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Structures and stabilities of linear carbon chains C2n+1S and C2n+1Cl+ (n)0-4) in their ground states have
been investigated by the CCSD and B3LYP approaches. The CASSCF calculations have been used to determine
geometries of selected excited states of both isoelectronic series. Linear C2n+1S cluster has a cumulenic carbon
framework, whereas its isoelectronic C2n+1Cl+ has a dominant character of acetylenic structure in the vicinity
of terminal Cl. The vertical excitation energies of low-lying excited states have been calculated by the CASPT2
method. Calculations show that the excitation energies have nonlinear size dependence. The 21Σ+rX1Σ+

transition energy in C2n+1S has a limit of 1.78 eV, as the chain size is long enough. The predicted vertical
excitation energies for relatively strong 11ΠrX1Σ+ and 21Σ+rX1Σ+ transitions are in reasonable agreement
with available experimental values. The spin-orbit effect on the spin-forbidden transition in both series is
generally small, and the enhancement of the spin-forbidden transition by spin-orbit coupling exhibits
geometrical and electronic structural dependence.

I. Introduction

In the past several decades, there has been a growing interest
in experimental and theoretical studies of pure carbon clusters
and heteroatom-terminated carbon clusters, because of signifi-
cant interest in nanotechnology and astrochemistry, as well as
their potential applications as building components of molecular
materials in molecular electronics.1-13 Among the heteroatom-
containing carbon clusters, the sulfur- and chlorine-terminated
carbon clusters have attracted considerable attention due to their
relevance in the interstellar medium.14-37

The sulfur-terminated carbon-chain molecules CnS (n ) 1-5)
species have been detected in dense interstellar clouds on the
basis of laboratory microwave data, and the gas-phase rotational
spectra of larger chains CnS (n ) 4-9) have also been
reported.14 In argon matrixes, some infrared vibrations of
asymmetric and symmetric carbon-sulfur clusters CnS and SCnS
(n ) 1-5) have been observed, and they have been assigned
by a combination of isotopic (12C/13C) substitution and theoreti-
cal calculations.15 For CnS (n ) 2-9), vibrational frequencies
and bonding features in their ground states have been determined
theoretically.16 Recently, density functional theory (DFT)
calculations have been used to investigate vibrational frequencies
and dissociation channels of larger linear carbon-sulfur clusters
CnSm (n ) 1-29, m ) 1-2).17,18 The structural and energetic
properties of the low-lying excited states of CnS have been
investigated by electronic spectroscopy in the gas phase for
C2S19 and in neon matrixes for C2S/C2S-,20 C4S/C4S-,21 C5S,
and C6S/C6S-.22

Among the chlorine-capped carbon-chain compounds, the
spectra of CCl radical have been reported in the ultraviolet,23-25

microwave,26 and infrared27-29 regions. High-resolution gas-

phase spectroscopic studies have been conducted for CCl+

cation.30 The triatomic radical C2Cl has been investigated via a
combination of microwave spectroscopy and ab initio calcula-
tions.31 The electronic structures, dipole moments, and vibra-
tional frequencies of the chlorine-terminated clusters CnCl,
CnCl+, and CnCl- (n ) 1-7) have been determined at the
B3LYP/6-311G(d) level,32,33and the lowest-energy states of all
species but C3Cl have either linear or quasilinear structures. On
the basis of DFT calculations, Li and Tang34 have predicted
the ground-state electronic structures, incremental binding
energies, ionization potentials, and electronic affinities for the
second-row-atom-doped linear carbon clusters CnX/CnX( (n )
1-10; X ) Na, Mg, Al, Si, P, S, or Cl). The results reveal that
the odd-even effects in their stabilities arise from the numbers
of the valenceπ electrons.

The electronic absorption spectra of C3Cl/C3Cl(, C4Cl, and
C4Cl+ have been recorded in 6 K neon matrixes through mass
selection technique.35 The band systems of linear C3Cl+ appear
at 413.2 nm, corresponding to the1ΠrX1Σ+ transition. The
electronic absorption spectra of C5Cl, C6Cl, C5Cl+, and C6Cl+

have also been recorded in neon matrixes.36 The observed
spectra with band origin at 266.1 nm are assigned to the
1Σ+rX1Σ+ electronic transition in C5Cl+.

