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Abstra
t

Absorption wavelengths and os
illators strengths have been 
al
ulated for the al-

lowed low-energy ele
troni
 transition

1
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+

 

1

�

+

of mono
yanopolyynes (HC

y

N,

y = 1 � 13),

1

�

+

u

 

1

�

+

g

of polyynes and di
yanopolyynes (HC

y

H and NC

y

N,

y = 1 � 40). For y > 18, the geometries were extrapolated from DFT optimization

of the shortest members. Extrapolation formulas have been drawn up for longer


hains, the asymptoti
 values of those yield an estimation of the absorption wave-

length (
a. 400 nm) of the hypotheti
al 
arbon allotrope 
arbyne.
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1 Introdu
tion

Ex
ept their �rst members, polyynes H(C� C)

n

H, mono
yanopolyynes H(C�

C)

n

CN and di
yanopolyynes NC(C� C)

n

CN are highly rea
tive under terres-

trial 
onditions and thus are very di�
ult to synthesize. Nevertheless, polyynes

have been obtained up to n = 5 in solution or gas phase[1℄ and to n = 12
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in neon matrixes[2℄, and a synthesis and spe
tros
opi
 
hara
terization of di-


yanopolyynes (n = 2�8) have been published[22℄. On the other hand, mono-


yano 
ompounds have been dete
ted sin
e the 70's [3�6℄ in interstellar 
louds

; the other two series should also be present sin
e the derived radi
als C

x

H and

C

x

N have been dete
ted[7�10℄. The atmosphere of Titan, mainly 
omposed of

H, C and N elements 
ontains polyynes already 
hara
terized. Photo
hem-

i
ally rea
tive in the UV range, these 
ompounds 
onstitute pre
ursors to

the visible absorbing haze materials present in Titan and many of the outer

planets atmospherex [11℄(and referen
es therein). In addition, as re
ently re-


alled by Hirs
h et al.[12℄, long polyynes are model units of the hypotheti
al

di
oordinated 
arbon allotrope �
arbyne� �(C� C)

1

�.

Beside IR frequen
ies, UV data are an alternative way for the dete
tion and de-

termination the 
on
entration of long polyynes, espe
ially thanks to their low

energy allowed transition,

1

�

+
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�

+
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in D

1h

polyynes and di
yanopolyynes,

1

�

+

 

1

�

+

in C

1v

mono
yanopolyynes. We present here semi-empiri
al 
al-


ulations of the energy of these transition up to C

40

H

2

, C

40

N

2

and HC

13

N,

and an evaluation of the HOMO�LUMO gap in in�nite 
hain 
ompounds.

2 Cal
ulation Methods

The Gaussian98 series of programs[13℄ has been used throughout this work.

The energy of ele
troni
 transition and the 
orresponding os
illator strengths

have been obtained using the ZINDO method[14℄. The geometri
al parameters

have been obtained by two di�erent ways, as detailed in a previous paper[15℄.

For the shortest 
ompounds up to C

16

H

2

, C

16

N

2

and C

13

HN, the geometry

was optimized at the B3LYP[16,17℄ level with Dunning's triple zeta basis set

(

-pVTZ)[18℄. From these data and additional 
al
ulation of the geometries

of C

30

H

2

and C

30

N

2

, extrapolation formulas were stated for both 
entrosym-

metri
 series. As a �nal result, in C

y

H

2

the length of the x

th

C� C bond is

given by

d(x; y) = 1:2289� 0:06294e

�0:2318y

� 0:1041e

�0:3613y

jx� 0:5 + 0:25yj

1:7+0:1y

(1)

and the length of the x

th

C� C bond is given by

d

0

(x; y) = 1:3290 + 0:1096e

�0:2401y

+ 0:2169e

�0:3634y

jx� 0:25yj

1:6+0:098y

(2)

In the C

y

N

2

series the 
orresponding formulas are, for the x

th

C� C bond

d(x; y) = 1:2281� 0:1112e

�0:2947y

� 0:1159e

�0:3614y

jx� 0:25yj

1:6+0:1y

(3)
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and for the x

th

C� C

d

0

(x; y) = 1:3295 + 0:1442e

�0:3071y

+ 0:2685e

�0:4301y

jx� 0:5 + 0:25yj

2:0+0:115y

(4)

This way, verti
al transition energies with equilibrium geometry of the ground

state are obtained. We 
an assume that the equilibrium geometry of the ex-


ited state is 
lose to that of the ground state, espe
ially for longer 
hains. As

a matter of fa
t, the experimental spe
tra exhibit a strong 0! 0 
omponent,

and thus the 
al
ulated wavelengths 
an be 
ompared those experimental ob-

served for this transition.

