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ABSTRACT 

Spectrophotometric investigations of phthalimide dyes in difSerent solvents 

have been carried out. The PPP-MO procedure has been used to calculate the 

anticipated absorption spectra in the visible range as well as the fluorescence 
absorption maxima of the dyes. On this basis, and employing relationships’ 

between Stokes’ shift and the half-bandwidths, the expected intensity of the 

color has been calculated. Modtjiedparametersfor the PPP-MO calculations 
for the phenylazophthalimide system are given. 

1 INTRODUCTION 

The advantages resulting from the presence of sulfonamide or amide groups 
in dye molecules have been described in a number of publications.rP3 
Among disperse azo dyes and pigments, dyes containing heterocyclic 
systems deserve special attention, while dyes with cyclic amide systems4*5 
have been shown to be particularly advantageous. They contain a 
-CONH- group, which imparts good thermal stability to the dyes. This 
property results from the ability to self-associate by means of intermolecular 
hydrogen bonds.‘j Some properties of azo dyes based on phthalimide and 
naphthalimide (I, II) derivatives have been described in previous papers.’ -9 

The relationship between structure and color has not yet been developed 
in detail for these phthalimide derivatives. 

In general, the relationship between the color and structure of azo dyes” 
is dependent on the polarization of the molecule, this being the result of the 
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interaction between electron-acceptor and donor groups at apposite ends of 

the conjugated bond system. Hammett o-values of substituents3,7,9*11 can 
act as a measure of this polarization and many authors have shown a good 
correlation between electronic absorption data and Hammett o-values for a 
variety of dyes.12-r5 Such relationships are observed in dyes having one 
donor and one acceptor substituent. However, when there is more than one 
donor and one acceptor substituent in the aromatic rings, it is difficult to 
determine the specific effect of each individual substituent. This is related not 
only to the mutually competitive effect of the different substituents, but also 
to the possible occurrence of additional steric effects which can have a 
considerable influence on the color due to a decrease in the effectiveness of 
conjugation within the chromophoric system of the molecule.” As has been 
previously found, the presence of two carbonyl groups in the dye molecule 
has little effect in the case of azo dyes based on naphthalimide derivatives,’ 2 

since both C=O groups are almost equivalent. However, in the case of dyes 
derived from phthalimide, the color is more dependent on the orientation of 
the azo group relative to the carbonyl groups.* 

The object of this present work is to rationalize this problem by 
investigating the spectra in different solvents of dyes derived from 
phenylazophthalimide and also by calculating their electron structural 
parameters using the PPP-MO method (see Section 4.1.2). 

The effects of substituents on the acid-base properties of phenylazo- 
phthalimide derivatives have also been determined by comparing the spectra 
of these compounds and the spectra of some reference dyes which are 
derivatives of NJ-dialkylaminoazobenzene and phenylazobenzamides 
(Table 1). 

By applying the PPP-MO method for the prediction of color, the 
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anticipated color of the compound and its intensity have also been 
calculated. 

In many previous investigations, dyes have been characterized using &,,, 
values; this parameter does not fully characterize the dye and to ensure a 
more complete characterization, it is preferable also to know the absorption 
bandwidth. The possibility of using the PPO-MO method for predicting 
absorption bandwidths has been reported,16 based on an analysis of the shift 
of the expected fluorescence absorption bandwidth (Stokes shift) according 

to the relationships proposed, for example, by Pestemer.’ 7 

The basic relationships have been described in a number of papers, in 
which the PPP-MO method was used for calculating the position of the 
fluorescence maxima of a number of dyes, as well as the electronic states of 
the molecules in both the ground state and the excited state.18-25 The 
method has recently been used l6 for calculating the absorption bandwidth 
of a range of dyes and the results obtained were largely in agreement with the 
experimental data. The method has not been used so far in studies of dyes 
containing a phthalimide residue and relevant data in this respect are 
presented in this present paper. 

