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T he geometries, bondings, and vibrational frequencies of C,,H (n= 3—9) and C5,- {N(n= 3—9) were in—
vestigated by means of density functional theory(DFT). The vertical exctation energies for the X *IT - Tl
transitions of C2.H(n= 3—9) and for the XX —°IT and the X °IT - °II transitions of C2:.- IN(n= 3—9) have
been calculated by the time-dependent density functional theory(T D-DFT ) approach. On the basis of present
calculations, the explicit expression for the wavelengths of the excitation energies in linear carbon chains is
suggested, namely, A= [1240.64/(2+ 3n+ 6 - 3n+ 3)] (1- Be ™), where A = 3.24463, B =
0.90742, and C= 0.07862 for C,,H, and A= 2.94714, B= 0.83929, and C= 0.08539 for C,,. |N. In consid-

eration of a comparison of the theory with the experiment, both the expressions are modified as A= 0.92( A

+ 100) and A= 0. 95(A0+ 90) for C2.H and Cz- 1N, respectively-
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Introduction

Carbon chains are among the most attractive
candidates as the carriers of the diffuse interstellar
bands ( DIBS)[I]-

2 .. .
dark clouds and carbon stars ', it is very important

To detect the carbon chains in

to understand their electronic spectra. Maier and
his coworkers have measured the polyacetylenic
radicals C2xH(n= 1—4) and Ca-1H(n= 2—6) by
the rotational spectroscopy ™ and the species n< 4
have been detected in dark interstellar clouds ™.
In neon matrices, the BTl « XTI transitions of
C2H(n= 3—8)[7] have been identified by using the
mass selection technique. In recent gas phase mea—
surements, the electronic absorption spectra of
CeH"™, CsH and Ci1H" were determined by means
of the cavity ring down absorption spectroscopy-
Via using the coupled cluster method RCCSD
(T) with correlation-eonsistent valence and core—
valence basis sets, the two lowest electronic states
IT and °Z" of linear carbon chain radicals C-H(n=
2—7) have been investigated, and a TISY state
separation of 72 em™ ' in energy has been found'".
On the basis of the UHF optimized geometries,

) . )
Sobolewski and Adamowicz''" characterized the

electronically excited states of C4H, CeéH and CsH
by CASPT 2/ DZVP calculations. Based on the loca-
tion of the B’I1— A Il transition of C+H determined
with ab initio method, an extrapolation with a
semiempirical model for the *IT X °IT transitions of
C2H(n= 3—06) is presented' .

C2- 1IN chains, like isoelectronic C»H, are in—
teresting in connection with the DIBs and the theo-
ry. In recent observations of CsN in the laborato-

[13] . : [14]
ry ~ and in an astronomical source

, the ground
state of it is characterized to be a "% symmetry, as
predicted by means of the theory[lsl . Longer chains
Ca-1N (n> 2) are excepted to have I ground
states' “'"". The BTl « X II transitions of C2- 1N
(n=5—7) were measured in neon matrices at 6 K
by M aier and coworkers' " . The B’TI—X °II transi—
tions of Ca-1N have similar spectral features in
comparison with those of isoelectronic C2:.H radicals
but they appear at slightly higher energies. At the
B3LYP/ccpVTZ level, the structures and the en—
ergetics of carbon-nitrogen clusters with up to 12

19 .
I and C2.- 1N chains are

atoms have been studied
predicted to have polyacetylenic structures. T he

theoretical calculations of other conformations of
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the large carbon clusters have been performed at
the semiempirical and DFT levels of the theo-
ry! 22

In the previous study performed by Li and Pal-
dus'®™ | they explored the dependence of the excita—
tion energies of C2uH2w2 with conjugated 7T bonds
on the size. An explicit expression for the excita—
tion energy of the X'Ay 5 1'Bu transitions in linear
polyenes C2.H2i+ 21s proposed. In order to get an in—
sight into the dependence of the excitation energies
in linear carbon chains C»H and C2-1N on their
chain sizes, we present in this paper the results of
the theoretical calculations about the equilibrium
geometries, the vibrational frequencies, the verti-
cal transition energies, and the wavelength depen—
dence of the electronic transition origins on the
number of the heavy atoms.
Computational Details

The hybrid B3LYP functional calculations' ™

with the standard 631G” basis set of the GAUS—
5]

24]

SIAN 98 program package' ™ were used to deter—
mine the equilibrium geometries and the vibrational
frequencies of the polyynes C»H and Cz-1 N in

their ground states. The previous calculations

show that by means of DFT one can predict excel-
lent geometries and frequencies for the small car—
bon clusters at the price of less computational ex—
pense in comparison with more sophisticated meth—
ods. Electronic excitation energies in the TI-X"TI
transitions of polyynes C2H and C2n- IN were calcu—
lated by means of the time—dependent density func-
tional response theory (T D-B3LYP) at the 6-31G"
basis set level.
Results and Discussion
1 Geometries and Vibrational Frequencies