Among the observed electronic spectra of these sulfur-
terminated and chlorine-terminated carbon clusters, only quite
few bands were relatively well interpreted. A thorough under-
standing of the excited-state properties is important for material
science, luminescence, and chemistry of the interstellar medium.
In our previous studies,37 the electronic spectra of even-
numbered carbon chains C2nS and C2nCl+ (n ) 1-5) have been
calculated in detail. In the present work, we will extend our
study to the odd-numbered clusters C2n+1S and C2n+1Cl+ (n )
0-4), and equilibrium geometries, vertical excitation energies,
and spin-forbidden transitions of these linear isoelectronic carbon
clusters have been explored theoretically.
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II. Computational Details

Coupled cluster (CCSD)38 and B3LYP39-41 calculations with
the 6-31G* basis set have been used to determine equilibrium
geometries of the linear chains C2n+1S and C2n+1Cl+ (n ) 0-4)
in their ground states. Rotational constants and dipole moments
have also been estimated in calculation. The nature of optimized
structures has been assessed by frequency calculation.

The relative energies of the low-lying states of linear clusters
C2n+1S and C2n+1Cl+ (n ) 0-4) have been calculated by the
complete-active-space-perturbation-second-order-theory (CASPT2)
method42 with the cc-pvTZ basis set at the CCSD/6-31G*
optimized geometry. In the CASPT2 calculation, the CASSCF
active spaces are generally composed of 18 electrons in 12
orbitals for all species except C3S and C3Cl+ (14 electrons in
10 orbitals). The oscillator strengths (f) are calculated with the
following formula:

where∆E is the transition energy between the ground state and
the excited state in atomic unit, and TM is the transition moment
in atomic unit. The spin-orbit coupling among perturbing
singlet and triplet states has been estimated by the spin-orbit
coupling configuration interaction (SOC-CI) calculation43 with
the 6-31G* basis set.

The CASSCF (14,10)44,45 calculation has been used for full
geometry optimization of the excited state 21Σ+ of C2n+1S and
C2n+1Cl+ (n ) 1-4). After the excited states were located,
vertical emission energies have been calculated by CASPT2
calculations with the cc-pvTZ basis set. The active space is the
same with that in calculation of vertical excitation energy.

All calculations have been performed by GAUSSIAN 9846

and MOLPRO 200247 program packages.

III. Results and Discussion

A. Geometries and Stabilities of the Linear Chains.The
B3LYP-optimized bond lengths of linear C2n+1S (n ) 0-4)
chains in their ground states are displayed in Figure 1. For
comparison, the CCSD-optimized geometries are incorporated
into Figure 1. As Figure 1 shows, the optimized geometries by
different methods are quite similar. In comparison with the
available experimental values, the present calculations predicted
reliable equilibrium geometries. For instance, C3S has experi-
mental CC and CS bond lengths of 1.272, 1.303, and 1.532
Å,48 and CS has experimental bond length of 1.535 Å.49

Corresponding CCSD-optimized bond lengths have an accuracy
of no more than 0.014 Å. Apparently, All carbon-carbon bond
lengths are comparable with the maximum deviation 0.027 Å
in C2n+1S (n ) 0-4), showing a character of cumulenic structure

in these carbon chains. This differs from SC2nS2-,50 but similar
to C2nS37 and SC2nS.15,51 As the number of carbon atoms
increase from 1 to 9, the length of carbon-sulfur bond increases
slightly from 1.548 to 1.565 Å.

The CCSD- and B3LYP-optimized bond lengths of linear
C2n+1Cl+ (n ) 0-4) chains in their ground states are shown in
Figure 2. Both CCSD and B3LYP calculations predict almost
the same geometries. As the chain elongates, the bond length
of C-Cl increases from 1.552 Å (n ) 0) to 1.604 Å (n ) 4).
Unlike C2n+1S, the CC bond lengths in Figure 2 indicate that
there is a character of bond length alternation, especially in the
vicinity of the chlorine terminal. Such difference in the bond
length distribution implies that there are different bonding
properties in both isoelectronic series. Actually, the pure odd-
numbered carbon chain has a closed-shell ground state with a
cumulenic bonding character, e.g. a : C)C)C‚‚‚C)C: structure
for C2n+1. Adduction of S to the carbon chain results in
: C)C)C‚‚‚C)C-S, and the bonding in the carbon chain
subunit is still unchanged. In contrast, the acetylenic bonding
can disperse the positive charge in C2n+1Cl+ through conjuga-
tion interaction and it will stabilize the cationic cluster.
Presumably, this difference in bonding between both isoelec-
tronic series may cause distinct properties of their low-lying
excited states.

