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QUANTUM-CHEMICAL CALCULATIONS OF THE ELECTRONIC STRUCTURES OF 

POLYMETHYLIDYNE DYES 

P. I. Abramenko and V. A. Kosobutskii UDC 547.749'829:541.67:668.819.45 

The energies of the transitions of unsubstituted and substituted thia-, thiazolo-, 
and thienothiazolocarbocyanines, as well as quinocyanines and carbocyanines with 
a condensed thiophene, furan, selenophene, or pyridine ring, to the excited sin- 
glet statesand their electronic structures were calculated by the MO LCAO method 
within the Pariser--Parr--Pople approximation. The nature of the long-wave and 
short-wave absorption bands in the spectra of these dyes and the peculiarities 
of the color of thieno-, furo-, and selenophenothiazolo- and -pyridocyanines, 
as well as the effect of substituents on their electronic characteristics as a 
function of the position in the heteroresidues and the nature of the latter, are 
discussed. 

Polymethylidyne dyes are of interest as spectral sensitizers of motion picture photo- 
graphic materials. Information regarding their electronic structures is extremely valuable 
for the interpretation and prediction of their various properties. 

. . V / " ~  c .  ~ c-%-c,,~ "-N . . . .  ' . ~ 0  
X- E x -  I 

C,eH ~ C2H s 
I II 

In the present research we investigated the electronic structures and colors of a num- 
ber of eyanine dyes with structures I and II, in which Z is unsubstituted or substituted 
thiazolyl, benzothiazolyl, furo- and thieno[3,2-d]thiazolyl, benzoxazolyl, 3,3-dimethyl- 
indoleninyl, l-ethylbenzimidazolyl, 2-pyridyl, 2-quinolyl, thieno-, selenopheno-, or furo- 
[2,3-b]-6-pyridyl, Z' is 4-pyridyl, 4-quinolyl, 5-vinyl-4-pyridyl, thieno-, furo-, or 
selenopheno[2,3-b]-4-pyridyl, n = 0-3, R = H, CN, or N(C2Hs)2, and X- is an acid residue. 

The calculations were made by the Pariser--Parr--Pople method with the program described 
in [i]. The 7~v integrals were calculated from the Mataga--Nishimoto formula [2]. The 8~9 
resonance integrals were calculated with the "variable 8" approximation [3, 4]. The prin- 
cipal parameters and the details of the calculation were presented in [5]. The parameters 
for nitrogen in the heteroresidues were determined from the tables of Hinze and Jaffe [6] by 
the Pariser--Parr procedure [7]. The constants for variation of 8~9 for the C-S bond and the 
W~ and X~ values for the sulfur atom were borrowed from [8]. At the beginning of the cal- 
culation, all of the rings were considered to be regular polygons ~ith bond lengths of 1.40 
Ao The C-C and C=C bond lengths were assumed to be 1.48 and 1.36 A, respectively, and the 
valence angles were assumed to be 120 ~ However, during the calculation the geometrical 
characteristics were recalculated in conformity with the procedure proposed in [9]. The 
parameters for the N and 0 atoms in the NO~ and OCH3 groups, the C and N atoms in the CN 
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TABLE I. Energy and Spectral Characteristics of Dyes with the 
I Structure 