The optimized geometrical parameters of CaH
(n=3—9) and Cx» 1 N(n= 3—9) at the B3LYP/
6-31G" level are displayed in Figs. 1 and 2, respec—
tively. T he selected calculated harmonic vibrational
frequencies and their corresponding IR intensities
of CxH(n= 3—9) and C2- 1N (n= 3—9) are shown
in Tables 1 and 2, respectively. The optimized
bond lengths in Fig.1 show that polyynes Ca H
have alternating single and triple bonds in general.
As nincreases, the terminal structures without any
hydrogen atom appear to converge toward the cu-

mulenic form.

0.12235 0.12492 0.12922
H—C—C—C—C—C—FC
0.10675 0.13390 0.13178

0.12205 0. 12420 0.12565 0.12918
H—C—C—C—C—C—C—C—C
0.10674 0. 13445 0.13203 0.13118

0.12190 0.12379 0.12502 0.12600 0.12914
H—C—C—C(C—C—C—C—C—C—C—C
0. 10673 0. 13479 0.13263 0.13122 0.13088

0.12181 0.12354 0. 12459 0.12546 0.12612 0.12910
JH—C—C—C--C—C—C—C—C—C—C—C—C
0.10672 0.13500 0.13306 0.13181 0.13077 0.13073

0.12177 0.12341 0.12342 0.12505 0.12574 0.12632 0.12907
H—C—C—C——C—C—C—C—C—C—C—C—C—C—C
0.10672 0. 13506 0.13329 0.13224 0.13132 0. 13053 0.13064

0.12174 0.12331 0.12410 0.12471 0.12530 0.12589 0.12639 0.12905
H—C—C—C—C—C—C—C—C—C—C—C—C—C—C—C—C
0.10671 0.13514 0.13348 0. 13257 0.13181 0.13108 0. 13041 0.13060

0.12170 0.12322 0.12395 0.12447 0.12497 0.12549 0.12601 0.12645

0.13363 0.13282 0.13217 0. 13152 0. 13087 0. 13030

Fig.1 The B3LYP optimized geometries of C,H.

0.10671 0.13522

0. 13057

As Fig.2 displays, the X electronic states of
CsN and C7N have apparent single-triple alterna-
tive acetylenic structures. T he ’IT electronic states
of C2.- 1N species, like isoelectronic C2.H, have a
character of the acetylenic structure generally,
whereas the terminal without any N atom ap-
proaches the cumulenic bonding as the chain size
increases. For CsN, the B3LYP optimized bond
lengths are 0. 11688, 0.13644, 0.12207, 0. 13590

and 0. 12183 nm, respectively, which are in good
agreement with the predicted values of 0. 11681,
0.13772, 0.12187, 0. 13722 and 0.12204 nm by
RCCSD(T)/180¢GTOs cal culations' .

The DFT calculations indicate a small *X-TI
separation in energy. In order to elucidate this
small energy difference, CCSD(T)/ccpVTZ cal-
culations on the basis of the B3LYP optimized ge—
ometries were performed. At the CCSD and CCSD
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0.11688 0.12207 0.12183*
0.11749 0.12451 0.12960
N-—C—C—C—C—C
0.13644 0.13590
0.13493 0.13186
0.11696 0.12242 0.12264 0.12202"
0.11727 0.12370 0.12555 0.12951
N—C—C—C—C—C—C—=C
0.13620 0.13480 0.13553
0.13542 0.13230 0.13105
0.11716 0.12328 0.12477 0.12598 0.12941
N—C—C—C—C—C—C—C—C—C
0.13594 0.13392 0. 13303 0.13324
0.11710 0.12305 0.12430 0.12531 0.12621 0.12399
N—C—+C—+C——C+—C—C—C—C—C—C—C
0.13581 0.13343 0.13204 0. 13086 0.13060
0.11708 0.12294 0.12403 0.12487 0.12566 0.12636 0.12927
N—7"C—F"Y"Cc— (CC— (C— (C— C—C—C—C—C—C—C—C
0.13587 0.13364 0.13274 0.13146 0.13054 0.13051
0.11706 0.12286 0.12384 0.12453 0.12419 0.12585 0.12644 0.12922
- N—+/"C—+~C—~fC—4—~C—}fC—1(C—+CC—+C—"C—/C—C—C—C—C—C
0.13591 0.13380 0.13279 0.13196 0.13114 0.13036 0.13046
0.11705 0.12281 0.12371 0.12429 0.12483 0.12540 0.12599 0.12650 0.12918

N—"7"FC6—"+T ¢C—4"C—F(C—¢(¢C—C—C—C—C—C—C—C—C—C—C—C—C

0.13594 0.13392 0. 13303

0.13234 0.13166

0.13093 0.13024 0.13042

Fig. 2 The B3LYP optimized geometries of Cz-1N.