Table 1 lists the calculated rotational constantsBe and dipole
momentsµ for C2n+1S and C2n+1Cl+ (n ) 0-4), and the
available experimental values are also presented for comparison.
As Table 1 displays, the rotational constants determined by
CCSD and B3LYP are very close. It can be seen that the
predicted values show good agreement with the experimental
values,14,52-56 indicating that present optimized geometries of
these chains in their ground states are reliable. For example,
the predicted rotational constant of C9S is 220.97 MHz by
B3LYP and 220.06 MHz by CCSD, in consistent with the
observed value of 222.72 MHz. The predicted dipole moments
increase monotonically as the chain lengthens, in agreement with
previous studies.17 It is noticeable that the dipole moments of
C2n+1S are generally significantly larger than those of C2n+1-
Cl+.

Tables 2 and 3 compile vibrational frequencies of linear
C2n+1S and C2n+1Cl+ species by B3LYP. Frequency calculations
show that both chains are stable structures on the potential
energy surfaces without imaginary frequency. These linear
structures in their ground states have been explored in previous
studies.17,18,34Experimentally, a few strong bands attributed to
the stretching mode of the C-S and C-C bonds in C2n+1S have
been observed. For example, the strong absorptions of C-S
bond in CS and C3S occur at 1275 and 1534 cm-1,15,57-59

respectively. Present B3LYP calculations predict that such C-S
stretching frequencies appear at 1289 and 1567 cm-1, respec-

Figure 1. The optimized bond lengths (in Å) of linear S-terminated
chains C2n+1S (n ) 0-4).

f ) 2
3
∆E|TM|2 (1)

Figure 2. The optimized bond lengths (in Å) of linear Cl-terminated
chains C2n+1Cl+ (n ) 0-4).
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tively. As Tables 2 and 3 display, calculated frequencies are in
good agreement with available experimental values.

B. Vertical Excitation Energies of Singlet States.Energies
of Singlet Excited States in C2n+1S.The linear C2n+1S clusters
have the closed-shell electronic configuration: [core] (2n+5)σ2

‚‚‚ (4n+6)σ2 2π4 ‚‚‚ (n+1)π4 (4n+7)σ2 (n+2)π4 (n+3)π0, where
the core contains 4n+8 σ electrons and fourπ electrons. Such
configuration will give rise to the singlet ground state of1Σ+.
The low-lying states fromπfp andσfp excitations have been
investigated in the present work.

The CASPT2 vertical transition energies (∆E) and oscillator
strengths (f) of C2n+1S (n ) 0-4) for the electronic excitations
to the singlet excited states are listed in Table 4. The low-lying
states of1Σ+, 1Π, 1Σ-, and 1∆ have been considered. For
comparison, available experimental values of vertical transition
energies are incorporated into Table 4.

As Table 4 shows, the predicted excitation energies agree
with observed values. For example, the lowest excited state 11Π
of CS, arising from the electronic promotion from 7σ to 3π,
lies at 4.92 eV above the ground state, with an oscillator strength
of 1.35× 10-2, in good agreement with the experimental value
of 4.81 eV. The next low-lying states are 11Σ- and 11∆ from

the electronic promotion from 2π to 3π are 5.73 and 5.80 eV
higher in energy than the ground state, respectively. The
strongest 21Σ+rX1Σ+ transition from 2π f 3π electronic
promotion occurs at 8.14 eV, withf ) 1.52× 10-1. The 21Π
state mainly contributed by the 2π7σ f 3π2 double excitation
is placed at 9.01 eV above the ground state, withf ) 9.01×
10-2. The 7σ2 f 3π2 double excitation gives rise to low-lying
states 31Σ+ and 21Σ- at 9.77 (f ) 3.59× 10-3) and 9.94 eV (f
) 0), respectively.

