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Structures and stabilities of linear carbon chaing.{S and G,+1CI* (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. Lineg® €luster has a cumulenic carbon
framework, whereas its isoelectronig,Cl™ has a dominant character of acetylenic structure in the vicinity
of terminal CI. 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 dependenc& Fhe!2*
transition energy in &+1S has a limit of 1.78 eV, as the chain size is long enough. The predicted vertical
excitation energies for relatively stronglI—X'=" and 2ZX*<—XX* transitions are in reasonable agreement
with available experimental values. The sporbit effect on the spin-forbidden transition in both series is
generally small, and the enhancement of the spin-forbidden transition byt coupling exhibits
geometrical and electronic structural dependence.

I. Introduction phase spectroscopic studies have been conducted for CCI
ation3° The triatomic radical €Cl has been investigated via a

_In the_pasttse;vergltﬂecadtgs, Ithfirg_has ?een a gr(t))wmglmtteres ombination of microwave spectroscopy and ab initio calcula-
In experimental an eoretical Studies or pure carbon CIUSIErS ;.\ 31 The glectronic structures, dipole moments, and vibra-

andthetteroattqm-termtmaktledlcarbon dclusttersr,] bega:use of Slgfln'f"tional frequencies of the chlorine-terminated cluster€IC
fr?r! n frets. Im nallnotgc no Okg)y'lzln astroc emlts ryf, aslwe laSCnCI+, and GCI~ (n = 1-7) have been determined at the
€Ir potential applications as buliding components ot MoleCUlar gs) yp/g-311G¢) level3233and the lowest-energy states of all

. . 1=13 - . . . iR

mater_|a_ls in molecular electroniés: Among the h_eteroato_m species but €Cl have either linear or quasilinear structures. On

containing carbon clusters, the sulfur- and chlorine-terminated the basis of DFT calculations, Li and Tafihave predicted

carbon clusters have attracted considerable attention due to theiy, ground-state electronic structures. incremental binding

- ; a7 ,

relevance in the |.nterstellar med'%‘ energies, ionization potentials, and electronic affinities for the
The sulfur-terminated carbon-chain moleculgS ¢ = 1-5) second-row-atom-doped linear carbon clustep/CoX* (n =

species have been detected in dense interstellar clouds on thg_ 1. x = Ng Mg, Al, Si, P, S, or Cl). The results reveal that

basis of laboratory microwave data, and the gas-phase rotationaj,q o4q-even effects in their stabilities arise from the numbers
spectra of larger chains & (h = 4-9) have also been ¢ ihe valencer electrons.

2 . . oo
(relesp(r?r::ﬁiriclgngrgorzmn;{ar'i[g)((:ix?f)essa?uer élﬁf;?;fsdqg ";rr]ztgg; of The electronic absorption spectra ofGI/C3CI+, C4Cl, and
Y Y dC4CI+ have been recorded 6 K neon matrixes through mass

(n= l—5)_ha\(e begn obs_erved, and they have been assi_gne selection techniqu®. The band systems of lineagCl* appear
by a combination of isotopic{C/A3C) substitution and theoreti- at 413.2 nm, corresponding to tAE—X'S* transition. The

cal calculations® For G;S (n = 2—9), vibrational frequencies lectronic absorption spectra of@, CeCl, CsCI+, and GCI*
and bonding features in their ground states have been determine(g‘,jwe also been recorded in neo’n ma(trﬁ?eﬂie observed

: 6 s .
Catoatians havs boen s 1o esigato vbrational froquencieSPECta With band origin at 266.1 nm are assigned o the
9 d S5 +—X 13+ electronic transition in eClt.

and dissociation channels of larger linear carbsulfur clusters he ob d el . f th If
CnSm (n = 129, m = 1—2) 118 The structural and energetic Among the observed electronic spectra of these sulfur-

properties of the low-lying excited states ofSChave been ;ermtl)natgd and chllcm.ne]termlllngted carb(()jn clur;sters, cr)]nly gwte
investigated by electronic spectroscopy in the gas phase for'€W bands were relatively well interpreted. A thorough under-

C,St and in neon matrixes for &/GS,20 C,S/C,S™ 2L CsS standing of the excited-state properties is important for material
and GS/GsS .22 ’ ’ ’ science, luminescence, and chemistry of the interstellar medium.

