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SUMMA RI’ 

Bo~it sjwlttwrric attd as_~*mntetric rhia=ofop~r-inlidirliztrll nzottontethitw+. 
carbo- attd dicarbo-cJ*a:lines how been s~wrhcsized. The 1l.a~elctzgrhs ?f- 
the first I\vo long-ware absorpriotl battds hare been itlresrigared b>. 
pltJ.sicai and qrcattrum-chemical methods. Electron dettsil_v distributiotts 
for Ihe grozrttd, rItefirst escited attd secottd ercired singlet stales hare been 
calculaled. The elecirotl redistribution diagrams uyere used lo atlal?vse rile 
localization of elecrron Iransitiotts. The first band has been shown to be 
localized iti rhe polyttterhitze chain (Kiihtt’s chain) \lVtile rite secorld band is 
tnaitll~* localized in rhe rhr’arolop~ritttiditliuttl end-group. 

1. INTRODUCTlON 

Thiazolopyrimidinium polymethine dyes (I) are very convenient subjects 
for the elucidation of a number of colour theory problems. As a rule two 
absorption bands are observed in the spectra of such dyes in their visible 
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and near-IR regions. This is rather atypical for polymethine dyes having 
nitrogen heterocycles as the end-groups. We have shown’ previously 
that in the asymmetric monomethine cyanine (I) the first long-wave 
absorption band is related to a rc* rr*- transition in a polymethine chain 
(Kuhn’s chain), while the second band is caused by the local transition of 
n-electrons within the thiazolopyrimidinium nucleus together with the 
shift of x-electron density from the thiazole ring to the pyrimidine one. 
The highest vinylog cyanines of the asymmetrical series (II, III) as well as 
the symmetrical dyes (IV-VI) were synthesized to investigate the relation 
between the position of the first two absorption bands and the chemical 
structure of the dye molecules. 

Lt Me-Me ” Me-Me 
ClO, ClOi 

II. 111 IV-VI 
IV: n =o 

II, v: tr = I 
111, VI: II = z 

2. MATERIALS 

Asymmetric dyes were synthesized by the interaction of substituted 
6-methylthiazolo[3,4_a]pyrimidinium perchlorate (VIIa-d) with salts of 
3-ethyl-2-(2-acetanilidovinyl) benzothiazole (VIII) or 3-ethyl-2-(4-acet- 
anilido- 1,3-butadienyl)benzothiazole (IX). 

+ 
3 

X- l 
VIII. IX C,H, 

RZ 
ClO; 1 

Vlla-d IIa, b, d, IIId 
a:R’=R’=R3=H;b:R’=R3=H,R2=C6H5:c:R1=R3=CH3,R1=H: 

d: R’ =C6H,, R” = H. R3 =CH,. 
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Monomethinecyanine (IV) was obtained by condensation of 2,4,6-t+ 
methyl-8-phenylthiazolo[3,4_a]pyrimidinium perchlorate (VIIc) with the 
6-methylthio derivative (X) of the same heterocycle. 

Trimethinecyanine (V) and pentamethinecyanine (VI) were synthesized 
by condensation of salt VIIc with diphenylformamidine (XI) or with (3- 
anilino-2-propenylidene)phenylammonium (XII) respectively. 

3. METHOD 

In the present work the standard method of self-consistent field in the 
PPP-approximation2 was used to analyse the electron structure of the 
model dye cations XIII-XVIII_ 

&ii=~;D 
/ A 

&2y).$z~~ 
/ u \ ’ 

XIII-XV XVI-XVIII 

XIII, XVI: II = 0 
XIV, XVII: II = 1 
xv, XVIII: n = 2 

Atomic and bond parameters as well as values of interatomic distances 
and bond angles were used as in our previous paper:3 C(trtrtrx), 
U, = - 11-42 eV, ypI1’= 10.83 eV; N(trtrtrn”), U, = - 23-13 eV, yp, = 
12-98 eV; N(tr’trtrrr), U, = - 14-12eV, ypp = 12-34eV; S(tr’trtrz’), 
U, = - 20.27 eV, y,, = 9.80eV; Bee = - 2.32eV, flcN = -2-53 eV, jQs = 
- l-6.5 eV. Double-centre integrals of electron interaction were calculated 
using the Mataga-Nishimoto formula.3 
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Correlation between calculated absorption maxima and those observed 
is reduced on polymethine chain lengthening. It is a common defect 
of the standard PPP method where the excited state is calculated using 
only the singly excited configuration expansion.’ 