Et--i'h"--- exp ~ , 
0 ~  1 . E0"-* 1 EO~ 2 fo-~ 

2-Pyridyl 
5-Vinyl-2-pyfidyl 
2-Quinotyl  
Selenopheno[2,3-b]- 6-pyridyl 
Thieno[2,3-b]-  6-pyridyl 
Furo[2,3-b]- 6-pyridyl 
Thiazo_lyl . . 
5-Vinylthiazoiyt  
4- Phenylthiazolyl 
4-S tyrJl thiazolyl  
5-AmmothiazoIy1 
5-NRrothiazoly[  
5- Phenylthiazolyl 
5-Styrylthiazolyl  
Thieno[2,3-d]thiazolyl  
Benzoxazolyl 
3,3-Dimeffiylindoleninyl 
5- Methoxy~hte no[2,3 -d]thiazo 
5 -Phenylthieno [2, 3 -d]thiazoly.1 
5-Bromothieno[2.3- d]thiazO r 
6 - Bromothieno[2, 3 -dJthiazolyl  
6 - Methoxythieno [2, 3 - d]thiazolyl 
Bermothiazolyl 
5-Nitrobenzothiazolyl  
5- PhenylbenzothiazolyI 
5- Meth?xybenzothiazolyl  
4-NitmDenzothiazolyl  
4-Aminobenzothiazolyl  
6- Methoxybenzothiazolyl 
6- PhenylSenzoflllazolyl 
6-Styrg]benzothia zolyl 
Benzothiazolyl with R = N(CzHs) 2 
Benzothiazolyl with R = CN 
6- Diethylarmnobenzothiazolyl 
6,Nitrobenzoth~azolyl 

231,183 
280,946 
332,440 

352,544 
364,397 
24 t ,698 
291,572 
398.899 
449.372 
318.169 
380,662 
399,048 
444,632 
354,563 
374,851 
281,915 
436,99 l 
507,609 

426,080 
3,t4,834 
485,466 

~ _  

426,052 
485,604 
,122,607 
426,086 
510,18,t 
5441130 
382.3 l 1 
3731029 
425,587 
,t 19,054 

0,008 
0,025 
0,007 

0,143 
0,245 
0,102 
0,!84 

0.410 
0,110 
0,123 
0,086 

0,178 
0.034 

0,034 

0,034 
0,02t 
f),654 
O, 123 

TABLE 2.  Energy and Spectral Characteristics of Dyes with the 
II Structure 

--  Etot, 
cV 

Z '  in formula II 
eV 

2,091 
11774 
1,940 
2,030 
2,000 

n . l l 2  

593 
699 
639 
610 
620 

[o~1 

1,687 
1,789 
1,791 

4-Pyf idy l .  227,183 
4".Q uinolyi I 333,778 
Thieno[2,3-b]-4-pyridyl  ] 3.t3,795 
Furo[3,2- b]-4-pyrid u [ 
8 ele nophenol[g,~-bl-4-pyri  dy~ .._ 

exp 
EO-* 1 

eV nm 

2,060 602 
1,744 71 t 
1,938 64O 
2,013 616 
I fl87 624 

group, and the B integrals and lengths of the corresponding bonds (i.e., C-N and N-O) were 
borrowed from [i0]. The B integrals for these bonds were not varied during the calculation, 
and the bond lengths were not recalculated. The ionic forms of the dyes, which have a sym- 
metrical structure (with a removed electron) were calculated. The interaction of 30 excited 
configurations with the lowest energies was taken into account in the calculation of the 
energies of the singlet--singlet ~--~* transitions. The distribution of the electron densities 
and the bond orders in the lowest excited singlet states were calculated with allowance for 
the interaction of the configurations. In addition to the energy characteristics, the re- 
activity indices were also calculated. The results of the calculations are presented in 
Tables 1-5. 

Analysis of the data in Tables I and 2 shows that in the case of thieno-2-thiazolyl and 
thleno-, furo-, and 6-pyridylcarbocyanines less energy is necessary for transition to the 
first excited singlet state (XS~) than for the benzothiazolyl and 2-quinolyl derivatives. A 
higher excitation energy is characteristic for dyes with thieno [2,3-b]-4-pyridyl residues 
than for quino-4-carboeyanine. The dyes that are selenopheno- and furo[2,3-b]-4-pyridyl 
derivatives are characterized by higher excitation energies than thieno-4-pyridylcarbocyanine. 
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TABLE 3. Reactivity Indices of the Polymethylidyne Dyes 

X -  i 
C2lt 5 C.. tl.5 

Z n -EaB pK a [ f~ a (C.j I [xa(c:) l.'ac~ faC,  

Benzothiazolyl 
Benz6tl~azolyl 
Benzothiazolyl 
2-Quinolyl  
Thieno[2,3-d]tbAAzolyl 
Tlliazolyl 
5- PhenylthiazolyI 
4-  Phenytthiazolyl 
5-/B-Nitroviny lfiiiazolyl " 
4-~Nit rqvinyl th iazplyl  " .  
5- a - Memox~vinylmia ~,oiyt 
6- Phenylbermothia~,plyl 
6-Aeetamiaobenzotniazolyl  
6- Amincfiagnzothiazolvl 
6- Carboxybenzothiaz61}rl 
5-Aminooenzothiazolyl 
7- A minobenzothiazolyl 