3 Results and dis
ussion

3.1 C

1v

series of mono
yano polyynes

The 
al
ulated and experimental wavelengths, and the 
al
ulated os
illator

strengths are given in table 1. Be
ause a

urate extrapolation formulas for the

geometri
al parameters 
ould not be obtained in this series, we report only

results from HCN to HC

13

N. Moreover, due to the high toxi
ity and rea
tivity

of these 
ompounds, very few experimental data are available, nevertheless

in good agreement with the 
al
ulated ones. An extrapolation formula for �

(nm) 
an be proposed :

�(HC

y

N) = 95:167 + 320:532(1� e

�0:058y

) (5)

A

ordingly, the absorbtion wavelength rea
hes a limit for y in�nite, whi
h


an be evaluated to 
a. 416 nm. The os
illator strength varies a

ording to

the �tted fun
tion

f(HC

y

N) = 2:26315 + 0:41820y � 2:8349e

�0:06064y

(6)

the variation of whi
h be
omes rapidly linear as y in
reases.

3.2 D

1h

series of polyynes and di
yano polyynes

In tables 2 and 3 we report 
al
ulated and experimental data for polyynes

and di
yanopolyynes respe
tively. Two series of 
al
ulated values are displayed


orresponding to both methods of determination of the geometri
al parameters

: from C

2

to C

18

and for C

30


ompounds we used the optimized geometry at

the B3LYP/

-pVTZ basis set level ; from C

2

to C

40


ompounds we used the

extrapolation formulas given in the pre
eding se
tion. For seek of 
larity, the

3



variation of � as a fun
tion of the number of 
arbon atoms is shown graphi
ally

in �gures 1 and 2 respe
tively for polyynes and di
yanopolyynes.

Regarding the absorption wavelenghts, we �rst note that both 
al
ulation

methods give results very 
lose one another sin
e they di�er by less than 2

nm in the C

2

-C

18

range and 6 nm for the C

30

mole
ules, at any rate less than

1000 
m

�1

in energy, whi
h indi
ates the reliability of the extrapolation for-

mulas. As 
ompared to experimental results, we have to take into a

ount the

various physi
al states of the samples. Spe
tra of polyynes ranging from C

2

H

2

to C

8

H

2

were obtained in the gas phase whereas in the range C

12

H

2

�C

24

H

2

,

they were obtained in a neon matrix, whi
h is expe
ted to be 
lose to va
-

uum 
onditions. For all these 
ompounds, the 
al
ulated values appear to be

systemati
ally overestimated by 
a. 1000-2000 
m

�1

. This di�eren
e is indeed

rather small and should be lesser after 
orre
tion by the di�eren
e of ZPEs

between the ground state and the ex
ited state of 
on
ern. Larger dis
rep-

an
ies between experimental and 
al
ulated absorption wavelengths exhibited

for other 
ompounds 
an be partly due to experimental 
onditions. As a mat-

ter of fa
t, the UV spe
trum of C

10

H

2

has been re
orded in methanol solution

; spe
tra of the di
yano series were re
orded in a
etonitrile solution. In the

latter series, we note an energy error almost 
onstant 
a. 4000 
m

�1

. The fol-

lowing extrapolation formulas are proposed for wavelengths aborptions as a

fun
tion of y, the number of 
arbon atoms :

�(HC

y

H) = 66:9848 + 316:561(1� e

�0:058y

) (7)

�(HC

y

N) = 96:0384 + 290:163(1� e

�0:066160y

) (8)

Like in the mono
yano series the os
illators strengths tends toward a linearily

in
reasing asymptote as the length of the mole
ule in
reases a

ording to :

f(HC

y

H) = 2:20467 + 0:41355y � 3:0823e

�0:16048y

(9)

f(NC

y

N) = 2:32163 + 0:42284y � 2:8349e

�0:25667y

(10)

4 Predi
tions for 
arbon allotrope 
arbyne

Long 
hain polyynes 
an be regarded as models of in�te linear 
arbon 
hains

whi
h 
onstitute an hypotheti
al 
arbon allotrope. Previous 
al
ulations [19�

23,15℄ at various levels indi
ate that an alternation of shorter �triple� bond and

longer �single� bonds might persist in an in�nite 
hain, resulting in a HOMO�

LUMO gap and insulator properties. As a good index of this gap, the asymp-

toti
 absorption wavelength �

1

of polyynes, was evaluated to 565�570 nm by

several experimentalists using various end-
ap prote
ted polyynes[?,12,22,26℄.