Indicating the geometries of 2.

Table 1 The vibrational frequencies of C,H(n= 3—9)
by B3LYP approach”

Species Vibrational frequencies” / em~ !

CeH  1905(218),2110(24),2147(202), 3482(119)

CsH  1917(294),2077(80),2122(120),2211(443), 3483(160)

CioH 1918(417),2109(287),2189(780), 2220( 336) , 3485(204)

CioH 1902 (268), 1930( 309), 2096 (216), 2167 ( 1590), 2194
(354), 3486(251)

Ci4sH 1922 (608), 2085( 431), 2150 (290), 2158( 2077), 2219
(367), 3487(292)

CisH 1788 (142), 1921( 694), 2076 (242), 2110( 2917), 2143
(82),2196(977),2225(129), 3487( 325)

CisH 1733(187), 1919( 791), 2067(1615), 2077(1967), 2128
(634),2187(581),2199(841), 2233(214), 3488( 362)

* The bold data indicating C—H stretching mode, italic data
indicating C= C stretch mode.
Table 2 The vibrational frequencies of C,, N(n= 3—9)
by B3LYP approach’

Species Vibrational frequencies” / em~ !

CsN  1215(12),1915(213),2126( 123), 2226( 27)

C/N  1317(22),1915(270),2054(237), 2164(252), 2282( 18)

CoN  1461(30),1914(205), 1966(401),2141(448), 2207(292),
2302(14)

Ci N 1516(32), 1927(704),2121(416),2187(838),2216( 31),
2314(102)

CisN 1554 (50), 1811 ( 181), 1919 ( 652), 2103 (401), 2155
(1079), 2187(525) , 2237(257) , 2321( 127)

CisN  1581( 112), 1667( 276), 1920( 803), 2095( 575), 2168
(394),2211(1157), 2243( 173), 2325( 157)

C17N  1598(46) , 1714( 190), 1917(840) , 2079( 564) , 2085( 787) ,
2153(702), 2199( 2078) , 2214( 45) , 2330( 190)

* The bold data indicating the C—C stretch mode, italic data
indicating C= C, C= N stretch mode.

(T) levels, the energy difference was found to be
0. 588 and = 2.268 kJ/mol, respectively. Using

large—scale RCCSD(T) calculations, Botschwina'"
predicted that the *X state is more stable than the
I state by about 500 ¢cm ™ L

The selected strong vibrational frequencies
and their IR intensities of C2:H and C2- 1N are pre—
sented in Tables 1 and 2, respectively. The C—H
stretching frequency is almost unchanged at 3485
em” ', while the corresponding intensity increases
with the chain size. A comparison of the calculated
C= C stretching frequencies with available ex peri-—
mental values shows a good agreement between the
theory and the experiment. For example, the
B3LYP calculation indicates the C= C stretching
frequency to be 1917 cm” "in CsH, reasonably close

to the experimental value of 2080 cm™ """

2 Electronic Transitions of C»H

C2. H species have an electronic configuration
of (0) 2( 1T)4(Tl)3, and the THT electron excitations
give rise to low-ying ’IT states. The vertical tran—
sition energies and the oscillator strengths deter—
mined by the T D-B3LYP calculations for the Tl
XTI transitions of C2H(n= 3—9) are listed in
Table 3. A comparison of the calculated transition
energies and the obversed values in Table 3 shows
that the TD-B3LYP calculations systematically
overestimate the vertical transition energies by
about 50 nm for the small chains. The calculated
wavelength differences between the adjoining
bands for the *TI— X°IT transitions of C2H(n= 3—
9) in Table 3 are 99.12, 93.33, 87.35, 82.41,

75.79, and 68.'92m, respectively, ‘as 'n'increases
2 2 2
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from 3 to 9, showing a slightly nonlinear A de-
pendece. The nonlinearity has been observed ex—
perimentally for C»H species with n= 3—g".
Table 3 Vertical transition energies( nm) and oscllator
strengths(f) for X°IT-2I1 of C,H(n= 3—9)

n Acake./ nm ?\EXI,L”]/n m Transition f

3 473.71 530 2131 0. 0250
4 572.83 631 34 0.0311
5 666. 16 722 45T 0.0371
6 753.51 801 St 611 0. 0439
7 835.92 866 6711 0.0516
8 911.71 924 T 81 0.0613
9 980. 63 8m—9m 0.0714