For C2n+1S (n ) 1-4), the HOMO-LUMO single excitation
leads to the 11Σ- and 11∆ states, which are nearly degenerate.
The 21Σ- and 21∆ states, derived from electronic transition from
HOMO-2 (π) to LUMO, are also nearly degenerate. The allowed

TABLE 1: Predicted Rotational Constants BE (in MHz) and Dipole Moments µ (in Debye) of C2n+1S and C2n+1Cl+ (n ) 0-4)
by B3LYP and CCSD Approaches

Be m Be m

species B3LYP CCSD expt.a B3LYP species B3LYP CCSD B3LYP

CS 24184.42 24306.72 24495.50 1.5192 CCl+ 23471.19 23752.43 0.0539
C3S 2858.96 2858.35 2890.38 3.0405 C3Cl+ 2751.40 2728.21 0.4766
C5S 914.06 912.02 922.70 4.0296 C5Cl+ 878.44 867.17 0.7016
C7S 410.93 409.53 414.43 4.9647 C7Cl+ 395.43 389.56 1.0067
C9S 220.97 220.06 222.72 5.8706 C9Cl+ 213.14 209.91 1.3075

a Refs 14 and 52-56.

TABLE 2: Calculated Harmonic Virbrational Frequencies
(in cm-1) of C2n+1S in Their Ground States by
B3LYP/6-31G*

species mode vibrational frequencies

CS σ 1289
expta 1275

C3S π 186 513
σ 740 1567 2159
expta 726 1534 2048

C5S π 94 248 459 638
σ 546 1094 1662 2097 2253
expta 2125

C7S π 56 152 282 442 551 752
σ 435 859 1290 1720 2021 2223 2240

C9S π 37 101 193 300 435 508 617 848
σ 361 712 1063 1413 1744 2004 2123 2206 2268

a Experimental values from refs 15 and 57-59.

TABLE 3: Calculated Harmonic Virbrational Frequencies
(in cm-1) of C2n+1Cl+ in Their Ground States by
B3LYP/6-31G*

species mode vibrational frequencies

CCl+ σ 1172
C3Cl+ π 140 404

σ 689 1455 2232
expta 2143

C5Cl+ π 86 206 330 588
σ 513 1037 1566 2182 2291

C7Cl+ π 55 137 239 295 499 687
σ 412 817 1231 1634 2121 2252 2282

C9Cl+ π 37 97 170 241 308 460 594 794
σ 345 680 1020 1355 1670 2095 2180 2237 2298

a Experimental value from ref 60.

TABLE 4: Calculated Vertical Excitation Energies ∆E (in
eV) and Oscillator Strengths f of the Singlet Excited States
in C2n+1S (n ) 0-4) by CASPT2

n state transition ∆E f

0 X1Σ+ ‚‚‚2π47σ23π0 0.00
11Π 7σ f 3π 4.92 (4.81)a 1.35× 10-2

11Σ- 2π f 3π 5.73 0
11∆ 2π f 3π 5.80 0
21Σ+ 2π f 3π 8.14 1.52× 10-1

21Π 2π7σ f 3π2 9.01 9.01× 10-2

31Σ+ 7σ2 f 3π2 9.77 3.59× 10-3

21Σ- 7σ2 f 3π2 9.94 0
1 X1Σ+ ‚‚‚2π411σ23π44π0 0.00

11Π 11σ f 4π 3.20 1.46× 10-2

11Σ- 3π f 4π 3.24 0
11∆ 3π f 4π 3.24 0
21∆ 2π f 4π 5.93 0
21Σ- 2π f 4π 5.94 0
21Σ+ 3π2 f 4π2 6.14 6.16× 10-3