4



By extrapolation, values of 416 nm, 384 nm and 386 nm are found from for-

mulas 5, 7 and 8 respe
tively. The mean value, 
a. 400 nm is rather shorter

than those previously published, indi
ating, if true, that the asymptoti
 value

is rea
hed more rapidly than expe
ted by the pre
eding authors. Even after


orre
tion of 4000 
m

�1

in energy, whi
h appears as the maximum error of


al
ulated values (in the di
yano series), a value of 
a. 480 nm is found, whi
h

remains smaller than 565 nm by 3000 
m

�1

.
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Fig. 1. Wavelength of the �rst

1

�

+

u

 

1

�

+

g

ele
troni
 transition in the HC

2n

H

series as a fun
tion of the number of 
arbons in the 
hain. For more detail on the

experimental 
onditions, see table 2.
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hain. For more detail on the

experimental 
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�


al


f


al


�

exp

HCN 113.93 0.0334 112

HC

3

N 145.27 1.1129 144.9

HC

5

N 175.45 2.3144 �

HC

7

N 202.61 3.3196 �

HC

9

N 226.14 4.3364 �

HC

11

N 246.56 5.3908 �

HC

13

N 264.37 6.4641 �

Table 1

ZINDO wavelengths(nm) and os
illator strengths of the �rst

1

�

+

 

1

�

+

transitions

in the HC

2n�1

N series vs experimental values in the gas phase[24,25℄.
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�

a


al


f

a


al


�

b


al


f

b


al


�

exp

C

2

H

2

106.11 0.9572 105.63 0.9466 �

C

4

H

2

145.86 2.1436 145.00 2.0976 144.6

C

6

H

2

175.81 3.4448 174.75 3.3860 183.1

C

8

H

2

201.73 4.6417 200.72 4.5897 207.3

C

10

H

2

225.50 5.7458 223.73 5.7125 251.3

C

12

H

2

244.64 6.7776 244.10 6.7575 256.6

C

14

H

2

262.48 7.7546 262.05 7.7384 274.9

C

16

H

2

278.24 8.6878 277.75 8.6680 292.2

C

18

H

2

292.18 9.5909 291.42 9.5604 307.3

C

20

H

2

� � 303.27 10.4272 321.4

C

22

H

2

� � 313.55 11.2772 334.2

C

24

H

2

� � 322.47 12.1169 345.4

C

26

H

2

� � 330.23 12.9510 �

C

28

H

2

� � 336.99 13.7817 �

C

30

H

2

347.55 14.7146 342.91 14.6103 �

C

32

H

2

� � 348.12 15.4386 �

C

34

H

2

� � 352.71 16.2662 �

C

36

H

2

� � 356.78 17.0932 �

C

38

H

2

� � 360.41 17.9200 �

C

40

H

2

� � 363.64 18.7458 �

Table 2

ZINDO wavelengths(nm) and os
illator strengths of the �rst

1

�

+

u

(z)  

1

�

+

g

transitions in the HC

2n

H series vs experimental values. Experimental 
onditions :

n = 2 ! 4 : gas phase[1℄, n = 5 : solution[1℄, n = 6 ! 12 : neon matrix[2℄.

a

using

B3LYP/

-pVTZ geometries,

b

using extrapolated geometries.
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�

a


al


f

a


al


�

b


al


f

b


al


�

exp

C

2

N

2

136.99 0.7480 137.22 0.6423 �

C

4

N

2

162.66 2.6352 160.75 2.4846 �

C

6

N

2

189.68 4.0674 187.68 3.9354 �

C

8

N

2

214.35 5.2216 212.85 5.1357 232

C

10

N

2

236.22 6.2624 235.30 6.2180 259

C

12

N

2

255.55 7.2418 254.99 7.2198 282

C

14

N

2

272.54 8.1776 272.08 8.1609 303

C

16

N

2

287.50 9.0854 286.82 9.0595 322

C

18

N

2

� � 299.49 9.9307 339

C

20

N

2

� � 310.38 10.7860 �

C

22

N

2

� � 319.74 11.6322 �

C

24

N

2

� � 327.83 12.4763 �

C

26

N

2

� � 334.82 13.3190 �

C

28

N

2

� � 340.91 14.1626 �

C

30

N

2

352.24 15.1285 346.23 15.0064 �

C

32

N

2

� � 350.91 15.8524 �

C

34

N

2

� � 355.03 16.6987 �

C

36

N

2

� � 358.68 17.5441 �

C

38

N

2

� � 361.92 18.3902 �

C

40

N

2

� � 364.83 19.2344 �

Table 3

ZINDO wavelengths(nm) and os
illator strengths of the �rst

1

�

+

u

 

1

�

+

g

transitions

in the NC

2n

N series vs experimental values measured solution in a
etonitrile[22℄.

a

using B3LYP/

-pVTZ geometries,

b

using extrapolated geometries.