In our previous studie¥, the electronic spectra of even-
numbered carbon chains{S and G,CI* (n = 1-5) have been
calculated in detail. In the present work, we will extend our
study to the odd-numbered clusters,GS and Gn1CIT (n =

- - - 0—4), and equilibrium geometries, vertical excitation energies,
* Corresponding author. Electronic mail: zxcao@xmu.edu.cn. - . o . . .
t Henan University. and spin-forbidden transitions of these linear isoelectronic carbon
* Xiamen University. clusters have been explored theoretically.

10.1021/jp063109n CCC: $33.50 © 2006 American Chemical Society
Published on Web 08/05/2006

Among the chlorine-capped carbon-chain compounds, the
spectra of CCl radical have been reported in the ultravigies,
microwave?® and infrared’=2° regions. High-resolution gas-
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Figure 1. The optimized bond lengths (in A) of linear S-terminated Figure 2. The optimized bond lengths (in A) of linear Cl-terminated
chains G1S (0 = 0-4). chains G,1CI™ (n = 0—4).

II. Computational Details in these carbon chains. This differs from §&°0 but similar
Coupled cluster (CCSBjand B3LYP9 41 calculations with to CnS¥” and SG,S1%5 As the number of carbon atoms
the 6-31G* basis set have been used to determine equilibrium increase from 1 to 9, the length of carbesulfur bond increases
geometries of the linear chains{¢:S and G,+1Cl™ (h=0-4) slightly from 1.548 to 1.565 A.
in their ground states. Rotational constants and dipole moments The CCSD- and B3LYP-optimized bond lengths of linear
have also been estimated in calculation. The nature of optimizedCzn+1CIT (n = 0—4) chains in their ground states are shown in
structures has been assessed by frequency calculation. Figure 2. Both CCSD and B3LYP calculations predict almost
The relative energies of the low-lying states of linear clusters the same geometries. As the chain elongates, the bond length
Con+1S and Gn+1CI* (n = 0—4) have been calculated by the of C—Cl increases from 1.552 An(=0)to0 1.604 A o = 4).
complete-active-space-perturbation-second-order-theory (CASPT2Unlike Cx+1S, the CC bond lengths in Figure 2 indicate that
method? with the cc-pvTZ basis set at the CCSD/6-31G* there is a character of bond length alternation, especially in the
optimized geometry. In the CASPT2 calculation, the CASSCF vicinity of the chlorine terminal. Such difference in the bond
active spaces are generally composed of 18 electrons in 12length distribution implies that there are different bonding
orbitals for all species except;€ and GCI*™ (14 electrons in properties in both isoelectronic series. Actually, the pure odd-
10 orbitals). The oscillator strength§ ére calculated with the ~ numbered carbon chain has a closed-shell ground state with a
following formula: cumulenic bonding character, e.g. a=C=C---C=C: structure
for Cont1. Adduction of S to the carbon chain results in
f:gAEﬂ'Mlz (1) :C=C_=Q--C_:=C—S, and the bonding in the carbpn chai'n
3 subunit is still unchanged. In contrast, the acetylenic bonding

. " can disperse the positive charge ig, @ CI* through conjuga-
whereAE is the transition energy between the ground state and i, interaction and it will stabilize the cationic cluster.

the excited state in atomic Unit, and TM is the transition moment Presumably, this difference in bonding between both isoelec-

in atomic unit. The spirrorbit coupling among perturbing  4nic series may cause distinct properties of their low-lying
singlet and triplet states has been estimated by the-gplit excited states.

