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ABSTRACT 

A possible method for predicting absorption bandwidths of dyes using 
PPP-MO theory has been devised and investigated. The method is based on 
the empirical linear relationship between the fluorescence Stoke’s shtft of a 
dye and the absorption half-bandwidth (the Pestemer rule). Thus theoretical 
Stoke’s shifts are computed by the PPP-MO method and so related to 
bandwidths. The requisite MO parameters for various types of bonds 
commonly encountered in dyes have been developed for Stoke’s shtft 
calculations and these are presented. The predictive value of the method has 
been tested for 31 dye structures, representing the azo, hydrazone, methine, 
anthraquinone, naphthoquinone, di- and tri-phenylmethane, squarylium and 
fulvene classes, with experimental half-bandwidths ranging from 116nm to 
30 nm. A reasonable correlation between calculated and experimental half- 
bandwidths was found, suggesting that the method has practicalpotentialfor 
predicting not only the colour of a dye but also its brightness. 

123 

Dyes and Pigments 0143-7208/89/$0350 0 1989 Elsevier Science Publishers Ltd, England. 
Printed in Great Britain 



124 Cheng Lubai, Chen Xing, Hou Yufen, John Gr@ths 

1 INTRODUCTION 

The PPP-MO method has proved to be valuable for the prediction and 
interpretation of the visible absorption spectra of complex dyes,’ -4 and is 
now within the reach of anyone with access to a reasonably powerful 
personal computer.’ The method is used principally for predicting the hue of 
a dye, i.e. its &,,, value, and at least one set of MO parameters has been 
developed empirically specifically for the calculation of this quantity.3 The 
method will also give an indication of absorption intensities, although less 
satisfactorily, and has been used to calculate other colour-related properties, 
notably transition moment directions (of value in designing dyes for liquid- 
crystal applications6) and fluorescence Stoke’s shifts.7-g One important 
colour property of a dye that does not appear to have been examined within 
the framework of PPP-MO theory is the width of the visible absorption 
band. This can vary widely from one type of chromophore to another, 
even within a particular chromophoric class, and has an important influence 
on the brightness of a dye. In qualitative terms, the absorption bandwidth 
can be seen to be dependent on the overall equilibrium geometry difference 
between the ground state and the first excited singlet state of the dye. Thus it 
is well known that the cyanine dyes, which have very uniform bond orders in 
the ground state and show very little change in bond orders in the excited 
state, have characteristically narrow absorption bands and afford very 
bright colours. In contrast, the carotenoid colours have strongly alternating 
single-double bond orders in the ground state and show a large change in 
bond orders after light absorption. Thus they have broad absorption bands 
and give relatively dull colours. Another factor in a dye molecule which 
determines bandwidth is the presence of steric crowding, which distorts the 
ground state from the ideal fully planar geometry. Insofar as the PPP-MO 
method can calculate ground-state and excited-state n-bond orders, there 
does appear to be the possibility that the method could give a quantitative 
estimation of bandwidths. Another factor that influences the brightness of a 
dye is its ability to fluoresce. However, this would appear to fall outside the 
scope of the PPP-MO method, since although the latter can be used to 
predict fluorescence wavelength maxima,7-g it cannot as yet be used to 
predict the probability of fluorescence. Thus in the present investigation we 
have confined our attention to bandwidths as the controlling factor in 
determining the brightness of a dye. 

The clue as to how the PPP-MO method might be used to estimate 
bandwidths came from the work of Pestemer on fluorescent brighteners.” 
He demonstrated that for a wide range of fluorescent brightening agents 
there existed a simple relationship between the width of the absorption band 
and the frequency difference between the absorption and fluorescence 



maxima (the Stoke’s shift). Thus the bandwidth was defined as the width of 
the band at half-Heidi measured from the abso~tion maximum to the 
lower-frequency edge of the band. In this way the width of the 
unsymmetrical bands could be more precisely defined. This quantity, which 
approximates to one-half of the more commonly used half-bandwidth, in 
frequency units, was then linearly related to the Stoke’s shift, also in 
frequency units. In practice, for dyes which absorb in approximately the 
same region of the spectrum, one can replace frequency units by wavelength 
values. 

It is perhaps not surprising that there exists, to a first approximation, a 
simple relationship between bandwidth and Stoke’s shift, since both 
properties are dependent on the equilib~~ geometry difference between 
the ground and first excited singlet states. 

