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SUMMARY 

The ‘II electron system of rhe basic indigo chromophore can formally be obtained by 

joining IWO ide,~ticalfragnle,lrs; rile coupling of IWO radical cenires thus affords one 
bonding and one antibonding TL MO, which form the HOMO and the LUMO of the 

sysiettz. A small HOMO-L C/MO splitring and thus a long-warelenglh absorption 

result front a pronounced delocaliratiott o, r rhe unpaired efecrrotl in Ihe radical 
fragments due to the captodative radical stabilization. Results qf SCF calcuiarions 

willtitt lfte x efecirott approximation confirm these ideas. 

1. INTRODUCTION 

Indigo is one of the oldest dyes and has been known for thousands of years; 
nevertheless, it still is much in use. Although indigo was the object of a great many 
experimenta! and theoretical investigations, the deep colour of this dye is still not 
well understood. In fact, the explanation of the colour of indigo in terms of its 
molecular structure is one of the most intriguing problems which has been 
occupying dye chemists for the last hundred years or so. 

From theoreticai arguments’ as well as from experimental data2 it follows that 
neither the benzene rings nor the double bonds in the five-membered rings are 
essential for the characteristic indigo spectrum. Thus. the basic chromophore of the 
indigo dyes is the partial structure 1 consisting of just one CC double bond 
substituted by two donor groups -x and two acceptor groups -C-Y. 

HY 
-c R--- 

._ >c=c( 
--x C- 

Y 
// 

1 

235 
Dyes and Pigments Ol43-7208/82/0003-0235/so2-75 :Q Applied Science Publishers Ltd. England, 1982 
Printed in Great Britain 



236 SIARTIK KLESSIMiER 

TABLE I 
CLASSIFICATIOX OF ORGAXIC DYES AND THE COLOUR OF ISDIGO 

AUIilOr Classes Colour of indigo 

Griffiths (1976)3 

D5hne ( I 970)a 

Fabian ( 1980)6 

Klessingsr ( 1976)’ 

n-n’ chromogens 
donor-acceptor chromogens 
acyclic and cyclic polyene 

chromogens 
cyanine-lype chromogens 
poljmethine compounds 
aromatic compounds 
polyene-like compounds 
parent chromophores 
interacting subchromophores 

linear chromophorcs 
branched chromophores 
cyclic chromophores 

donor-acceptor-chromogen 

crossed rrimethine- 
merocyanine units 

parent chromophore 
consisting of x sysiem + 
donor/acceptor 

branched chromophore. 
cf. text 

- 

It is thus quite logical to follow Griffiths.3 who distinguishes four main classes of 
chromogens as indicated in Table I. and to consider indigo as a typical 
donor-acceptor chromogen. But Lvhereas. in general. dyes of this type with a long- 
wavelength absorption comparable to that of indigo consist of rather extended 7r 
systems substituted by donor and acceptor groups. indigo contains just one CC 
double bond. \tVhich is the smallest possible x system: 

Another \vag of looking at organic dyes \vas proposed by DShne.s who divides the 
various x systems into three classes: polyene-like. aromatic and polymethine 
compounds(Table I). Colour is associated with the polymethine statecharacterized 
by equal bond lengths and alternating charges. According to Diihne.j the basic 
indigo chromophore should be formulated as consisting of two trimethinemero- 
cyanine units crossed via the central CC bond. But as a consequence of this crossing. 
the charge alternation typical for the polymethine state is completely destroyed at 
the common crossing atoms. 

Fabian6 recently classified organic dyes according to lvhether the molecule as a 
\vhole is responsible for the colour, or whether one may talk of more or less stronglj 
interacting subchromophores (Table I). A theoretical analysis’ showed that the 
indigo molecule can be subdivided in several ways. but only the subdivision into the 
structural unit 1 and the benzene rings allows for a simple and clear-cut 
interpretation of the lowest excited state, as in this case the configuration 
contributing predominantly to thecolour-determinin g lowest-energy state is just the 
locally exited state of the basic indigo chromophore. 

From theseconsiderations it is apparent that indigo does not fit naturally into any 
of the schemes proposed to explain the colour of organic dyes. In fact, there seem to 
have been as many different explanations of the colour of indigo as there have been 
attempts to establish colour-structure relations. For this reason we propose to 
consider the indigo dyes as the main representatives of the class of dyes with 
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branched chromophores. this being a class on its own8 (Table I). This ofcourse does 
not explain the colour of indigo. but merely emphasizes the exceptional properties 
of this class of compounds_ 

As the basic indigo chromophore’ ’ exhibits all these properties, including the 
strong dependence of the colour on the configuration and conformation of the 
various groups of the chromophoreq and the unespected hypsochromic shift which 
is observed if the 7~ system of indigo is extended by replacing the central ethylene unit 
by a butadiene unit.” in what follows we \vill concentrate on the 7~ syslem of the 
partial structure 1. and show how its light absorption depends on the nature of the 
various constituent groups of this system and their mutual arrangement. 