. 2
In valence bond theory, Li and Paldus'™ sug—
gested an explicit expression for the excitation en—

ergy of linear polyenes C2:H2w 2, i.e.,

AE= 1+ (1/2)( 3n+ 6- 3n+ 3)

(in units of the exchange parameter of Heisenberg

Hamiltonian). Considering two sets of extended TT
orbital series in carbon chains C2:H and Cai- 1IN in-
stead of one T MO series in C2H2w+2, we intro-
duced a factor A into the initial excitation energy
formula. Furthermore, an exponential term was
incorporated into the wavelength expression to ac—
count for the nonlinear behavior of the excitation
energies. The predicted wavelength(in nm) of the
band origin for the *TI X °II transitions in C2:H is
given by
N = 1240. 64 (1= Be )
2+ 3n+ 6-  3n+ 3
(1

where A= 3.24463, B= 0. 90742 and C= 0. 07862;
1240. 6= hc, h is the Planck constant and c is the
light velocity. Combining the experimental data

with theoretical results, we have a modified formu-
la
Ar= 0.92(» + 100) (2)

3 Electronic Transitions of Cz- 1IN

Vertical transition energies and oscillator
strengths determined by TD-B3LYP calculations
for “TI — X’IT and IT < X °Y transitions in C2i- 1N
(n=3—9) are listed in Table 4. A comparison of
the calculated transition energies with the obversed
values given in T able 4 shows that TD-B3LYP cal -
culations generally overestimate the transition en—
ergies by 30—50 nm. The calculated wavelength
differences between the adjoining bands of I
X’ transitions in Cau- iIN(n= 5—9) in Table 4 are
83.49, 78.55, 72.28, and 66. 06 nm, respective—

ly, showing a nolinéar An relationsnip as in" the

case of isoelectronic C2»H. Such a nonlinearity of

the size dependence of the wavelength has been ob-

served experimentally for the species with n =

5—71%,

Table 4 Vertical transition energies( nm) and oscillator
strengths (f) for XX - 1 of C,, (N(n= 3, 4)
and X*T1- °TI of C,_N(n= 3—9)

n State Aae./nm  Agp '8/ nm T ransition f
3 X2Z.°00 439.24 470. 4 2w 120 0.0004
X2 201 441. 67 21 - 31T 0. 0202
4 X2X.701 561.43 581.9 3mr- 170 0.0004
X211 201 533.94 3 4 0.0218
5 X2I-2I0 622. 87 675.6 41 5T 0. 0246
6 XI-701 706. 36 757.2 51 6T 0. 0285
7 X121 784.91 827.5 61 - T 0. 0329
8 X177 857.19 T8t 0. 0386
9 X2I-21 923.25 8- 97 0. 0451

Like CxH, the predicted wavelength(in nm)
of the “TT « X°II transitions in Can- 1N is also ex—
pressed as

1240. 64
2+ 3n+ 6-

X = (1- Be )

(3)
where A= 2.94714, B= 0.83929 and C= 0.08539;
1240.6= he, h is the Planck constant and ¢ is the
light velocity. Combining the experimental data

3n+ 3

with the theoretical results, we have an improved
formula
A= 0.95(A0 + 90) (4)

Interestingly, it is noted that the parameters
B and C in eq. (3) are almost the same as those in
eq- (1), even there is a notable difference for the
linear parameter A . T his shows that there is a sim-
ilar bonding for isoelectronic species C2 H and
Can- 1N.

Conclusion

The geometries and the frequencies of C2 H
(n= 3—9) and C2- IN(n= 3—9) have been deter—
mined by B3LYP calculations. T he current calcula—
tions reveal that both the series have dominant
acetylenic structures, whereas the terminals with—
out any H or N atom approach cumulenic struc—
tures as the chain increases.

On the basis of the present calculations and
available experimental data, the size dependences
of the excitation energies of linear carbon chains
C2H and C2:- 1IN are quantitatively reproduced with
explicit analytical expressions. The slightly non-
linear dependence of the wavelength of the I -
X ’IT transition on the chain size is dicussed for iso—

electronic C2H' and 'C2.- 1N, ‘Which 'resul'ts 'in con—
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vergent wavelengths of 1943. 6 and 1822. 2 nm for [12] Kolbuszewski M. Astrophys J-» 1994, 432, 1.63
[13] KasaiY., Sumiyoshi Y., Endo Y., et al., Astrophys. J.,

1997, 477, 1.65
[14] Guelin M., Neininger N., Cernicharo J., Astron. Astro—

enough long C2:H and C2:- 1N chains, respectively.
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