coupling configuration interaction (SO&CI) calculatiorf® with Table 1 lists the calculated rotational constaBtand dipole

the 6-31G* basis set. _ momentsu for Coni1S and GnyClIT (n = 0—4), and the
The CASSCF (14,16} calculation has been used for full 5\ 5iapie gxperimental values are aIso(presented)for comparison.
?;fiT&t«[y (ﬁpimjl_z—alfrl)c_mAcf):etrhfhzxce:l)t(iic:es(;[a;zfezf vcvg]rJrelSIo?:gctje g As Table 1 displays, the rotational constants determined by
. e . ' _.CCSD and B3LYP are very close. It can be seen that the
vertical emission energies have been calculated by CASPT2 o jicteq values show good agreement with the experimental
calculatl_ons W|th the cc-p\{TZ basis set. The.acpve space is thevaluesl,“ﬁHG indicating that present optimized geometries of
same with that in calculation of vertical excitation energy.  hege chains in their ground states are reliable. For example,
All caleulations have been performed by GAUSSIAN'®8 o hredicted rotational constant 06K is 220.97 MHz by
and MOLPRO 2002 program packages. 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
A. Geometries and Stabilities of the Linear Chains.The previous studie¥’ It is noticeable that the dipole moments of
B3LYP-optimized bond lengths of linearyG1S (n = 0—4) Con+1S are generally significantly larger than those of{G-
chains in their ground states are displayed in Figure 1. For CI*.
comparison, the CCSD-optimized geometries are incorporated Tables 2 and 3 compile vibrational frequencies of linear
into Figure 1. As Figure 1 shows, the optimized geometries by Cyn+1S and G.+1Cl* species by B3LYP. Frequency calculations
different methods are quite similar. In comparison with the show that both chains are stable structures on the potential
available experimental values, the present calculations predictedenergy surfaces without imaginary frequency. These linear
reliable equilibrium geometries. For instancgSthas experi- structures in their ground states have been explored in previous
mental CC and CS bond lengths of 1.272, 1.303, and 1.532 studies!’18-3*Experimentally, a few strong bands attributed to
A48 and CS has experimental bond length of 1.533°A. the stretching mode of the-€S and C-C bonds in G,+1S have
Corresponding CCSD-optimized bond lengths have an accuracybeen observed. For example, the strong absorptions—¢8 C
of no more than 0.014 A. Apparently, All carbeoarbon bond bond in CS and €S occur at 1275 and 1534 ciyl55759
lengths are comparable with the maximum deviation 0.027 A respectively. Present B3LYP calculations predict that suel$C
in Can1S (0 = 0—4), showing a character of cumulenic structure stretching frequencies appear at 1289 and 1567 crespec-

I1l. Results and Discussion
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TABLE 1: Predicted Rotational Constants Be (in MHz) and Dipole Moments u (in Debye) of Gn+1S and Gpn+1CIT (n = 0—4)
by B3LYP and CCSD Approaches