10



Referen
es

[1℄ E. Kloster-Jensen, H.-J. Haink and H. Christen, Helv. Chim. A
ta 57, 1731

(1974).

[2℄ Grutter, M.; Wyss, M.; Fulara, J.; Maier, J. P.; J. Phys. Chem. A 1998; 102 ,

9785.

[3℄ Turner, B.; Astrophys. J. 1971; 163 , L35.

[4℄ Avery, L. W.; Broten, N. W.; Ma
Leod, J. M.; Oka, T.; Kroto, H. W.; Astrophys.

J. 1976; 209 , L173.

[5℄ Kroto, H. W.; Kirby, C.; Walton, D. R. M.; Avery, L. W.; Broten, N. W.;

Ma
Leod, J. M.; Oka, T.; Astrophys. J. 1978; 223 , L105.

[6℄ Arnau, A.; non, I. T.; Silla, E.; Andres, J. M.; E. J. Chem. Ed. 1990; 67 , 905.

[7℄ Pauzat, F.; Ellinger, Y.; Astron. Astrophys. 1989; 216 , 305.

[8℄ Ma
Carthy, M. C.; Travers, M. J.; Koluras, P.; Gottlieb, C. A.; Thaddeus, P.;

Astrophys. J. L125; 467 , 1996.

[9℄ Cerni
hazo, J.; Guélin, M.; Astron. Astrophys. 1996; 309 , L27.

[10℄ Guélin, M.; Cerni
hazo, J.; Travers, M. J.; Ma
Carthy, M. C.; Gottlieb, C. A.;

Thaddeus, P.; Ohishi, M.; Saito, S.; Yamamoto, S.; Astron. Astrophys. 1996;

317 , L1.

[11℄ Toublan
, D.; Parisot, J. P.; Brillet, J.; Gautier, D.; Raulin, F.; M
Kay, C. P.;

I
arus 1995; 113 , 2.

[12℄ Gibtner, T.; Hampel, F.; Gisselbre
ht, J. P.; Hirs
h, A.; Chem. Eur. J. 2002;

82, 408.

[13℄ Fris
h, M. J.; Tru
ks, G. W.; S
hlegel, H. B.; S
useria, G. E.; Robb, M. A.;

Cheeseman, J. R.; Zakrzewski, V. G.; A. Montgomery, Jr., J.; Stratmann, R. E.;

Burant, J. C.; Dappri
h, S.; Millam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain,

M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.; Mennu

i,

B.; Pomelli, C.; Adamo, C.; Cli�ord, S.; O
hterski, J.; Petersson, G. A.; Ayala,

P. Y.; Cui, Q.; Morokuma, K.; Mali
k, D. K.; Rabu
k, A. D.; Raghava
hari,

K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov,

B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin,

R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;

Challa
ombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres,

J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A.; Gaussian

98, Revision A.9 ; Gaussian In
. and Pittsburgh PA 1998.

[14℄ M. C. Zerner and J. E. Ridley, Theor. Chim. A
ta (Berlin) 1973; 32, 111.

[15℄ S
emama, A.; Chaquin, P.; Gazeau, M. C.; Bénilan, Y.; J. Phys. Chem. A 2002;

in press, available on the web.

11



[16℄ Be
ke, A. D.; J. Chem. Phys. 1993; 98 , 5648.

[17℄ Lee, C.; Yang, Y.; Parr, R. G.; Phys. Rev. 1988; B37 , 785.

[18℄ Dunning Jr., T. H.; J. Chem. Phys. 1989; 90 , 1007.

[19℄ Moliner, V.; Andrés, J.; Arnau, A.; Silla, E.; Tuñón, I.; Chem. Phys. 1996; 206 ,

57.

[20℄ Ho�mann, R.; Tetrahedron 1966; 22 , 521.

[21℄ Boyd, R. J.; Jones, W. E.; Ling, K. W.; J. Chem. Phys. 1981; 58 , 203.

[22℄ S
hermann, G.; Grösser, T.; Hampel, F.; Hisr
h, A.; Chem. Eur. J. 1997; 3 ,

1105.

[23℄ Ha, T. K.; Nguyen, M. T.; Z. Natürfors
h. Teil A 1982; 37 , 1272.

[24℄ G. Herzberg, Mole
ular Spe
tra and Mole
ular Stru
ture. III. Ele
troni
 Spe
tra

of Polyatomi
 Mole
ules (van Nostrand, Prin
eton, 1966).

[25℄ Connors, R. E.; Roebber, J. L.; Weiss, K.; J. Chem. Phys 1974; 6012, 5011.

[26℄ Dembinski, R.; Bartik, T.; Bartik, B.; Jaeger, M.; Gladysz, J. A.; J. Am. Chem.

So
. 2000; 122, 810.

12