21Π 11σ3π f 4π2 6.62 4.99× 10-4

2 X1Σ+ ‚‚‚3π415σ24π45π0 0.00
11Σ- 4π f 5π 2.17 0
11∆ 4π f 5π 2.18 0
11Π 15σ f 5π 2.50 6.71× 10-3

21Σ- 3π f 5π 4.30 0
21∆ 3π f 5π 4.32 0
21Σ+ 4π2 f 5π2 4.47 (4.36)b 1.47× 10-4

21Π 15σ4π f 5π2 4.77 3.61× 10-5

3 X1Σ+ ‚‚‚4π419σ25π46π0 0.00
11∆ 5π f 6π 1.56 0
11Σ- 5π f 6π 1.57 0
11Π 19σ f 6π 1.72 3.68× 10-3

21Σ- 4π f 6π 3.27 0
21∆ 4π f 6π 3.30 0
21Σ+ 5π2 f 6π2 3.38 2.18× 10-4

21Π 19σ5π f 6π2 3.78 8.95× 10-6

4 X1Σ+ ‚‚‚5π423σ26π47π0 0.00
11∆ 6π f 7π 1.28 0
11Σ- 6π f 7π 1.31 0
11Π 23σ f 7π 2.18 4.83× 10-3

21Σ- 5π f 7π 2.65 0
21∆ 5π f 7π 2.67 0
21Σ+ 6π2 f 7π2 2.79 6.98× 10-5

21Π 23σ6π f 7π2 3.75 1.51× 10-5

a Experimental value from ref 22.b Experimental value from ref 22.
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21Σ+rX1Σ+ transitions are double electronic excitations from
HOMO to LUMO. The electronic promotion from (4n+7)σ to
(n+3)π will result in the 11Π state, while the higher 21Π state
arises from the (4n + 7)σ (n + 2)π f (n + 3)π2 double
excitation. As shown in Table 4, the1∆rX1Σ+ and1Σ-rX1Σ+

transitions are dipole forbidden withf ) 0, while the1ΠrX1Σ+

and1Σ+rX1Σ+ transitions are dipole allowed to appear in the
electronic absorption spectra, withf in the magnitude of 10-2-
10-6.

As n increases, the vertical excitation energies of correspond-
ing low-lying states in C2n+1S (n ) 1-4) decrease gradually.
To examine the size dependence of the singlet-singlet transition
energies, an exponential-decay curve fitting has been performed
using calculated vertical transition energies (∆E in eV). For the
21Σ+rX1Σ+ transition, this fitting gives the following equation:

The fitting error and correlation coefficient are 0.00163 and
0.99975, respectively, showing high accuracy. Equation 2
indicates a nonlinear dependence of the vertical transition
energies on the chain size, and it will converge to the limit of
about 1.78 eV as the chain size approaches infinite.

Energies of Singlet Excited States in C2n+1Cl+. The linear
C2n+1Cl+ (n ) 0-4) clusters have the same electronic configu-
rations as their isoelectonic series C2n+1S. Similarly, they have
the ground state of X1Σ+. The selected vertical excitation
energies (∆E) and oscillator strengths (f) of the low-lying singlet
excited states in C2n+1Cl+ (n ) 0-4) are presented in Table 5.
Available experimental values are presented in Table 5 for
comparison.

Calculations show that the lowest excited state 11Π of CCl+,
arising from 7σ f 3π excitation, lies at 5.35 eV above the
ground state, with an oscillator strength of 2.35× 10-2. Next
low-lying states 11∆ and 11Σ- from the 2π f 3π electronic
excitation are 6.44 and 6.74 eV higher in energy than the ground
state, respectively. The strongest 21Σ+rX1Σ+ transition occurs
at 8.57 eV (f ) 1.13× 10-1), and it is also derived from the
2π f 3π electronic excitation. The 21Π state, derived from the
2π7σ f 3π2 double excitation, is 10.26 eV (f ) 2.76× 10-2)
above the ground state. The 7σ2 f 3π2 double excitation, i.e.,
the HOMO-LUMO electron promotion, gives rise to the low-
lying states 21∆ and 21Σ-, lying at 10.26 (f ) 0) and 10.54 eV
(f ) 0), respectively.

For C3Cl+, the lowest excited state is 11Π, arising from the
11σ f 4π excitation, i.e., the HOMO-LUMO electronic
promotion, lies at 2.89 eV (f ) 1.21× 10-2) above the ground
state, in agreement with experimental value of 3.00 eV.35 The
electronic promotion from 3π to 4π leads to the 11Σ- and 11∆
states. The 2π f 4π electronic excitation will result in higher-
energy 21Σ- and 21∆ states. The 21Π state from the 3π11σ f
4π2 double excitation is placed at 6.36 eV above the ground
state. The allowed 21Σ+rX1Σ+ transition from the 3π2 f 4π2

double excitation occurs at 7.17 eV (f ) 1.05× 10-1).
Like C3Cl+, C5Cl+ exhibits similar properties of the low-

lying excited states. The first excited state 11Π lies at 2.34 eV
(f ) 7.99× 10-3). The relatively strong 21Σ+rX1Σ+ transition
occurs at 5.09 eV, which is comparable with the experimental
value.36 For C7Cl+ and C9Cl+, the electronic promotion from
HOMO to LUMO (π f p) leads to the low-lying states of 11Σ-,
11∆, and 21Σ+; the electronic excitation from HOMO-1 to
LUMO (σ f p) gives rise to 11Π; the electronic elevation from
HOMO-2 to LUMO (π f p) results in 21Σ- and 21∆. All of
these excited states arise from single excitations. The (4n +
7)σ (n + 2)π f (n + 3)π2 double excitations yield a 21Π state.