Be m Be m
species B3LYP CCSD expt. B3LYP species B3LYP CCSD B3LYP
CS 24184.42 24306.72 24495.50 1.5192 CCl 23471.19 23752.43 0.0539
CsS 2858.96 2858.35 2890.38 3.0405 e 2751.40 2728.21 0.4766
CsS 914.06 912.02 922.70 4.0296 sQT" 878.44 867.17 0.7016
C/S 410.93 409.53 414.43 4.9647 /Qt 395.43 389.56 1.0067
CoS 220.97 220.06 222.72 5.8706 oGTH 213.14 209.91 1.3075
aRefs 14 and 5256.
TABLE 2: Calculated Harmonic Virbrational Frequencies TABLE 4: Calculated Vertical Excitation Energies AE (in
(in cm™Y) of Cp41S in Their Ground States by eV) and Oscillator Strengthsf of the Singlet Excited States
B3LYP/6-31G* in Con+1S (h = 0—4) by CASPT2
species mode vibrational frequencies n State transition AE f
CS o 1289 0 Xz - 21*70%37° 0.00
expt 1275 11 70— 31 492 (4813 1.35x 102
CsS =« 186 513 13- 2mr— 31 5.73 0
o 740 1567 2159 1A 27— 31 5.80 0
expt 726 1534 2048 215+ 2nr— 31w 8.14 1.52x 107t
CsS 94 248 459 638 211 2170 — 3m? 9.01 9.01x 102
o 546 1094 1662 2097 2253 3zt 70% — 3m? 9.77 3.59x 1072
expe 2125 213 70? — 3m? 9.94 0
CS =n 56 152 282 442 551 752 1 XI=F o 27%110%37%a° 0.00
o 435 859 1290 1720 2021 2223 2240 171 110 — 4m 3.20 1.46x 1072
CS =n 37 101 193 300 435 508 617 848 13- 37— 4x 3.24 0
o 361 712 1063 1413 1744 2004 2123 2206 2268 1A 37— 47 3.24 0
. 2'1A 2w — & 5.93 0
a Experimental values from refs 15 and-559. oly— o — 4; 5.04 0
1S+ 2 2 3
TABLE 3: Calculated Harmonic Virbrational Frequencies %1%1 ?71103711”4 2 6.14 6.16x 10—4
Ak et : 7 6.62 4.99x 10°
(in cm™1) of Cyp4+4ClT* in Their Ground States by 2 XIS+ 37 524 50 0.00
B3LYP/6-31G* d i :
1= 4m — 51 2.17 0
species mode vibrational frequencies 1A 47 — 51 2.18 0
1 — 3
n .
CClt 140 404 i
689 1455 2232 24 37— 51 4.32 0
prf" 2143 245t 4p?—5n2 447 (4.36) 1.47x 104
1 — 2 5
CCl 86 206 330 588 2 1n+ 15047 257'[ ; 4.77 3.61x 10
3 XZ +++ 471419056 0.00
o 513 1037 1566 2182 2291 1A S — 6 156 0
CCIt n 55 137 239 295 499 687 1> 57— 67 1'57 0
o 412 817 1231 1634 2121 2252 2282 1 19 — 601 172 3.68x 10°3
CoCl* 37 97 170 241 308 460 594 794 Sis- dor — 61 327 o
o 345 680 1020 1355 1670 2095 2180 2237 2298 21A Lot — 601 3.30 0
aExperimental value from ref 60. 2is+ 512 — 672 3.38 2.18x 104
211 19051 — 672 3.78 8.95x 10°©
1S+ oo 2| 0
tively. As Tables 2 and 3 display, calculated frequencies are in 4 ﬁf 67151:)4%7130 b7 (l)'gg 0
good agreement with available experimental values. 1S Gr—T1 1.31 0
B. Vertical Excitation Energies of Singlet StatesEnergies 11 230 —Tn 2.18 4.83x 1073
of Singlet Excited States inyG1S. The linear Gn+1S clusters 212’ St — T 2.65 0
have the closed-shell electronic configuration: [coreH(3)o? §1§+ 2;{:.7%, ) g'% g 98x 10-5
2 2 0 : :
(4n+6)02 274 +++ (n+1)7* (4n+7)0? (n+2)* (n+3)°, where o 230607 — T2 375 151x 10°5

the core containsr#-8 o electrons and four electrons. Such
configuration will give rise to the singlet ground state'&f".
The low-lying states fromxr—p ando—p excitations have been
investigated in the present work. the electronic promotion froms2to 37 are 5.73 and 5.80 eV
The CASPT2 vertical transition energiesK) and oscillator higher in energy than the ground state, respectively. The
strengthsf) of Cxn+1S (0 = 0—4) for the electronic excitations  strongest &= —X1=* transition from 2 — 37 electronic
to the singlet excited states are listed in Table 4. The low-lying promotion occurs at 8.14 eV, with= 1.52 x 107%. The 211
states of'>*, 1, X7, and *A have been considered. For state mainly contributed by therZo — 372 double excitation
comparison, available experimental values of vertical transition is placed at 9.01 eV above the ground state, With 9.01 x

a Experimental value from ref 22.Experimental value from ref 22.