3 -. APPLICATION OF THE PM0 METHOD 

The TC electron system of the basic indigo chromophore 1 may formally be divided 
into two identical subsystems 2 each with an odd number of x electrons. Reuniting 
these subsystems by coupling the ?wo radical centres affords one bonding and one 

antibonding nM0 of the central CC double bond which is substituted by t\vo donor 
LIS well as two acceptor groups. If the energetic splitting of these two MOs is 
sufficiently small they form the HOMO and the LUMO of the combined system, 
and the difference AE of their orbital energies is responsible for the long-wavelength 
absorption. i.e. for the colour of the basic indigo chromophore. Therefore, if it is 
possible to find the reasons for a particularly small HOMO-LUMO splitting, this 
gives an esplanation for the deep colour of the indigo dyes. 

Within the framework of the HMO approximation, the union of two odd electron 
systems with degenerate singly occupied MOs (PR and 4” yields one doubly occupied 
and one unoccupied MO, the energy difference of which is according to first order 
perturbation theory” given by 

AC = 2cFcS&, 

Given the value of the resonance integral BP=. the splitting AE is smaller, the smaller 
are- the absolute values of the LCAO-MO coefficients c! and r,R of the singly 
occupied MOs 4” and +‘at the coupling sites p and 6. Thus finding the conditions 
for a small HOMO-LUMO splittin g AE is equivalent to finding the conditions for 
small absolute values of c:! and 2 for which CB = cZ holds, as the system 1 is obtained 
by uniting two identical subsystems. 
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The main variables in the subsystems from which the indigochromophore may be 
obtained are the donor and the acceptor groups or the heteroatoms X and Y 
respectively. In order to oJrrllrr I-*- ’ - the values of the coefficients c:! and 2 as a function of 
ihe nature of the atoms X and Y. first-order perturbation theory may again be 
applied. From the relationI 

c;; = cpi + c c,ic,iba, 

Ei - Ej 
‘pi 

J#i 

Lvhich describes the variation of the coefficient cpi under the influence of a change 3a, 
of the Coulomb integral at position xi. and starting from the butadiene ion as the 
hydrocarbon isoelectronic with the subsystems. one obtains 

c,R =c$= -O-372-00-304/~, +0.1841;, 

where /I, and h, are the Hueckel parameters describing the heteroatoms X and Y 

characterized by the Coulomb integrals 

From this relation it is seen that c,” is small if It, is small and 11, is large. i.e. if the 
electronegativity of X is low so that -_j( is a good donor group. and the 
electronegativity of Y is high so that -C=Y is an effective acceptor group. These 
are esactly the conditions corresponding to a pronounced delocalization oi’~ :he _ 
unpaired electron. It may be shown’a that the intuitive condition of maximum 
delocalization of the radical electron agrees with the energetic criteria for an 
optimum captodative radical stabilization.‘5 

The results of these considerations based on simple perturbation (PMO) theory 
may be summarized as follows: 

The long-wavelength absorption of the indigo chromophore may be explained by 
the fact that uniting two identical odd electron fragments via centres of very low 
density of the unpaired electron results in an esceptionally low HOMO-LUMO 
splitting. whereax the low density of the radical electron is due to effective 
delocalization through captodative stabilization. 

This simple model e\ren allows rationalization of finer details of the typical 
properties of the indigo chromophore. If. for example. the group -x is -SR 
instead of -NR,. a hyposochromic shift is to be expected due to the fact that the 
sulphide group is not as good a donor as the amino group, in agreement with the 
findings for compounds of the indigo and the thioindigo series. If, on the other 
hand. the central double bond is replaced by two linearly conjugated double bonds, 
dividing the system into odd-electron fragments leads to non-identical subsystems 
and the first-order perturbation theory is no longer applicable. This makes 
comprehensible why the extension of the x systems results in a hypsochromic shift. 
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3. RESULTS OF PPP CALCULATIONS 

As electron interaction which is not included in the PM0 treatment is very 
important in discussing electronically excited states, SCF calculations of the PPP 
type * 6 were performed in order to verify the results of the PM0 analysis given 
above. A slightly modified version of the method I7 was used which was based on the 
self-consistent group function approach ’ s in order to be able to calculate the 
spectrum of the basic indigo chromophore as a function of the donor and acceptor 
properties of the groups -X and -C=Y. 

6 7 e 9 0 

Fig. I. 