21,467 
24,4 L t 
27,111 
27,081 
12,923 
8,629 

30,1-t8 
30,299 

-- 0,62 
0,42 
1,41 
o180 
2,37 
1 ,o,t 
1,7 

0,3,t6 J 0,613 
0,380 I 0,433 
0,390 0,432 
0,401 0,427 
0,394 0.434 
0,417 01430 
0,278 0,407 
0,307 0r 

.... 0,327 
--  0,383 
-- 0,380 

46,3 i 3 -- 0,70 (I.290 
35,788 - 0,70 0,289 
26,867 --1,26 0,212 

. . . . .  1 24 0,368 
26,807 -- 1,19 0,206 
26,730 O, I 31 

0,402 
0,432 
0,423 
0,432 
0,427 
0,418 
0,432 
0,431 
(/,431 

a, The atoms Of the external polymethylidyne 
cyanines with the maximum reactivity indices 

0,456 
0,464 
0,467 
0,464 
0,457 
0,459 
0,458 
0,453 
0,454 
0,453 
0,457 
0,457 
0,461 
0,454 
0,458 
0,458 

I 
(}A50 
0,470 
0,472 
0,476 
0,473 
0,470 
0,469 
0,469 
0,476 
0,473 
0,474 
0,469 
0,470 
0,465 
0,473 
0,468 
0,467 

chain of the carbo- 
are indicated. 

A rather high degree of nonuniformity of the distribution of the ~ charge on the atoms 
and an appreciable difference in the bond orders in both the polymethylidine chromophore and 
in the azole rings of the heteroresidues are common to all of the cyanines with I and II 
structures in the ground singlet state (~So). The considerable negative charge of the car- 
bon atom in the a position of the external polymethylidyne chain of the carbocyanines cor- 
responds to their ability to undergo protonation in this position. The boundary electron 
density (fE ~:) increases on passing from thia- to quino-2-carbocyanine and from the benzo- 
thiazole and quinoline derivatives to thienothiazolo- and thienopyridocarbocyanines (Table 3). 
This indicates an increase in the tendency of cyanines to undergo attack by electrophilic re- 
agents on passing to derivatives of more basic heterocycles. If one judges from the fN I~ 
values, both the atom in the 2 position of the azole ring of the heteroresidue and the meso 
carbon atom of the external chain may be subjected to the action of nucleophilic reagents. 
The fN value which characterizes this capacity, decreases on passing from monomethylidyne 
to trimethylidynecyanines and dyes with residues from more basic heterocycles. In conformity 
with the F ~ values, all of the carbon atoms of the external polymethylidyne chain of the 
cyanines are capable of undergoing reaction with radical reagents. The bond orders show that 
the weakest bonds at high temperatures in carbocyanines that are 1,3-azole derivatives should 
be the 6--7 (7-8) and 2-3 (2'-3') bonds and in pyrido- and quinocyanines should be the 2-7 
(4-7) and 1-2 (1'-2') bonds (Tables 4 and 5). 

In dyes with I and II structures the most substantial distributions of ~ charge during 
long-wave excitation occur in the principal polymethylidyne chromophore; in this case the 
uniformity of the T-electron density distribution in it increases, the orders of the bonds 
between its atoms decrease, and the uniformity of the charge distribution in the azole rings 
of the heteroresidues increases. 

The second (IS2) and higher excited singlet states differ from ~So and XS~ with respect 
to a lower degree of uniformity of the electron-density distribution and, in particular, the 
absence of alternation of the ~ charge along the main chromophore of the dye. 