2 EXPERIMENTAL 

Dyes 4a4d, 4a-4d were prepared and purified as described previously.5 The 
synthesis and some properties of dyes 1,2,3a-3d, 3a-3d, and Sa-5h have been 
described previously.26 Absorption spectra of dyes l-5 were made on a 
Spectord UV-VIS (Zeiss-Jena) spectrophotometer using solutions of dyes 
l-4 in cyclohexane (Chx), methanol (MeOH) and N,N-dimethylformamide 
(DMF). The spectra of dyes 5a-5h, due to their low solubility, were 
determined in the form of saturated solutions in Chx and MeOH, and in 
N.N-dimethylformamide at a concentration of 2 x 10W4-2 x 10m5 mol 
dm- 3. In acid and basic media, spectra were made following the addition of 
1 cm3 of 96% H2S04 or 2.5cm3 of 30% NaOH to the dye solution in 
methanol. Spectra were also recorded in 50% aq. methanol. All solutions 
were kept for 24 h in the dark prior to spectra measurement. 

3 RESULTS AND DISCUSSION 

3.1 Spectral characteristics of dyes 

The dyes derived from phenylazo-3- (5a-5d) or 4-phthalimide (5e_5h), show 
absorption maxima within the range 436-496nm (Table 2): the position 
depends, to varying extents, on the nature of the dialkylamino residue in the 
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300 400 500 

Fig. 1. Spectra of dye 5c on methanol. “[?I+] = 1.8 x 10-2mol/dm3; [OH-] = 2.5 x 

lo-’ mol/dm3. 

coupling component, on the orientation of the azo group, and on the type of 
solvent used for the measurement of spectra. Representative spectra of dye 
5c are shown in Fig. 1. 

3.1.1 Spectra of reference dyes derived from aminoazobenzenes (4) and 
phenylazobenzamides (l-3) 
The spectral properties of dyes l-3 derived from phenylazobenzamide have 
been previously discussed. 26 These data are given in Table 1 to enable 
comparison to be made with the dyes derived from phenylazophthalimide 
(5). For dyes 4, spectra were recorded in cyclohexane (Chx), methanol 
(MeOH) and N,N-dimethylformamide (DMF). Representative spectra (for 
4c) are shown in Fig. 2. The position of the absorption bands depends mainly 
on the nature of the N,N-dialkylamino residue. The alkalinity of the N,N- 
diethylamino group is greater than that of the N,N-dimethylamino group, as 
is demonstrated by their Taft G,- constants, viz. -0.22 and -0.16 
respectively.27 The bathochromic shift in A,,, (in Chx) ranges from 7 to 
11 nm for dyes 4a-4d; when MeOH and DMF are used as solvents, A,,,,, is 
shifted to longer wavelength because of solvation effects, and, at the same 
time, the absorption bands broadened. 

These differences result in the correlations of the function ILK”,9, = 1,::: 
being different for the N,N-dialkylamino residue, with values of r = O-936 
(for -NMe,) and r = 0.942 (for -NEt,) in DMF. Values of ILmaxfor dyes l-5 
were used for these calculations. It was also concluded that considerations 
should be based mainly on spectra in DMF and Chx, since MeOH can result 
in ambiguous spectral effects due to the formation of different inter- 
molecular hydrogen bonds.28.29 
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Fig. 2. Spectra of dye 4c in cyclohexane (-,- -), methanol (----), DMF (-- ) and 
DMF/H+ (-- --) solution. 

The broadest absorption maxima are shown in dye solutions in DMF, and 
the strongest hyperchromic effect in their solutions in Chx, since there is no 
interaction with the solvent in this medium. 

3.1.2 Spectra of dyes derived from phenylazophthalimides, 5 
3.1.2.1 Spectra in cyclohexane (Chx). The spectra of the reference dyes 4 

and phthalimide dyes 5 were recorded in Chx and in view of their low 
solubility, measurements were made only in the form of saturated solutions. 
Since there is no interaction between the solvent and the dye molecule, the 
effect of specific functional groups on the color of dyes can be assessed. By 
comparing the spectra of dyes 5 and the reference dyes 4, Hammett o-values 
of the cyclic phthalimide system were calculated. 