To exploit the conclusions of Pestemer, it is necessary that one can predict 
the Stoke’s shift (real or imaginary) of a dye, and here the groundwork had 
already been laid by Fratev et a1.,7 and by subsequent work by Mehlhorn 
and co-workers,* and by Fabian,’ who had applied PPP-MO theory to the 
problem of calculating the fluorescence maxima of dyes. The method lacks 
rigorous theoretical justification, but results are good and it appears to be a 
reasonable semi-empirical approach to the prediction of Stoke’s shifts. A 
conventional PPP calculation is carried out for the molecule in question, 
using standard bond lengths R& and resonance integrals /IL,, thus giving 
the absorption &,, value, and also the n-bond orders, P,,, for the excited 
state. It is then necessary to calculate a new 1,, value which can be equated 
to the fluorescence maximum. This is done by first using the excited-state 
bond orders to calculate excited-state bond lengths, R,,, according to the 
equation 

R mn==a+bPmn (1) 
The terms a and b are constants, where a can be regarded as the maximum 
value (P,, = 0) for bond mn, and b is an empirical quantity, the generally 
accepted value being -018. With the excited-state bond lengths one can 
then calculate the resonance integrals, &,,, corresponding to these bond 
lengths from eqn (2):s 

8,” = R, exp r: - 2.3~~ - X,)1 

Thus one can now carry out another PPP calculation for the molecule 
with the geometry and /I,,, values of the excited state. The resultant I,,, 
value will be greater than that of the first calculation, and is assumed to 
approximate the emission wavelength. A further improvement of this value 
is obtained by readjusting the bond lengths and the &,, values with eqns (1) 
and (2) and repeating the calculation iteratively until convergence of the 
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transition energies or bond lengths is achieved. The difference between the 
original calculated A,,, value and the converged value from the second set of 
calculations is the Stoke’s shift. 

In the basic eqn (l), it is important that the parameters a and b be given due 
consideration, so that they are appropriate to the various bond types found 
in typical dye structures. Thus it was necessary to examine these parameters, 
and to establish empirically their optimum values. Having done this, the 
PPP-MO method was then used to predict the Stoke’s shifts, and hence 
bandwidths, of a wide range of dyes. The dyes chosen for this study provide a 
very wide range of bandwidths, and thus constitute a good test of the 
viability of the method. 

2 RESULTS AND DISCUSSION 

2.1 Parameter optimisation 

The usual PPP parameters (valence state ionisation potential, electron 
affinity and core charges of each atom; bond resonance integrals; bond 
lengths and bond angles) that have been evolved as a generalised set for dyes 
were retained for calculating the absorption 2,,, of the selected model 
compounds.3 In calculating the theoretical fluorescence A,,,,, of these 
compounds, additional parameters that require specific consideration are a 
and b in eqn (1). The widely accepted value for parameter b is - 0.18, and it 
was decided that this should in the first instance be retained in order to 
examine the sensitivity of the calculations to the parameter a. In the event, it 
was found that small modifications to a were all that were required to give 
reasonable calculated results, and thus modifications of parameter b were 
not pursued. 

It was found that the calculated Stoke’s shift (or bandwidth) was very 
dependent on the choice of parameter a, and in fact a reasonably linear 
relationship existed between the Stoke’s shift and the a value for a particular 
bond in a dye molecule. This is exemplified for the two azo dyes 1 and 2, 
where the value of a was varied from 1.351 to 1*420& and the resultant 
Stoke’s shifts ranged from 32 to 60 nm (Fig. la). The shift decreased towards 
zero as a approached the normal ground-state bond length for the azo group 
(1.23 A). This effect is general for all bond types; for example, the 
anthraquinone dye (3) showed a variation in calculated Stoke’s shift from 19 
to 40nm when parameter a was varied from 1.371 to 1*61OA for the 
carbonyl group (Fig. lb). It is clear from Fig. 1 that the sensitivity of Stoke’s 
shift to Q depends on the bond type, and the correct choice of a is much more 
critical for the azo group than for the carbonyl group. 
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Using representative examples of each dye type it was possible to carry 
out calculations of Stoke’s shifts and to relate these to experimental 
bandwidths. Then by a process of empirical modification of a values for each 
bond type, optimum a values could be derived. This results in a generalised 
set of bond parameters, and the resultant values for 23 different types of 
bond are summarised in Table 1. The test of the predictive validity of these 
values then lay in calculating the bandwidths of a wider range of dye 
structures which incorporate these bond types. 