The character of the charge distribution in the azole rings of the heteroresidues has 
an appreciable effect on the transition of the dye molecule to the ~S~ state: the more uni- 
form the electron-density distribution in the azole rings and the more equalized the bond 
orders in them, the lower the energy of the long-wave excitation; this is characteristic in 
particular for thiazolo and 2-pyridocarbocyanines. 

The azole rings are also responsible for appreciable differences in the transmission 
of electronic effects of the condensed ring to the polymethylidyne chromophore. Thus the 
pyridinium ring is a system with more delocalized charge than five-membered 1,3-azole rings 
in the heteroresidues of the dyes, as a consequence of which more effective transmission of 
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the electronic effects of the condensed ring through it to the chromophore is possible, and 
this is responsible for the differences in the colors of thia-, oxa-, and quino-2-cyanines. 

Annelated five-membered rings in the heteroresidues of thieno- and furothiazoles and 
-pyridines display greater electron-donor abilities than condensed benzo groups, and this 
gives rise to an increase in the T-electron density and uniformity of its distribution in 
the chromophore and azole rings. 

A characteristic peculiarity of pyrido-4-carbocyanine is the inclusion of a consider- 
able portion of its principal polymethylidyne chromophore in the heteroresidues, in which it 
is branched. It has been shown [12] that the introduction of an aromatic ring in the ex- 
ternal polymethylidyne chain of thiacarbocyanine causes a significant increase in the ex- 
citation energy due to branching of the chromophore. It follows from Tables 1 and 2 that on 
passing from pyrido-2- to pyrido-4-carbocyanine the absorption maximum is shifted only 42 nm 
to the long-wave region of the spectrum, although in this case the polymethylidyne chromo- 
phore is lengthened by two vinylene groups, which usually gives rise to a considerably 
larger bathochromic shift. The results of the calculations show that the principal poly- 
methylidyne chromophore of pyrido-4-carbocyanine differs from the chromophore of the 2- 
pyridyl derivative with respect to the character of the electron-density distribution in the 
various states. On passing to the ~S, state the uniformity of the electron-density distribu- 
tion in its chromophore increases, but, in contrast to the dyes with I structures, complete 
alternation of the ~ charge is not achieved in it. The presence of a positive Charge on 
most of the atoms of the pyridine rings evidently impairs the conjugation of the ~ electrons 
along the entire chromophore; this is probably the reason for the considerable decrease in 
the bathochromic shift as compared with the shift that might have been expected as a result 
of its lengthening on passing from pyrido-2- to pyrido-4-carbocyanine. When benzo groups 
are introduced in the 5,6 and 5',6' positions of the latter dye, the electron density in the 
pyridine rings and the uniformity of its distribution increase, particularly along the branch 
of the chromophore, the carbon atoms of the pyridine rings of which and the annelated benzo 
groups are not shared; this reduces the effect of branching of the chromophore. It follows 
from an analysis of the results of the calculations that the lower bathochromic shift when 
thiophene and furan rings, respectively, are incorporated in the same positions of pyrido-4- 
carbocyanine is due to the greater possibility of transmission of conjugation over both 
branches of the chromophore in the pyridine rings of the heteroresidues of these dyes. 

Lengthening of the polymethine chain of the cyanines leads to an increase in the bond 
orders and equalization of the T-electron-density distribution in the principal chromophore 
in both the *So and *S~ states. 

It follows from an analysis of the data in Table 1 that electron-donor and electron- 
acceptor groups lower the energy of the transition from the *So state to the *S~ state when 
they are introduced in the 5,5' position of thiazolo- and thienothiazolocyanines and in the 
6,6' position of thiacarbocyanines. Electron-donor substituents in the 5,5' positions of 
thiacarbocyanine also lower the excitation energy, while electron-acceptor groups cause only 
a slight increase in the excitation energy~ 

Appreciably lower energy of the transition to the *S, state than for the corresponding 
6,6' derivatives of thienothiazole is characteristic for 5,5'-disubstituted thieno[2,3-d]- 
thiazolocarbocyanines. Both electron donors and acceptors in the 5,5' positions of thiazolo- 
carbocyanines also have an appreciably greater effect on the decrease in the excitation 
energy than in the analogous 4,4'-disubstituted dyes. 