energies are incorporated into Table 4. 10-2. The %2 — 372 double excitation gives rise to low-lying
As Table 4 shows, the predicted excitation energies agreestates &+ and 22~ at 9.77 { = 3.59 x 107%) and 9.94 eV {

with observed values. For example, the lowest excited sthfe 1 = 0), respectively.

of CS, arising from the electronic promotion frono 7o 3r, For Gn+1S (h= 1—4), the HOMO-LUMO single excitation

lies at 4.92 eV above the ground state, with an oscillator strengthleads to the =~ and A states, which are nearly degenerate.
of 1.35x 1072, in good agreement with the experimental value The 2X~ and 2A states, derived from electronic transition from
of 4.81 eV. The next low-lying states aré=t and A from HOMO-2 () to LUMO, are also nearly degenerate. The allowed
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213 —X1Z* transitions are double electronic excitations from TABLE 5: Calculated Vertical Excitation Energies AE (in

HOMO to LUMO. The electronic promotion from §4-7)o to eV) and Oscillator Strengthsf of the Singlet Excited States
H + — N—

(n+3) will result in the 21T state, while the higher'?T state N CanaCl" (n = 0—4) by CASPT2

arises from the @ + 7)o (n + 2)r — (n + 3)7? double n  state transition AE f
excitation. As shown in Table 4, tHA<—X1Z* andZ——X1Z* 0 XISt 274702370
transitions are dipole forbidden with= 0, while theTI~X1=" 11 70— 3n 5.35 2.35x 102
and=t—X1Z* transitions are dipole allowed to appear in the I'A 21— 31 6.44 0
electronic absorption spectra, witin the magnitude of 10?— %g; Z: gﬁ g-;‘; (1) 13x 101
e _ - _ 211 2770 — 32 10.26 2.76x 10°2
As nincreases, the vertical excitation energies of correspond- 217 702 — 372 10.26 0
ing low-lying states in g+1S (n = 1—4) decrease gradually. 213 T0% — 32 10.54 0
To examine the size dependence of the sirgigtglet transition 1 X --27*3r*110%4n°
energies, an exponential-decay curve fitting has been performed A 2.89(3.00) 121x1072
using calculated vertical transition energiéa&(in eV). For the ili z:j’; g'gg 8
213 +—X1Z* transition, this fitting gives the following equation: 21T 37110 — 42 6.36 258 10°5
iy~ 2 —4x 6.71 0
AE = 1.7785+ 9.1349@ 406439 2) 23t 2r—dm 6.73 7.00x 107t
3=F 372 — 472 7.07 1.39x 10t
The fitting error and correlation coefficient are 0.00163 and 2A Z—dx 739 0
0.99975, respectively, showing high accuracy. Equation 2 ﬁé 15§]i155?r Ao 234 7.99% 10-3
indicates a nonlinear dependence of the vertical transition 1S~ 4y —5r 267 0
energies on the chain size, and it will converge to the limit of 1IA A — 5 2.69 0
about 1.78 eV as the chain size approaches infinite. 2’ 3x—bm 4.93 0
Energies of Singlet Excited States in,GCI*. The linear ZiA 37 — 57 , 4.97 0 ]
Cont1CIT (n = 0—4) clusters have the same electronic configu- glg ﬁff 5;25” 2-83 (4.60) 414123§ ig3
rations as their isoelectonic series,GS. Similarly, they have 3 XISt eedor190257%60 ’ ' ’
the ground state of 3&*. The selected vertical excitation 111 190 — 67 1.65 5.61x 102
energies AE) and oscillator strength$)(of the low-lying singlet 15 51— 61 1.99 0
excited states in £+1CIT (n = 0—4) are presented in Table 5. 1'A S — 6 2.08 0
Available experimental values are presented in Table 5 for gi?; fg{gﬂeﬁ - g% 411-3298107
comparison. . 25 drer 3.83 o
Calculations show that the lowest excited stdid df CCI*, 217 4 — Bt 3.93 0
arising from & — 3x excitation, lies at 5.35 eV above the 4 X+  ...574230%67%77°
ground state, with an oscillator strength of 2.851072. Next 1= 6r—7n 1.46 0
low-lying states A and 23~ from the 2r — 37 electronic A Gr—~Tn 1.52 0 ,
excitation are 6.44 and 6.74 eV higher in energy than the ground élg 273:7:7;” %;i i'ig;(?lv
state, respectively. The stronge&E9—X1=" transition occurs 215 57— T 257 0
at 8.57 eV { = 1.13 x 107}), and it is also derived from the 2IA 51— T 2.60 0
27 — 3 electronic excitation. ThelPI state, derived from the 21 2306 — Tn? 3.54 1.52x 1077