The electron density redistribution diagrams were used to analyse the 
localization of electron transitions. The diagrams describing the electron 
density changes along the conjugated system upon excitation clearly 
indicate the atoms involved in these transitions. The electron density 
changes enable the energy’ changes in the dye spectra to be determined. 
In this respect, these diagrams have a great advantage over other 
approaches to the analysis of electron excitation localization.6 

4. RESULTS AND DISCUSSION 

1.1. Asymmetrical dyes 

Consider firstly the vinylog series of the asymmetrical dyes (I-III). 
These dyes have benzothiazole as one end-group_ The absorption band 
of this nucleus is localized in the short-wave region of the spectrum. 

In the visible part of the spectra ok c the dyes I-III two absorption 
bands are observed (Figs. 1 and 2: Table 1). Both bands are shifted to 
the long-wave region on polymethine chain lengthening. The first 
absorption band shift (120-l 30 nm) corresponds to the usual vinylog 
shift in case of polymethine dyes.’ The long-wave band intensity also rises 
with the increase in the number of vinyl groups. The intensity of the 

TABLE 1 
Esprrimental Absorption Band Wavelengths of Asymmetrical Dyes 

D1.c II R’ R’ R’ L,, (urn) (log E) SOfll7ill 

la 0 H H H 
lb 0 H Ph H 
Ic 0 Me H Me 
Id 0 Ph H Me 
113 I H H H 
Ilb 1 H Ph H 
Ild 1 Ph H Me 
lltd 2 Ph H Me 

420 (4.26). 440 (4.X’), 534 (4.39) 
42s (4-31). 448 (4-33). 552 (4.35) 
420 (4-04). 440 (4-04)). 540 (4-46) 

478 (4.47). 545 (4.34) 
496 (4.14), 520 (4- 16). 655 (4-34) 
496 (4.19). 530 (4-19). 672 (4.75) 

560 (4-X’), 678 (4-71) 
480 (4.15). 790 (4-91) 

DMF” 
DMF” 
DMF” 
DMF” 
CH,CN 
CH,CN 
CH,CN 
CH,CN 

n DMF, dimethylformamide. 



Absorption bands qf thia=oiopvrinlidinium polynelhitze dyes 183 

. 
E 10-4 

8 ‘. 
.‘Y 

/ = 

7 ‘. 

_/-’ \ 
_. /- i 

/ 
‘. 

6. 
.- 

/ 
\ 

/- 

: 

5s. 
/- 

/--\_ / \ 

/’ 

4.. /’ 
4, 

\ 

.I’ 
. 
i ‘\ 

t 

3.. 
/ i i 

:\ 
: 

‘\\ 
.- 

/’ 
-’ \ 

1‘ / . j \ 

\ /- /- 
2 ” / \ _-- - i 

: 

/ x-c 

I’ 
___---- 

Lr -’ __--- \ 
_-- 

_.. - -\ 

/ __- -- - -;y---__ _ ._ --- \ 

_ ,(_--_ _ _ - - -- ‘. 
-i 

t 

1 
/.&-- \ t 

‘. 
‘\ 

0, ; : : .‘._ ‘\. “1 

400 500 600 700 600 X,nm 

Fig. 1. Absorption spectra of dyes in CH,CN. ---, Id: -.-.-. Ild; -. .-. .-. 
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short-wave band depends very much on the substituent and it may 
exceed that of the first band in dyes having a short polymethine chain 

(II = 0). The distance between the bands increases on chain lengthening; 
they become more independent and the second band intensity decreases, 
in contrast to the chromophore interaction.8 
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_. ._. . . . . . 

A-F- + 
if- ft 
_. - . . ._. . . 

Fig. 3. Ground (QO) and two escited (aI_ m7) electron configurations of dyes. 

15 

16 

1N 

20 
1N 

Fig. 3. Electron density redistribution of model asymmetrical dyes for molecular 
transition from ground state to first excited state. 0, Electron density decreases; @, 

electron density increases; radii are proportional to electronic density changes. 
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Quantum analysis_ using MO approximation shows both bands to be 
caused by electronic transition from the same highest field molecular 
orbital (Fig. 3). That is why their intensities are so closely related. 

Calculated electron density distributions for the ground (S,), first (S,) 
and second (S,) excited singlet states of ~model dye cations XII-XV 
are listed in Table 2. Figures 4 and 5 show electron density changes on 
atoms upon excitation. The main centre of the electron redistribution 
is seen to be localized mainly in Kuhn’s chain, if the first transition 
occurs. Similar changes upon excitation are typical for cyanine dyes 

(e-g- streptocyanine or thiacyanine ‘)_ Consequently, the bands 
mentioned above are of the same nature. 