The absorption maxima of dyes 5a-5h are shifted bathochromically in 
relation to dyes 4 due to the presence of the electron acceptor phthalimide 
residue. The phthalimide residue, however, is a weaker acceptor substituent 
than the -NO, group in the 1 l-position, as is indicated by comparison of 
the Hammett a-values of the nitro group (0.78) and the calculated values for 
the different phthalimides (0.38-075; Table 2). 

The calculated cr-values are higher for all the IV-methylimides relative to 
analogous imides and also show large differences between isomeric dyes in 
which the azo group is substituted at the 3- or 4-positions. The carbonyl 
groups in these dyes are either meta andpara (in the 4-isomers) or ortho and 
meta (in the 3-isomers) to the azo group and only one of them is directly 
conjugated to the azo group. 

In the 4-isomer, the molecule is planar and hence conjugation is 
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maximized, but in the 3-isomer there are steric interactions between the 
nitrogen atom N(6) of the azo bond and the adjacent carbonyl group 
C( 12)=0( 13). This results in a hypsochromic shift in L,,,when comparing 
isomers 5a-5d in relation to 5e-5h. These observations are confirmed by the 
calculations made by the PPP-MO method which are discussed later. 
Because of the steric hindrance, the molecules of derivatives of 3- 
phenylazbphthalimide (5a-5d) are twisted relative to the N(7)-C(8) bond, 
and, based on crystallographic studies3’ the angle of twist is 32.8”. 

3.1.2.2 Spectra in methanol and N,N-dimethylformamide. In dyes 5a-5d, 
the effect of the change of the solvent from Chx to MeOH or DMF manifests 
itself in a shift of absorption by 23-27 nm for the 3-isomers or 42-43 nm for 
the 4-isomers. As in the reference compounds 4, this is additionally 
accompanied by a distinct broadening of the absorption bands (cf. Section 
1.1). 

The lower bathochromic effect in dyes 5a-5d indicates that solvent 
interaction occurs at the carbonyl groups participating in the conjugation, 
i.e. those in the ortho andpara positions. This is particularly significant in the 
S-isomers, in which the steric factors hinder both solvation and conjugation. 
In our considerations, the carbonyl group in the meta position, which can 
affect the spectrum only through the inductive effect and which should have 
a constant effect for both isomers, was neglected (see Section 4.2). 

The solvation in DMF can be demonstrated from considerations of the 
spectra of the reference dyes 4 in the presence of small amounts of HCl 
(2 x lo- ’ mol dm- 3, comparable with the dye concentration. An addition of 
this amount of acid does not result in a bathochromic effect, as is generally 
observed,31*32 but in a hypsochromic effect (Table 1,4a4d, 4a’-4d’). Under 
these conditions, protonation of the strongly nucleophilic centre, i.e. the 
NJ-dialkylamino residue, probably occurs, thus removing its conjugative 
effect and rendering solvation by means of DMF difficult. The relationships 
between absorption maximum in DMF solution and the Hammett o-value 
are linear with correlation coefficients, r1 and r2, of O-998 (NEt, derivatives) 
and O-986 (NMe, derivatives), respectively. 

The observed spectral indicate that DMF solvates mainly the N,N- 
dialkylamino groups as electron-donor centres, and consequently this 
solvent can be used instead of Chx for analyses of the visible spectrum, 
especially for compounds having the same nucleophilic centre (i.e. N,iV- 
dialkylamino end-group). 

The nature of the solvent also has a distinct effect on the absorption 
bandwidths of the dyes. In contrast to dyes 4, for which differences in AL,,, 
in MeOH and Chx are small, in the phenylazophthalimides 5a-5h clear 
differences are apparent between Chx, on the one hand, and MeOH and 
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DMF on the other. This tends to confirm the specific role played by the 
phthalimide residue, and probably implies that its solvation has a strong 
influence on the occurrence and stabilization of polar forms over a different 
length of the conjugated chain, resulting in broadening of the absorption 
bands. 