2770 — 3m? double excitation, is 10.26 eM £ 2.76 x 1079
above the ground state. The?7— 372 double excitation, i.e.,
the HOMO-LUMO electron promotion, gives rise to the low- As Table 5 displays, the strongest transitions correspond to
lying states 2A and 2=, lying at 10.26 {= 0) and 10.54 eV 213Xt in both GCIT and GCI* with large oscillator

aQObserved value from ref 38.0bserved value from ref 36.

(f = 0), respectively. strengths of 1.3698 and 1.4877, respectively. Such strong
For GCI™, the lowest excited state iSTI, arising from the electronic transitions arise from the { 2)z — (n + 3)x single
110 — 4n excitation, i.e., the HOMGLUMO electronic excitation, whereas similar electronic excitation has not been
promotion, lies at 2.89 eM & 1.21 x 1072) above the ground  found in low-lying states of other chains considered here.
state, in agreement with experimental value of 3.0F&Vhe C. Vertical Excitation Energies of Triplet States. The
electronic promotion from B to 4z leads to the =~ and 1A calculated relative energies of the low-lying triplet excited states
states. The 2 — 4 electronic excitation will result in higher-  for Cy,+1S and G,+1CIT™ (n = 1—4) are displayed in Tables 6
energy 22~ and 2A states. The 41 state from the 3110 — and 7. Notice that the relative energy level has a similar pattern
472 double excitation is placed at 6.36 eV above the ground and all of these transitions mainly arise from single excitations.
state. The allowedZt—XZ* transition from the 32 — 472 The low-energy excited states ar&1, 13A and B2, arising
double excitation occurs at 7.17 e¥/= 1.05 x 1071). from the HOMO-LUMO (z—x) excitation. Next low-lying

Like C3CIT, CsCI* exhibits similar properties of the low-  states are &+, 22A, and 23, derived from the electron
lying excited states. The first excited stafé¢Illies at 2.34 eV promotion from the next highest occupiedrbital to LUMO.

(f=7.99 x 10739). The relatively strongZ~—X1=" transition Generally, the excited states of¢;S are lower in energy than
occurs at 5.09 eV, which is comparable with the experimental corresponding those of&1CI™.

value®® For G,CI*+ and GCI*, the electronic promotion from To examine accessibility of the spin-forbidden triplet excited
HOMO to LUMO ( — p) leads to the low-lying states o3, states, SO€ECI calculations have been carried out for the low-

1A, and 2=*; the electronic excitation from HOMO-1 to  lying triplet excited states. As shown in Tables 6 and 7, the
LUMO (o — p) gives rise to 1IT; the electronic elevation from  oscillator strengths for spin-forbiddef3 ~—X=* and 2= —
HOMO-2 to LUMO (= — p) results in 22~ and 2A. All of XIZ* transitions are in the magnitude of ¥8-10-8, while the
these excited states arise from single excitations. The+H4 oscillator strengths for other transitions considered here are
7)o (n+ 2)r — (n + 3)7? double excitations yield a'PI state. vanishing.