The first excited state is described mainly as a @,,-configuration in 
which two orbitals are singly occupied (Fig. 3). The wave function 

16 
1N 

18 
IN 

1N 

Fig. 5. Electron density redistribution of model asymmetrical dyes: molecular 
transition from ground state to second excited state. Symbols as in Fig. 4. 
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expansion by singly excited configurations for this state may be written 

as (in the case when II = 0): 

IS, > = O-9873/@, > + 
c 

Til@i> 

i>2 

where Ti < O-1, i.e. the contribution of the highest <Pi-configurations is 
negligible compared with that of the main CD,. 

The second transition of asymmetrical dyes is localized mainly on the 
thiazolopyrimidinium end-group and on the carbon atom in the lo- 
position in monomethinecyanine (Fig. 5). In this case the electron density 
transfers from the thiazole ring and atom at position 10 to the pyrim- 
idinium ring. Qualitatively, the electron density changes correspond to 
those upon the first 71: -+ &+-transition within the 6-methylthiothiazolo- 
pyrimidinium cation. 9 The second state is mainly described as a QZ- 
configuration (Fig. 3): 

IS, > = O-98351@, > + c TImi>, (Ti -=c O-l) 

i#2 

Atoms of an external polymethine chain are involved in an electron 
redistribution when a dye cation is raised to the second excired state. They 
are in vinylogous positions with the respect to the a-atom of a poly- 
methane chain in the case of dyes with longer chains (n = 1, 2). Therefore, 
the lengthenin g of the second transition chromophore occurs. In the 
experiment, this phenomenon corresponds to the second band shift to the 
long-wave region of the spectrum (Fig. 1; Table 1). 

The diagrams (Fig. 5) show the largest shift of the second band to be 
expected if chemical structure changes occur in the positions 3, 4, 7. On 
the other hand, the first band is very sensitive to chemical structure 
perturbations in a polymethine chain. However, the wavelengths and 
band shapes are non-sensitive to chemical ‘changes in the 3 position. 
Experimental studies based on an introduction of the phenyl group have 
supported this conclusion (Fig. 2). 

4.2. Symmetrical dyes 

Spectra of symmetrical dyes have a similar appearance as those of 
asymmetrical cyanines. However, the first band is strongly red-shifted 
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TABLE 3 
Experimental Absorption Band Wavelengihs of Symmetrical Dyes 

IV 0 430 (3.69). 625 (4.37) - - 

\’ I 470 (3-99). 80.5 (4.76) 40 180 
VI 2 498 (4. IO), 895 (4.92) 28 90 

n A;.‘. A;_‘. vinylog shift of first and second band, respectively. 

(Table 3). This deepening of colour is caused by the large effective 
length”.’ * of the thiazolopyrimidinium end-group: LIheor = 6.89. Accord- 
ing to the valence bond theory, the resonance structures C and D have 
considerable importance. These structures bear a negative charge on the 
nitrogen atom in position 1. 

C A 

ii--S s---T II 

The PPP calculations give the following values for the charge on the 
nitrogen atom in the ground and the first excited states: q. = - 0- 178 and 
q* = -00-201, respectively. Therefore, the presence of the structures C 
and D (Sachs graphs having non-zero weight 1 ‘) results in the lengthening 
of total chromophore, responsible for the first electron transition. 

Symmetrical dyes have a large first vinylog shift of the first band 
(4i. = 180 nm. II = 0 and II = 1). Perhaps this fact may be accounted 
for by the interaction of sulphur atoms in positions 8 and 8’ in 
monomethinecyanines (n = 0). This interaction in conjugated systems 
having an odd number of n-electron pairs must cause a hypsochromic 
shift.‘“.13 However, we have not taken into consideration the above 
interaction in our model calculations. The mode1 has resulted in a lower 
theoretical value of the first vinylog shift (Table 4). The experimental 
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TABLE 4 
Theoretical Wavelengths of Electron Transitions of Dyes 

n R Asymmetrical Symmetrical 

Dye La% (nm) Dye La, Gym) 

0 H XIII 389, 499 XVI 445. 572 

0 Ph XIII - XVI 490, 667 
1 H xiv 416, 580 XVII 552. 650 
1 Ph XIV 444. 625 XVII 498, 756 
2 H xv 437, 662 XVIII 469, 727 
2 Ph xv 464, 700 XVIlI 512, 797 

second vinylog shift asees with that of the typical polymethine dyes.’ 
The second band is also shifted if the number of vinyl groups increases. 