The results are given in Fig. 1, where the excitation energy AE is plotted against 
the ionization potential (IP) of the donor and the electron affinity (EA) of the 
acceptor respectively. It is seen that AE increases with decreasing IP values and 
increasing EA values, i.e. the lower AE, the better are the donor properties of-x 
(low IP) and the acceptor properties of -C=Y (high EA), in very good agreement 
with the PM0 results given above. The values IP = S-5 eV and EA = 1.0 eV, which 
correspond to standard values of the PPP parameters, lq reproduce the experimen- 
tal excitation energy of the basic indigo chromophore.’ 

Finally, in Table 2 excitation energies AE as well as the orbital energy differences 
AE and the electron interaction terms J - 2K are collected for different confor- 
mations of the E-configurated indigo chromophore. From these data it is seen that 
AE is more-or-less independent of the geometrical arrangement of the donor ar?d 
acceptor groups, whereas the repulsion term J- 2K is larger the smaller the 
distance between the acceptor group of one subsystem and the donor group of the 
other. Thus, the conformation dependence of the light absorption of the basic. 
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TABLE 2 
CONFORMAT,OX DES’ENDESCE OF THE LONG-WAVNNGTH TRASSITION 

OF THE E-COSFICURATED EA5:C CHROMOPHORE 

J--2K 
(eW 

5.57 2-85 2.72 

/ \ 
-N c- 

l .L’ 
0 

/ r 
05 A- 

\ ’ c=c’. 
/ ‘\ 

-N c=o 
/ 

5.53 z-71 7.83 

s-47 3.53 2.9-l 

indigo chromophore is seen to be due to electron interaction. In the case of the Z- 

configurated chromophore the results are more complicated. as with standard 
geometries a planar s-cis-s-cis-conformation is no longer possible without strong 
interference of the two acceptor soups. 

4. C@NCLUSIOsS 

In conclusion it may be said that electron interaction. although important for a 
quantitative description of the indigo spectrum and in particular of its confor- 
mational dependence, does not change the general results from PM0 con- 
siderations. Thus, the main contribution to the HOMO and the LUMO of the 
indigo dyes comes from the bonding and the antibonding rr MOs of the central CC 
double bond, and their exceptionally small energetic splitting is a consequence of an 
effective delocalization of rc electrom due to the captodative substitution of the 
double bond with two donor and two acceptor groups. 



THE ORlGIN OF THE COLOUR OF INDIGO DYES 241 

REFERENCES 

1. M. KLESSINGER and W. Lijrrws Tetrahedron, 19, Suppl. 2, 315 (1963). 
2. E. WILLE and W. Likrr~~, Anger. Chem. Znr. Edn., 10. 803 (1971). 
3. J. GRIFFITHS, Colour and constitution of organic molecules, London. Academic Press (1976). 
4. S. DiiHhx. Z. Chem.. 10, 133. 168 (1970). 
5. S. DAPHNE and D. LXUPOLD. rlnnew. C’hem. Innr. Edn.. 2, 984 (1966X 
6. J. FABIAK and H. H.+RrhkhN,-Light absorpfion of organic~coloknrs, Berlin, Springer-Veriag 

(1980). 
7. J. FABIAN and G. TR~%ER-NAAKE. Inr. J. Quantum Chem.. 11, 259 (1977). 
8. M. KLESSINGER, Chemie in unserer Zeir. 12. I (1978). 
9. M. KLESSINGER, Tetrahedron, 22. 3355 (1966). 

10. H. MEIER, Ph.D. Thesis, Gtittingen (1971). 
1 I. W. Lih-rrc~, H. HERMASN and M. KLESSIXGER, Anger-. Chem. Inc. Edn., 5, 59s (I 966). 
12. M. J. S. DEWAR and R. C. DOUGHERTY, Tile PM0 theory of organic chemistry. New York, Plenum 

Press ( 1975). 
13. E. HEILBROS~‘ER and H. BOCK, Das HMO-Model1 und seine Amvenduna. Vol. I. Weinheim. Verlag 

Chemie ( 1968). p. 179. 
14. M. KLESSINGER. Anget%*. Chem. inr. Erin., 19, 908 (1980). 
15. H. G. VIEHE. R. MERENYI. L. STELLA and Y. JANOUSEK. Anpew. Gem. inr. Edn.. 18. 917 (1979). 
16. R. PARISER and R. G. PAR& J. Chem. Phys.. 21,466 (1953);j. A. POPLIZ_ Trans. Fara&y S&.. 49. 

1375 (I 953). 
17. M. KLESSIBGER and W. MERGER (in preparation). 
18. M. KLESSINGER. Theoret. Chim. Acra. 49, 77 (1978). 
19. M. KLESSINGER, Theorem. Chim. Acra, 5. 236 (1966). 