As Table 5 displays, the strongest transitions correspond to
21Σ+rX1Σ+ in both C7Cl+ and C9Cl+ with large oscillator
strengths of 1.3698 and 1.4877, respectively. Such strong
electronic transitions arise from the (n + 2)π f (n + 3)π single
excitation, whereas similar electronic excitation has not been
found in low-lying states of other chains considered here.

C. Vertical Excitation Energies of Triplet States. The
calculated relative energies of the low-lying triplet excited states
for C2n+1S and C2n+1Cl+ (n ) 1-4) are displayed in Tables 6
and 7. Notice that the relative energy level has a similar pattern
and all of these transitions mainly arise from single excitations.
The low-energy excited states are 13Σ+, 13∆ and 13Σ-, arising
from the HOMO-LUMO (π-π) excitation. Next low-lying
states are 23Σ+, 23∆, and 23Σ-, derived from the electron
promotion from the next highest occupiedπ orbital to LUMO.
Generally, the excited states of C2n+1S are lower in energy than
corresponding those of C2n+1Cl+.

To examine accessibility of the spin-forbidden triplet excited
states, SOC-CI calculations have been carried out for the low-
lying triplet excited states. As shown in Tables 6 and 7, the
oscillator strengths for spin-forbidden 13Σ-rX1Σ+ and 23Σ-r
X1Σ+ transitions are in the magnitude of 10-6-10-8, while the
oscillator strengths for other transitions considered here are
vanishing.

∆E ) 1.7785+ 9.13499e-n/4.06439 (2)

TABLE 5: Calculated Vertical Excitation Energies ∆E (in
eV) and Oscillator Strengths f of the Singlet Excited States
in C2n+1Cl+ (n ) 0-4) by CASPT2

n state transition ∆E f

0 X1Σ+ ‚‚‚2π47σ23π0

11Π 7σ f 3π 5.35 2.35× 10-2

11∆ 2π f 3π 6.44 0
11Σ- 2π f 3π 6.74 0
21Σ+ 2π f 3π 8.57 1.13× 10-1

21Π 2π7σ f 3π2 10.26 2.76× 10-2

21∆ 7σ2 f 3π2 10.26 0
21Σ- 7σ2 f 3π2 10.54 0

1 X1Σ+ ‚‚‚2π43π411σ24π0

11Π 11σ f 4π 2.89 (3.00)a 1.21× 10-2

11Σ- 3π f 4π 3.56 0
11∆ 3π f 4π 3.86 0
21Π 3π11σ f 4π2 6.36 2.58× 10-5

21Σ- 2π f 4π 6.71 0
21Σ+ 2π f 4π 6.73 7.00× 10-1

31Σ+ 3π2 f 4π2 7.07 1.39× 10-1

21∆ 2π f 4π 7.39 0
2 X1Σ+ ‚‚‚3π415σ24π45π0

11Π 15σ f 5π 2.34 7.99× 10-3

11Σ- 4π f 5π 2.67 0
11∆ 4π f 5π 2.69 0
21Σ- 3π f 5π 4.93 0
21∆ 3π f 5π 4.97 0
21Π 15σ4π f 5π2 5.01 1.13× 10-6

21Σ+ 4π2 f 5π2 5.09 (4.66)b 4.42× 10-3

3 X1Σ+ ‚‚‚4π419σ25π46π0

11Π 19σ f 6π 1.65 5.61× 10-3

11Σ- 5π f 6π 1.99 0
11∆ 5π f 6π 2.08 0
21Σ+ 5π f 6π 3.31 1.3698
21Π 19σ5π f 6π2 3.72 4.74× 10-7