This spectral effect is quite similar to that of asymmetrical dyes. 
Table 5 presents electron density distribution data in the ground, first 

and second excited states. The redistribution diagrams are shown in 
Figs. 6 and 7. Atom charges on the polymethine chain are seen to 

IN 

1N lid 

2 2’ 

1N 1N’ 

2 2’ 

Fig. 6. Electron density redistribution of model symmetrical dyes for molecular 
transition from ground state to first excited state. Symbols as in Fig. 4. 
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1N 1N’ 

2 2’ 

3 3 

IN 1N’ 

1N 

2 

Fig. 7. Eleck-on density redistribution of model symmetrical dyes For molecular 
transition from ground state to second excited state. Symbols as in Fig. 4. 

alternate: the sign of the charges is opposite on the same chain position in 
the first excited state. Therefore, the dyes under consideration are in the 
polymethine state in correspondence with the Dal-me hypothesis.‘” The 
diagrams (Figs. 6 and 7) are similar to those of the asymmetrical dyes. 
The first electron transition is seen to be localized in Kuhn’s chain. The 
second transition is localized in the end-groups and in odd-numbered 
positions of the chain. It is interesting to note that the vaiues of electron 
density changes in thiazolopyrimidinium end-groups are about half of 
those in asymmetrical cyanine series. As a first approximation, the same 
spectral effects are to be observed for disubstituted symmetrical dyes and 
for monosubstituted asymmetrical cyanines. 

Thus, the analysis of absorption spectra and quantum calculation 
lead to an understanding of the nature of the first two bands of 
thiazolopyrimidinium polymethine dyes. 
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5. EXPERIMENTAL (Table 6) 

5.1_ 2-R’-3-R’4R3-~Phenyl-6-[~3-ethyl-Z(3H)-benzothia~olyliden)- 

I-propenyl]thiazolo[3,4_a]pyrimidinium perchlorate (II a, b, a) 

A mixture of 1 mm01 of the respective perchlorate VII, O-41 g (I mmol) of 
perchlorate VIII and 2mml acetic anhydride was heated to the boiling 
point and O-1 g (1 mmol) triethylamine added. The precipitated dye was 
filtered and crystallized. 

5.2. 4-Methyl-2,8-diphenyI-6-[5-(3-ethyl-2(3~-benzo~iazo~ylidene)-l ,3- 

pentadienyl]thiazolo[3,4-a]-pyrimidinium perchlorate (III) 

Perchlorate IX (O-43 g; 1 mmol) was dissolved in 5 ml alcohol and a 
solution of O-35 g (1 mmol) perchlorate VIId in 3 ml acetonitrile was added. 
The solution was heated to boiling and 0- 1 g (1 mmol) of triethylamine 
added. The precipitated dye was filtered and crystallized. Yield: O-24 g. 

5.3. 2,4-Dimethyl-8-phenyl-6-[(2,~dimethyl-8-pheny~-~6~-~i~olo- 

[3,4_a]pyrimidiniliden)methyl]thiazolo[3,4_a]pyrimidinium perchlorate (N) 

A mixture of O-35 g (1 mmol) perchlorate VIIc, 0.38 g (1 mmol) 
perchlorate X in 7 ml of alcohol and 6ml of dimethylformamide was 
heated to dissolve the components and O-l g (I mmol) of triethylamine 
added. The precipitated dye was filtered and crystallized_ Yield: O-5 g. 

5.4. 2,4-Dimethyl-8-pheny1-6-[3-(2,4-dimethyl-S-pheny~-~6~-thiazolo- 

[3,4-a]pyrimidiniliden)-P-propenyl]thiaza]pyrimidinium perchlorate 

(v) 

A mixture of O-35 g (1 mmol) perchlorate VIIc and O-25 g (l-3 mmol) of 
compound XI was heated in 3 ml of acetic anhydride over 1 h at 110°C. 
The product was precipitated with ether, ground with alcohol and filtered. 
Salt VIIc (O-35 g; 1 mmol) and 2 ml of acetic anhydride were added to the 
filtered precipitate and the mixture heated to the boiling point; O-1 g 
(1 mmol) triethylamine was added and the precipitated dye (0- 15 g) 
filtered. 
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5.5. 2,4-Dimethyl-&phenyl-6-[5-(2,4-dime~yl-&phenyl-6(6H)-thiazolo- 
[3,4_a]pyrimidinyliden)-I ,3-pentadienyl ]thiazols[3,4_a]pyrimidinium 
perchlorate (VI) 

A mixture of O-75 g (2 mmol) perchlorate VIIc, O-26 g (1 mmol) chloride 
XII and 5 ml acetic anhydride was heated to the boiling point and 0- 1 g 
(1 mmol) triethylamine added. The precipitated dye was filtered. Yield: 
0.18g. 
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