Values of A,,, of dyes containing an imide (-NH) and N-alkylamide 
(-NMe) group do not allow the effect of the -NMe residue on the spec- 
trum to be exactly determined. Differences are relatively small and can be of 
random character but, in MeOH, particularly with derivatives of 4-phenyl- 
azophthalimide, a small bathochromic effect (approx. 7 nm) for the -NMe 
derivatives in relation to the -NH derivatives is apparent. The latter 
derivatives can also exist in the form of a mixture of tautomeric keto and 
enol forms, because of the acidic character of the imide hydrogen atom 
(PK.. = 9.9 33,34), whereas the N-methyl derivatives can only exist in the 
ketone form. 

Imide: keto-enol tautomerism 

-N-N 0 OH 

W 

-N-N 

-H s 

W 

‘N 
\ \ 

0 0 
N-Methylimide 

-N=N 0 

W 
\’ 

N-CH, 

0 

In MeOH, dyes 4 can undergo solvation both at the azo group (leading to 
a bathochromic and hypochromic effect) and at the iV,N-dialkylamino 
residue28,31,32 (leading to a hypsochromic and hyperchromic effect). The 
phenylazophthalimide dyes 5 can behave in a similar way, but can also 
undergo additional solvation at the imide residue. The diversity of these 
effects and especially the fact of their simultaneous occurrence results in 
correlations between calculated and determined Amax to be different for 
different solvents. In contract to the effect of MeOH, DMF complexes only 
with electron-donor centres (see Section 3,1,2,2), and correlation coefficients 
of the function AK”,“, (DMF, ChX) = f(&$) (Tables 1,2) for dyes 4 and 5 are 
very similar; they are represented in eqns (1) and (2): 

DMF: r = 0.938 

Chx: Y = 0.943 
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3.1.2.3 Spectra in MeOH of diJg‘erent PH. In view of the presence of three 
proton-acceptor centres in the phenylazophthalimide derivatives 5, it was 
expected that their behavior in solutions of different pH would be relatable to 
the behavior of typical azo dyes 35 which usually undergo protonation on the 
azo bond in acidic solutions. Using also data from the spectra of dyes 5 in 
50% aq. MeOH, i.e. in a solvent stabilizing the hydrazone form of the dyes, 
some insight into possible tautomerism in the phenylazophthalimide dyes 
was anticipated. The results obtained are presented in Table 2. Dye spectra 
in a neutral MeOH solution have been discussed in Section 3.1.2.2. 

In acidic medium additional absorption bands occur in the range 
506-519 nm and weak bands over the range 309-327 nm (Fig. 1). These are 
probably, as in other azo dyes7*8,36-40 the result of protonation on the fl- 
nitrogen atom of the azo group. 

0 0 

R;N A3 

A probable structure of the protonated form can be postulated based on 
considerations of the changes in the spectra over the visible range, and the 
influence of the structural changes in the dye molecule, viz. the orientation of 
the azo residue (3- or 4-), the type of the NN-dialklamino residue (-NMe, 
or -NEt,) and the type of the substituent in the imide residue (-NH, or 
-NMe). 
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Investigations were made out using variable acid concentrations in the 
solvent. In these cases, no isosbestic point was observed and the absorption 
was shifted bathochromically, with lower intensity. This demonstrates the 
contribution of several different factors to the spectrum, thus hindering 
adequate interpretation of the results. Structure A4 is the most probable of 
the forms suggested since, in this case, interaction of the cyclic imide system 
and the dye chromophore system occurs. A slight bathochromic effect in the 
4-isomer in relation to the 3-isomer reveals also the existence of steric 
hindrance in the latter. A similar bathochromic effect is produced by changes 
in the NJ-dialkylamino group and the influence of the substituent on the 
heterocyclic nitrogen atom of the imide residue (O-5 nm) can be regarded as 
incidental. 

Spectra in methanol solution with addition of NaOH or in 50% aq. 
MeOH provide further evidence concerning the structure of the compounds 
under discussion. According to published data, in aqueous alcoholic 
solutions a number of dyes occur either in the form of a mixture or show the 
predominance of either the azo or hydrazone forms.41*42 With no other 
possibilities of isomerization, this should manifest itself in the occurrence of 
an isosbestic point in solutions of varied alcohol concentration. The spectra 
of dyes 5a-5h in 50% aq. MeOH showed, in all cases, bathochromic shifts 
relative to the spectra in pure MeOH. No isosbestic point was observed 
resulting from changes in the concentration of dyes with respect to the 
varying alcohol content of the solution. The bathochromic shift of 17-23 nm 
in 50% aq. MeOH is an indication of the occurrence of the more polar form, 
typified by A6. 