2.2 Calculation of bandwidths 

The width of the visible absorption band of a dye is most conveniently 
expressed by the half-band width, AL1,2 (in wavelength units), or Av~,~ (in 
frequency units). This is the width of the absorption band in the appropriate 
units at one-half of the total height of the band, the height being measured in 
units of absorbance. This is a constant whatever the height of the peak. For 
the 31 dye examples listed in Table 2, the half-bandwidths, in nm and in 
cm-’ , measured in a solvent of as low a polarity as solubility will permit, are 
presented. It can be seen that values of Al,,,, range from the relatively broad 
values of ca. 116 nm for azo dye 22, to the exceptionally narrow bands of the 
squarylium dyes, e.g. 21, with AL,,, = 30nm. 

The results for the calculation of absorption A,,,,, values and Stoke’s shifts 
for the 31 examples are summarised in Table 2. It was clear from the 
calculated Stoke’s shifts that these values were significantly smaller than 
would normally be expected (few of the dyes showed any significant 
fluorescence, and thus a systematic measurement of experimental Stoke’s 
shifts could not be undertaken). However, as the purpose of the investigation 
was to predict bandwidths, this was not regarded as important. What was 
most important was that the relative Stoke’s shift values should reflect the 
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TABLE 1 
PPP-MO Parameters for the Calculation of Absorption Maxima and Half-bandwidths of 

Dyes 

Bond X-Y kya 
(4 

BX-Vb 
(ev) 

VSIPy’ 

(eV 
Ayd 
(ev) 

ax-y f 

(4 

C=C (aromatic) 1.40 
C=C (olefinic) 1.35 
=C-c 1.45 
C=N 1.40 
N=N (azo) 1.23 
N-O (nitro) 1.21 
C-N (nitro) 1.49 
C=O (free) 1.22 
C=O (H-bonded) 1.22 
C=N’(cyano) 1.15 
C-CN (cyano) 1.40 
NH--C= (hydrazone) 1.38 
=N-NH (hydrazone) 1.35 
C=N- (hydrazone) 1.26 
C=N (heterocyclic) 1.40 
X-N (heterocyclic) 1.35 
c-s 1.71 
C-NH, 1.38 
C-NHMe 1.38 
C-NMe, 1.38 
C-NEt, 1.38 
c-o - 1.22 
C=NEti (squaraine) 1.38 
C-NHMe (H-bonded) 1.38 
C-NHBu” (H-bonded) 1.38 
C-OH (H-bonded) 1.36 
C-OMe 1.36 
C-NMe, (arylmethane) 1.40 
C-NH (heterocyclic) 1.35 
C=N (heterocyclic) 1.33 
C-N= (heterocyclic) 1.38 
c-cc1 1.40 

- 2.39 11.16 0.03 1 1.52 
- 260 11.16 @03 1 1.55 
- 2.30 11.16 0.03 1 1.52 
- 2.48 14.70 2.30 1 1.48 
- 2.90 14.70 2.30 1 1.385 
- 3.05 21.00 2.50 1 1.33 
-203 24.80 1253 2 1.54 
- 2.46 15.00 071 1 1.41 
- 2.46 17.70 2.47 1 1.61 
-267 14.18 3.50 1 1.31 
- 2.30 11.19 0.10 1 1.52 
- 2.65 11.16 0.03 1 1.455 
- 2.62 21.00 926 2 144 
- 2.90 15.00 0.97 1 1.405 
- 2.50 16.00 2.50 1 1.50 
- 2.40 21*00 l@OO 2 1.43 
- 1.20 22.20 916 2 1.77 
- 2.75 21.00 9.26 2 1.49 
-2.75 2000 8.63 2 1.48 
-2.75 19.00 8.00 2 1.46 
-2.75 18.00 7.50 2 1.42 
- 2.46 18.00 3.80 1 1.71 
-2.75 18.00 7.50 2 1.38 
- 2.75 15.00 8.60 2 1.45 
-2.75 15.00 8.60 2 1.65 
- 2.60 28.60 10.30 2 1.40 
- 2.60 32.90 11.43 2 1.45 
- 2.75 13.20 7.12 2 1.55 
- 2.40 21.00 1oQO 2 1.42 
- 2.60 1600 2.50 1 1.50 
- 2.40 16.00 2.50 1 1.50 
- 2.39 12.00 003 1 1.56 

a Bond length. 
b Resonance integral. 
’ Valence state ionisation potential. 
d Electron affinity. 
e Core charge. 
’ Bond parameter used in eqn (1). 
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Fig. 1. Variation of A&,, talc. with the parameter a [eqn (l)] for (a) the azo group in dye 1 

(H) and dye 2 (O), and (b) the carbonyl group in dye 3. 

true situation accurately. It was then assumed that a linear relationship 
might exist between the calculated Stoke’s shift [S(calc.)] and the 
experimental half-bandwidth [An,,,], and this was examined graphically, as 
shown in Fig. 2. A similar plot of S(calc.) against experimental Av,,, is shown 
in Fig. 3. 