21Σ- 4π f 6π 3.83 0
21∆ 4π f 6π 3.93 0

4 X1Σ+ ‚‚‚5π423σ26π47π0

11Σ- 6π f 7π 1.46 0
11∆ 6π f 7π 1.52 0
11Π 23σ f 7π 1.75 5.86× 10-3

21Σ+ 6π f 7π 2.51 1.4877
21Σ- 5π f 7π 2.57 0
21∆ 5π f 7π 2.60 0
21Π 23σ6π f 7π2 3.54 1.52× 10-7

a Observed value from ref 35.b Observed value from ref 36.
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Interestingly, the spin-forbidden 13Σ-rX1Σ+ transition in
C2n+1Cl+ has relatively large oscillator strength with respect to
C2n+1S, while the oscillator strengths of 23Σ-rX1Σ+ transitions
are comparable for both species. Note that the even-numbered
carbon chains C2nS and C2nCl+ have notable reactivity for spin-
forbidden transitions.37 Such distinct accessibilities of the spin-
forbidden excited states suggest that effects of spin-orbit

coupling on the spin-forbidden transitions have geometrical and
electronic structural dependence.

D. Vertical Emission Energies of 21Σ+. The CASSCF-
optimized geometries of the 21Σ+ excited states in linear chains
C2n+1S and C2n+1Cl+ (n ) 1-4) are shown in Figure 3. As
Figure 3 shows, the bond lengths of C-S and C-Cl in C2n+1S
and C2n+1Cl+ gradually decrease as the chain size increases
except C3Cl+. Like their ground states, the 21Σ+ excited states
have the dominant character of cumulenic structure in C2n+1S
and a striking character of acetylenic structure in C2n+1Cl+.

On the basis of these optimized geometries of the 21Σ+ states,
the vertical emission energies for the 21Σ+ f X1Σ+ transition
in linear C2n+1S and C2n+1Cl+ (n ) 1-4) have been calculated
by the CASPT2 method. Predicted emission energies are listed
in Table 8. The corresponding state-state transition dipole
moments (TM) have been estimated, and they can be served as
an approximate measurement for emission yield.

As Tables 4, 5, and 8 show, the vertical emissions of the
21Σ+ states exhibit less red shift due to relaxation of the excited
state with respect to their corresponding absorption spectra. The
red-shift magnitude decreases with the increase of chain. For
C2n+1S, as the chain sizen increases from 1 to 4, the vertical
emission energy decreases from 5.23 to 2.67 eV gradually. Like
C2n+1S, the vertical emission energy in C2n+1Cl+ decreases from
6.09 to 2.17 eV with the increase of chain.

IV. Conclusions

The equilibrium structures of the isoelectronic systems C2n+1S
and C2n+1Cl+ (n ) 0-4) in their ground states have been
investigated by B3LYP and CCSD calculations. Calculations
show that these heteroatom-containing chains have stable linear
structures in the X1Σ+ states, and the optimized geometries show
good agreement with available experimental values. The
predicted dipole moments of both C2n+1S and C2n+1Cl+ increase
linearly as the chain lengthens. Generally, the C2n+1S cluster
has larger dipole moments than corresponding C2n+1Cl+.

At the CASPT2 level of theory, the selected low-lying excited
states have been studied. For C2n+1S (n ) 1-4) and C2n+1Cl+

(n ) 1, 2), all the 21Σ+ states arise from the highest occupied
π orbital to LUMO double excitation, while for C2n+1Cl+ (n )
3, 4), the 21Σ+rX1Σ+ transitions correspond to the HOMO-
LUMO (π-π) single excitation. Both isoelectronic series exhibit
similar size dependences of absorption and emission spectra.

TABLE 6: Calculated Vertical Excitation Energies ∆E (in
eV) and Oscillator Strengths f of the Triplet Excited States
in C2n+1S (n ) 1-4) by CASPT2

