2) theories and short basis sets, are
shown. Both sets of results really differ and also differ from
our calculations performed at a higher level of theory. For ex-
ample, the first excited electronic state is identified as 1�u

and 3�u
+ in Refs. 8 and 12. Our first state is a 3�u

+, which
supports Kohno et al.28 interpretation of the band observed a
1.71 eV by anion photoelectron spectroscopy observations to
a triplet of 3�u

+ or 3�u
− or 3�u symmetry. To our knowl-

edge, there are no previous theoretical excitation energies for
quintet electronic states.

For linear C7
−, present excitation energies are compared

with the experimental data of Lakin et al.,10 who have also
performed ab initio calculations and with the theoretical en-
ergies of Cao et al.11 C7

− is a Renner-Teller molecule whose
ground electronic state is X2�g. Two close laying states,
namely, the 4�u and 2�u states, follow in energy at 1.93 eV
and 2.28 eV, respectively. The 2�u state was observed at
1.98 eV.10, 29 The second state 2�u is localized here at 2.62 eV,
i.e., 0.1 eV off from the experimental value (=2.52 eV29). The
spin-orbit constants for these two states were estimated to be
ASO (X2�g) = 26.8 cm−1 and ASO(2�u) = −6.2 cm−1.10

To our knowledge, there are no available experimental
data concerning the electronic states of C7

+. In Table III,
we provide 18 states of I-C7

+ below 2 eV and 10 states for
XII-C7

+ lying below 4 eV, for which, the two first excited
electronic states, 2B1 and 2B2, are at 1.38 eV and 1.60 eV,
respectively. The lowest quartets 4A1 and 4A2 lie at 3.29 eV.
I-C7

+ presents two electronic states X2�u
+ and 2�g

+ very
close in energy. The vertical excitation energy is evalu-
ated to be 63 cm−1 (RCCSD(T)/aug-cc-pVTZ), 71 cm−1

(RCCSD(T)/aug-cc-pVTZ), and −115 cm−1 (MRCI/aug-cc-
pVTZ). Both states are coupled vibronically that may compli-
cate the pattern of their rovibronic spectra. Standard nuclear
motion treatment methodologies are not valid for the predic-
tion of such spectra. Only full variational treatments on full
dimensional potential energy surfaces lead to reliable data.
This is out of the scoop of the present investigations.

CONCLUSIONS

The number of possible isomers Cn carbon chains in-
creases fast with the number of carbon atoms. A search of

stationary points achieved using B3LYP/aug-cc-VTZ leads to
a total of twelve C7 structures and fifteen and fourteen min-
ima for the charged species, C7

− and C7
+, respectively. The

most stable geometries of the neutral and anion species are
two linear forms, I-C7 (X1�g

+) and I-C7
−(X2�g) (or l-C7

and l-C7
−), and for the cation, the lowest energy corresponds

to a 7-atom cyclic structure XII-C7
+ (X2A1) (or c-C7

+). This
last structure is strong dependent on electronic correlations.
Thirty five electronic states of C7, suitable to be involved in
reactive processes, lie below 7 eV. Fourteen metastable elec-
tronic states of C7

− have been found below 3.5 eV. For linear-
C7, we compute the electron affinity and the ionization energy
to be 3.38 eV and 10.42 eV, respectively.

Some conclusions of this paper can be important for as-
trophysical searches. First, the excitation energy to the excited
electronic states is large enough to assure the stability of C7.
The ground state rovibrational spectrum is more “clean” than
in other carbon chains. In addition, whereas the most stable
linear forms of C7 and C7

− present a zero-dipole moment,
some isomers of very low energy show permanent dipole
moments that make them suitable for radioastromomical
observations.
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