It is evident that a reasonably linear correlation exists in both cases, and 
regression analysis leads to the relationships (3) and (4). 

AL,,, = 12.26 + 1*92S(calc.) (nm) (3) 
Av 1,2 = O-727 + 1*937S(calc.) (cm-‘) (4) 

For eqn (3) the correlation coefficient was O-936, and for eqn (4) a slightly 
higher value of r = 0.945 was obtained. In view of the very wide range of 
structural types used in this analysis, and the various uncertainties due to 
solvent effects, possible non-planarity, and the many approximations in the 
method, the agreement between theory and experiment is surprisingly good. 
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Fig. 2. Relationship between experimental half-bandwidth Al,,, and calculated Stoke’s 
shift Scale. for dyes 1-31. 
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Fig. 3. Relationship between experimental half-bandwidth AvIiz and calculated Stoke’s 
shift for dyes 1-31. 
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Thus it would seem that any dye chromophore which has reasonable 
planarity can be handled by this method to give a realistic estimate of the 
absorption bandwidth, and hence the probable brightness of the dye can be 
predicted. 

Certain features of the data in Table 2 are worthy of comment. For 
example, it is interesting to note that the azobenzene dyes, e.g. 2 and 12-15, 
have somewhat broader bands than the intramolecularly hydrogen bonded 
hydrazone dyes 6-10. This can be attributed to the greater extent of bond- 
order changes in the former after light absorption compared with the latter. 
This effect is well reproduced by the MO procedure, and leads to the correct 
prediction of a narrowing of the absorption band in the hydrazones. The 
dyes 6-10 are noted for their outstanding brightness. 

Another successful prediction by the MO method is the significant band 
narrowing found in the l$naphthoquinone (24) relative to the similarly 
coloured anthraquinone (26), and relative to other l,Cnaphthoquinones, 
such as 23 and 25. This is a particularly striking feature of the 1,5- 
naphthoquinones when compared with other 1,Cquinone dyes. Finally, it is 
interesting to note that the very bright triarylmethane cationic dyes, such as 
Malachite Green (27) and Crystal Violet (28), and the even narrower-band 
squarylium dye (21) are predicted correctly to have narrower bands than any 
of the other dye classes. 

3 EXPERIMENTAL 

3.1 MO calculations 

These were carried out using a conventional PPP SCF-CI program’ for 
calculating absorption maxima, and a modified FORTRAN program for 
calculating Stoke’s shifts. Relevant parameters are listed in Table 1. The 
program CHNPRN is suitable for use on a personal computer;” for 
example, with an STM-PC minicomputer, Stoke’s shifts could be calculated 
in 15-40 min, depending on the number of x-centres in the dye molecule, for 
the dyes 1-31. 

3.2 Dyes 

The dyes 1-31 were samples available from previous work of the authors, and 
were analytically pure materials. Solvents used for determining bandwidths 
are indicated in Table 2. Where dyes presented structured absorption bands 
due to discrete vibronic transitions, the half-bandwidth was measured for 
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the complete band envelope (e.g. in the case of 1,~isubstituted quinones, 
such as 25 and 26). 

4 SUMMARY 

It has been demonstrated that the PPP-MO method can be adapted to the 
prediction of the bandwidths of the visible absorption bands of a wide range 
of dye types, using a generalised, empirically derived set of bond parameters. 
The method depends on the calculation of the absorption and (hypothetical) 
fluorescence maxima of a dye, and then relating the difference between these 
(i.e. the Stoke’s shift) to the half-bandwidth. Equations (3) and (4) can be used 
to calculate half-bandwidth from the Stoke’s shift. Although the method is 
dependent on empirically derived parameters and needs more extensive 
testing on other dye systems, it does appear to offer considerable promise as 
a practical means of predicting the potential brightness of new dye 
chromophores. 
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