n electronic state transition ∆E f

1 X1Σ+ ‚‚‚2π411σ23π44π0 0.00
13Σ+ 3π f 4π 2.74 0
13∆ 3π f 4π 3.05 0
13Σ- 3π f 4π 3.27 1.64× 10-8

23Σ+ 2π f 4π 5.17 0
23∆ 2π f 4π 5.56 0
23Σ- 2π f 4π 5.77 1.67× 10-7

2 X1Σ+ ‚‚‚3π415σ24π45π0 0.00
13Σ+ 4π f 5π 1.88 0
13∆ 4π f 5π 2.06 0
13Σ- 4π f 5π 2.18 1.37× 10-8

23Σ+ 3π f 5π 3.80 0
23∆ 3π f 5π 4.04 0
23Σ- 3π f 5π 4.17 4.73× 10-7

3 X1Σ+ ‚‚‚4π419σ25π46π0 0.00
13Σ+ 5π f 6π 1.43 0
13∆ 5π f 6π 1.53 0
13Σ- 5π f 6π 1.60 1.58× 10-8

23Σ+ 4π f 6π 2.90 0
23∆ 4π f 6π 3.08 0
23Σ- 4π f 6π 3.17 3.60× 10-7

4 X1Σ+ ‚‚‚5π423σ26π47π0 0.00
13Σ+ 6π f 7π 1.10 0
13∆ 6π f 7π 1.17
13Σ- 6π f 7π 1.21 1.24× 10-8

23Σ+ 5π f 7π 2.21 0
23∆ 5π f 7π 2.37 0
23Σ- 5π f 7π 2.44 3.52× 10-7

TABLE 7: Calculated Vertical Excitation Energies ∆E (in
eV) and Oscillator Strengths f of the Triplet Excited States
in C2n+1Cl+ (n ) 1-4) by CASPT2

n state transition ∆E f

1 X1Σ+ ‚‚‚2π43π411σ24π0

13Σ+ 3π f 4π 3.00 0
13∆ 3π f 4π 3.36 0
13Σ- 3π f 4π 3.53 8.67× 10-7

23Σ+ 2π f 4π 6.12 0
23∆ 2π f 4π 6.45 0
23Σ- 2π f 4π 6.64 6.67× 10-6

2 X1Σ+ ‚‚‚3π415σ24π45π0

13Σ+ 4π f 5π 2.26 0
13∆ 4π f 5π 2.52 0
13Σ- 4π f 5π 2.68 1.21× 10-7

23Σ+ 3π f 5π 4.31 0
23∆ 3π f 5π 4.65 0
23Σ- 3π f 5π 4.83 1.14× 10-7

3 X1Σ+ ‚‚‚4π419σ25π46π0

13Σ+ 5π f 6π 1.67 0
13∆ 5π f 6π 1.86 0
13Σ- 5π f 6π 1.99 1.34× 10-7

23Σ+ 4π f 6π 3.33 0
23∆ 4π f 6π 3.58 0
23Σ- 4π f 6π 3.74 2.75× 10-7

4 X1Σ+ ‚‚‚5π423σ26π47π0

13Σ+ 6π f 7π 1.23 0
13∆ 6π f 7π 1.38 0
13Σ- 6π f 7π 1.46 1.25× 10-7

23Σ+ 5π f 7π 2.23 0
23∆ 5π f 7π 2.41 0
23Σ- 5π f 7π 2.50 3.00× 10-7

Figure 3. CASSCF-optimized geometries (in Å) of the excited states
21Σ+ for C2n+1S and C2n+1Cl+.

TABLE 8: Vertical Emission Energies ∆E (in eV) and
Corresponding Transition Moments (|TM | in au)
for the 21Σ+ f X1Σ+ Transition of C2n+1S and C2n+1Cl+

(n ) 1-4)

C2n+1S ∆E |TM| C2n+1Cl+ ∆E |TM|
n ) 1 5.23 0.5598 n ) 1 6.09 1.0304
n ) 2 4.28 0.1527 n ) 2 4.37 0.4767
n ) 3 3.33 0.1030 n ) 3 2.81 3.9050
n ) 4 2.67 0.0426 n ) 4 2.17 4.7421
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In particular, the vertical excitation energy for relatively strong
21Σ+rX1Σ+ transition in C2n+1S has nonlinear size dependence
of an exponential-decay relationship. The CASPT2 calculations
indicate that strong 11ΠrX1Σ+ transitions in CS and C3Cl+

occur at 4.92 and 2.89 eV, respectively, and strong 21Σ+rX1Σ+

transitions in C5S and C5Cl+ appear at 4.47 and 5.09 eV,
respectively, which are in reasonably agreement with the
corresponding observed values of 4.81, 3.00, 4.36, and 4.66 eV.

On the basis of SOC-CI calculations, the effect of spin-
orbit coupling on the spin-forbidden electronic transition has
been discussed. The results show that the oscillator strengths
for singlet-triplet transitions are generally very small and these
excited triplet states considered here in both isoelectronic series
are less accessible by direct singlet-triplet transitions. The effect
of spin-orbit coupling on the spin-forbidden transition indicates
geometrical and electronic structural dependence.
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