10328 J. Phys. Chem. A, Vol. 110, No. 34, 2006

TABLE 6: Calculated Vertical Excitation Energies AE (in
eV) and Oscillator Strengthsf of the Triplet Excited States
in Con+1S (n = 1_4) by CASPT2

n electronic state transition AE f
1 Xi=* «27*110%37%47°  0.00

13>+ 3n— 4n 2.74 0

13A 37— 4 305 0

183~ 3n— 4n 3.27 1.64x 10°8

283+ 21— 4 517 0

25A 2w — 4 556 0

283~ 27— 4 577 1.67x 1077
2 X+ -3n*150%47*57°  0.00

135 F A — 5 1.88 0

13A 47 — 5 206 0

133 Ax — 5 2.18 1.37x 108

2>+ 3 — 5 380 O

25A 37— 5 404 O

253~ 31— 51 4.17 4.73x 1077
3 Xzt <+ 47*190%57%67°  0.00

135+ 57— 6m 143 0

13A 51 — 6 153 0

133 5m — 6 1.60 1.58x 10°8

2>+ A — 6 290 O

25A A — 6ot 3.08 0

253~ A — 6 3.17 3.60x 107
4 XizF «-57230%67*77°  0.00

13>+ 6 — Tn 1.10 0

13A 6m — 7 1.17

133~ 6 — T 1.21 1.24x 10°8

283+ 57— T 221 0

25A 50— Tn 237 0

283~ 57— T 2.44  352x 1077

TABLE 7: Calculated Vertical Excitation Energies AE (in
eV) and Oscillator Strengthsf of the Triplet Excited States
in Con+1Cl* (n = 1—-4) by CASPT2

n state transition AE f
1 Xzt « < 21431*110%47°

135+ 3n— 4 3.00 0

13A 37— 4n 3.36 0

133 3n— 4n 3.53 8.67x 1077

285+ 21— 4 6.12 0

25A 21— 4 6.45 0

283~ 21— 4 6.64 6.67x 10°6
2 Xzt «++31*150%47*57°

133+ 47 — 5 2.26 0

13A A — 5 2.52 0

13>~ 47 — 51 2.68 1.21x 1077

283+ 37— 5 4.31 0

25A 37— 5 4.65 0

253~ 3 — 5 4.83 1.14x 1077
3 Xzt ++47*190°5*67°

133F 5m — 6 1.67 0

13A 5m — 6 1.86 0

133~ 51 — 6 1.99 1.34x 1077

28>+ A — 6 3.33 0

23A 47 — 6 3.58 0

283~ 4 — 67 3.74 2.75x 1077
4 Xzt «+<574230267*77°

135+ 6mr — T 1.23 0

13A 6m — 7 1.38 0

133 6m — 7 1.46 1.25x 1077

28>+ 51— Tn 2.23 0

23A S5m0 — T 2.41 0

283~ 57— Tn 2.50 3.00x 1077

Interestingly, the spin-forbidden®I ~X=* transition in
Con+1CIT has relatively large oscillator strength with respect to
Cont1S, while the oscillator strengths of2 <XZ* transitions
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1.386 1273 1.649 Cope1S
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1.323 1.321 1.236 1.328 1.605
C C C C C X

1284 1310 1267 1271 1286 1258 1.627
1369 1.212 1.407 1.182 1406 1217 1.594
C C C

1278 1317 1243 1292 1272 1264 1290 1.251 1.624

1374 1224 1363 1.187 1383 1196 1355 1225 1.582
C C C C C C C C C X
Figure 3. CASSCF-optimized geometries (in A) of the excited states
213* for ContaS and Gr+1ClH.

TABLE 8: Vertical Emission Energies AE (in eV) and
Corresponding Transition Moments (TM| in au)

for the 21X+ — XX+ Transition of C,,11S and Gyn1ClT
(n=1-4)

CamiiS  AE ITM| Cont1CI* AE IT™|
n= 523 05598 n=1 6.09  1.0304
n=2 428 01527 n=2 437  0.4767
n=3 333 01030 n=3 2.81  3.9050
=4 267 00426 n=4 217 47421

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

D. Vertical Emission Energies of 2X*. The CASSCF-
optimized geometries of thé2" excited states in linear chains
Con+1S and G Clt (n = 1—4) are shown in Figure 3. As
Figure 3 shows, the bond lengths of S and C-Cl in Cy,41S
and Gn+1CIT gradually decrease as the chain size increases
except GCI*. Like their ground states, thé2" excited states
have the dominant character of cumulenic structuredn S
and a striking character of acetylenic structure iR+@CI*.