Analysis of the data in Table 4 shows that electron-donor substituents in the hetero- 
residues of the dyes with I structures as a rule increase the electron density in the chromo- 
phore and azole rings. To a greater or lesser degree (depending on the position in the 
heteroresidues) these groups increase the uniformity of the electron-density distribution 
both along the chromophore and in the azole rings. Electron-acceptor groups in 6,6'-disub- 
stituted thiacarbocyanines also appreciably increase the uniformity of the electron-density 
distribution in the polymethylidyne chromophore, whereas when they are in the 5,5' positions 
they lower the electron density in the thiazole rings and have little effect on the character 
of its distribution in the chromophore. This is probably the reason for their slight effect 
on the color of these dyes. 

When both electron acceptors and donors are introduced in the 5,5' positions of thiazolo- 
and thienothiazolocarbocyanines, they lead to a more uniform electron-density distribution 
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in the chromophore than in the corresponding 4,4'- and 6,6'-disubstituted dyes. A more uni- 
form distribution of the ~ charge in the principal chromophore than in 4,4'-disubstituted 
dyes is also characteristic for 5,5'-diphenyl- and 5,5'-distyrylthiazolocarbocyanines. 

Substituents in 5,5'-substituted thienothiazolocarbocyanines give rise to a consider- 
able change in the electron density of the carbon atoms and have only a slight effect on the 
charge on the sulfur atoms of the condensed thiophene rings. Consequently, the electronic 
effects of the substituents in the chromophores in these dyes are transmitted along the sys- 
tem of more labile electrons of the ~ electrons of the thiophene rings, and this is probably 
responsible for the lower energies of the long-wave excitation of the dyes that are deriva- 
tive of 5-substituted thienothiazoles as compared with the corresponding cyanines with 
residues of 6-substituted benzothiazoles and the small differences in the excitation ener- 
gies in the case of 5,5'-distyrylthiazolo- and 5,5'-diphenylthieno[2,3-d]thiazolocarbocyan- 
ines. These two cyanines are similar with respect to the character of the electron-density 
distribution in the thiazole rings and the chromophore. 

It is apparent from the data in Table 4 that in the ISo state substituents in various 
positions of the heteroresidues of thiazolo-, thia-, and thienothiazolocarbocyanines cause 
significant changes in the electron density on the carbon atoms of the thiazole rings but 
have only a slight effect on the charge on their sulfur atoms. At the same time, consider- 
able changes in the charges on the sulfur atoms of the thiazole rings as a function of the 
character of the substituents and their position in the heteroresidues are characteristic 
for the IS~ state. The uniformity of the electron-density distribution in the thiazole rings 
increases when electron-donor groups are introduced in the heteroresidues of the dyes with 
the I structure in the ~S~ state (and in the ~So state); a greater increase is observed on 
the sulfur atoms, except for 5,5'-disubstituted thiacarbocyanines, for which a greater in- 
crease on the nitrogen atoms is characteristic. Electron-acceptor groups change the magni- 
tude of the ~ charge of the sulfur atoms only slightly and increase the positive charge of 
the nitrogen atoms somewhat. In addition, in the 5,5' positions of thiacarbocyanines these 
substituents cause considerable redistribution of the ~ charges in the condensed benzene 
rings. Phenyl and styryl groups in the 5,5' positions of thiazolocarbocyanines increase the 
electron density on the sulfur atoms, and the same groups in the 4,4' derivatives increase 
the electron density on the nitrogen atoms. 

Strong electron-donor groups in the meso position of the polymethylidyne chain of thia- 
carbocyanine increase the excitation energy and decrease the uniformity of the electron- 
density distribution in the main chromophore and equalization of the bond orders in it; this 
corresponds to a shift in the absorption maxima of these dyes to the short-wave region of 
the spectrum. Strong electron-acceptor groups give rise to the reverse effect. 

The data in Table 3 show that substituents introduced in the heteroresidues of poly- 
methylidyne dyes cause substantial changes in the reactivity indices and consequently af- 
fect their ability to undergo reaction with electropositive and electronegative reagents, 
particularly silver ions. 
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