0 

0- 

or 

In alkaline solution, on the other hand, a hypsochromic effect of 25-46 nm 
was observed, the higher values 35-46nm being for dyes (5b, 5d, 5f, 5h) 
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containing the N-methylimide group, compared with 25-27 nm in the case of 
dyes (5a, 5c, 5e, 5g) with -NH groups. Such an effect is characteristic of 
compounds more strongly solvated in their ground state than in the excited 
state. This solvation reduces the effective positive charge on forms A5 t) A6, 
reducing the dipole moment of the molecule and causing a hypsochromic 
effect. 

4 CALCULATIONS OF SPECTRA BY THE PPP-MO METHOD 

The PPP-MO method was used for the compounds W(Table l), by applying 
the basic parameters quoted in the literature.‘6,41-44 The bandwidth of 
these dyes was calculated as proposed by Pestemeri7 and as employed by 
previous authors.i6 The standard set of parameters was also used for the 
phenylazobenzamide dyes (l-3) and the phenylazo-3- and -4-phthalimide (5) 
derivatives. The results of the calculations are given in Tables 1 and 2, which 
also show the results of calculations performed using modified parameters, 
and with which a better correlation with the experimental data was 
obtained. 

The use of the PPP-MO method for the calculation of the half-bandwidth 
resolves itself into calculating a theoretical absorption band of the 
fluorescence of the dye. This is done after the input data have been modified, 
with regard to the changes resulting from the absorption of light and after 
the molecule has passed to the excited state. Re-emission of radiation takes 
place always over the longer-wavelength range; hence the fluorescence band 
should be shifted bathochromically in relation to the absorption band. As 
has been found by many authors, 16,18-21,23,24 in the PPP-MO method it is 
sufficient to take into account only the changes in the length of bonds and 
the values of resonance integrals p, according to the relationships proposed 
above.’ 8-25 Changes in the remaining parameters taken into account in the 
calculations, such as ionization potential and electron affinity, have no 
significant effect on the value of the position of the fluorescence maximum. 
The calculated value of the Stokes shift allows the determination of the half- 
bandwidth, and consequently the color purity of the dyes according to the 
equation (Al, = 2.5s) proposed by Pestemer” and used by Cheng et ~1.‘~ In 
Pestemer’s calculations, the value of the factor of proportionality varied 
between 1.91 and 3.67 (relative error, - 23.2% to +46.8%). The relationship 
for theoretical spectra has also been given” in the form: 

Av 1,2 = 0.727 + 1.937 x S 

and a correlation coefficient Y = 0.945 obtained. It is more advantageous to 
use Av,,,[cm - ‘1 than A3Llj2[nm]. 
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The method is of a semi-empirical character and allows an approximate 
prediction of the dye color intensity. Such calculations can be made even for 
dyes which do not exhibit fluorescence and for which the value of the Stokes 
shift cannot be measured. 

4.1 Calculations of electron structures of phenylazophthalimide dyes and the 
half-band width 

4.1.1 Calculations of parameters for dyes l-4 
Applying the standard set of parameters,i6*r7 calculations were performed 
for the phenylazobenzeamide dyes l-3 for which basic spectrophotometric 
data have been published previously.26 Satisfactory agreement between the 
calculated and experimental data was obtained. The differences in the values 
of the calculated and experimental A,,,,, result from the effect of the solvent, 
especially of DMF, on the dye spectrum (Tables 1 and 2). This solvent shifts 
the absorption bathochromically and broadens the absorption bands. In 
extreme cases the differences quoted for dyes 4 are of the order of 39-42 nm 
(dyes 4c and 4~‘). The results obtained confirm the lack of interaction of 
substituents in the mera position (dyes 2a-2d and 2a’-2d’), the spectrum 
being identical to the calculated value for dye 4a. The ortho and para show a 
slight bathochromic effect, and the supposition that the substituent in the 
ortho position to the azo bond is non-coplanar cannot be confirmed. 