On the basis of these optimized geometries of & 3tates,
the vertical emission energies for th&2 — XI=* transition
in linear Gn+1S and G+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
213" 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
Con+1S, as the chain size increases from 1 to 4, the vertical
emission energy decreases from 5.23 to 2.67 eV gradually. Like
Czn+1S, the vertical emission energy inf¢:Cl™ decreases from
6.09 to 2.17 eV with the increase of chain.

IV. Conclusions

The equilibrium structures of the isoelectronic systems S
and Gpr1CIt (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 X+ states, and the optimized geometries show
good agreement with available experimental values. The
predicted dipole moments of both¢:S and G,+1CI™ increase
linearly as the chain lengthens. Generally, thg:€S cluster
has larger dipole moments than corresponding {CI™.

At the CASPT2 level of theory, the selected low-lying excited
states have been studied. ForGS (h = 1—4) and Gn+.CI*
(n=1, 2), all the 2= states arise from the highest occupied

are comparable for both species. Note that the even-numberedy orbital to LUMO double excitation, while for £:+:CIT (n =

carbon chains &S and G,CI™ have notable reactivity for spin-
forbidden transitiond” Such distinct accessibilities of the spin-
forbidden excited states suggest that effects of -spibit

3, 4), the 2Z™—XIZ* transitions correspond to the HOMO
LUMO (z—) single excitation. Both isoelectronic series exhibit
similar size dependences of absorption and emission spectra.
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In particular, the vertical excitation energy for relatively strong
213 —X13* transition in G+1S has nonlinear size dependence

J. Phys. Chem. A, Vol. 110, No. 34, 20080329

(28) Burkholder, J. B.; Sinha, A.; Hammer, P. D.; Howard, Cl. Mol.
Spectrosc1988 127, 61.
(29) Jin, P.; Chang, B. C.; Fei, R.; Sears, TJ.JMol. Spectroscl1997,

of an exponential-decay relationship. The CASPT2 calculations 1g5 139,

indicate that strong II-—X=* transitions in CS and {CI*
occur at 4.92 and 2.89 eV, respectively, and stroiay2-X1=+
transitions in GS and GCI* appear at 4.47 and 5.09 eV,

(30) Bredohl, H.; Dubois, I.; Melen, Fl. Mol. Spectrosc1983 98,
495.

(31) Sumiyohsi, Y.; Ueno, T.; Endo, Y. Chem. Phy=2003 119 1426.

(32) Redondo, P.; Redondo, J. R.; Barrientos, C.; Larg&tem. Phys.

respectively, which are in reasonably agreement with the Lett. 1999 315 224.

corresponding observed values of 4.81, 3.00, 4.36, and 4.66 eV.

On the basis of SOECI calculations, the effect of spin

orbit coupling on the spin-forbidden electronic transition has

(33) Largo, A.; Cimas, A.; Redondo, P.; Barrientos|i@. J. Quantum
Chem.2001, 84, 127.

(34) Li, G.; Tang, ZJ. Phys. Chem. 2003 107, 5317.

(35) Wijngaarden, J. V.; Shnitko, I.; Batalov, A.; Kolek, P.; Fulara, J.;

been discussed. The results show that the oscillator strengthsvaier, J. P.J. Phys. Chem. 2005 109, 5553.

for singlet-triplet transitions are generally very small and these
excited triplet states considered here in both isoelectronic serie

are less accessible by direct singl#iplet transitions. The effect
of spin—orbit coupling on the spin-forbidden transition indicates
geometrical and electronic structural dependence.
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