4.1.2 Calculations of spectra of dyes derived from phenylazophthalimide 
Calculations for dyes derived from phenylazophthalimide were initially 
made based on standard parameters,i6*i7 and results inconsistent with the 
experimental values determined in Chx were obtained. They were 
underrated by about 23-34nm. This led to further considerations with 
respect to the character of the phthalimide system and its effect on the 
spectrum. In this connection, the following modified parameters were used 
for the calculations: 

vsIP* YY (A,) 
c=o 18.10 14.95 (3.15) 
N-CH, 21.00 11.00 (10.00) 
N-H 24.65 14.55 (10.15) 

* Valence State Ionisation Potential. 

Values of A,,,,, and A,$,, conforming to those determined in Chx were 
obtained, especially for the 4-isomers 5e-5h (Table 2). The differences in the 
values calculated, based on standard parameters, are shown in parentheses. 
In calculating data for the 3-isomers (Sa-5h), the twisting around the 
N(7)-C(8) bond by an angle of 0 = 30” was additionally taken into account 
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(the angle of twist is 32*8030) and modifying the input parameters for the 
calculations according to the relationships:43 

~=pocose 

and 

ye = y. cos2 0 

According to the results of X-ray investigations,45 the 4-isomer has a flat 
structure. The values of &,,x thus calculated are in agreement with the 
experimental values determined in Chx according to the relationship: 

with a correlation coefficient Y = O-993 for dyes 5a-5h. Calculations for the 3- 
substituted derivatives are additionally complicated by the possibility of the 
occurrence of these isomers in four different spatial conformations, viz. c1- 
tvans, cc-cis, twisted a-trans and twisted or-cis (Table 3). 

TABLE 3 

Influence of Spatial Configuration of Dyes 5a-5d on the 
Calculated Values of Absorption (nm). (For calculation, the 
twisting around the N(7)-C(8) bond by an angle of 0 = 30 

was taken into account). 

Dye a-trans” cc-cisb Twisted 
cr-trans’ 

Twisted 
a-cisd 

5a 447 452 430 437 
5b 444 448 426 432 
5c 462 468 445 453 
5d 458 463 442 448 

0 

a z-tram b a-cis 

c Twisted a-tram’ d Twisted kcis 
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Theoretical considerations indicate that the 3-azophthalimide dyes 5a-5d 
most probably exist in the cr-cis configuration, which has the deepest color. 
In this configuration there are no interactions between the carbonyl oxygen 
atom 0(13) and the free electron pair of the nitrogen atom N(6) of the azo 
bond. It has been found, 3o however, that these dyes in the crystalline state 
occur in the twisted a-trans form, for which calculated values are given in 
Table 3. They are consistent with the I,,,, determined in Chx solution 
(Table 2). 

For the observed and calculated values for dyes 5a-5h of 

based on the standard and modified parameters, correlation parameters 
between these values were determined: 

DMF Me Chx 
Standard parameters 0.990 0.952 0.924 
Corrected parameters 0.902 0.905 0.993 

The results indicate that, for comparison between experimental values and 
those calculated by the PPO-MO method, and not taking into consideration 
solvent interactions, correlations in Chx are not satisfactory, but that for 
similar analysis in DMF the standard parameters used do reflect the effect of 
this solvent on the electron state of the molecule. 

In this case, the differences between experimental and calculated values 
are much greater than in Chx, being in the region of 31-46 nm (as opposed to 
l-10nm in Chx). This procedure can therefore be recommended for 
compounds which are sparingly soluble in non-polar solvents, although 
precise results are not obtained, 

The set of modified parameters used gives good correlations only for the 
phenylazophthalimide derivatives 5a-5h. Attempts to use compounds l-3 
(Section 4.1.1) in such calculations yielded results which, in some cases, 
differed considerably from the values obtained based on the standard 
parameters, and these differences are given in Table 1. The calculation results 
have been compared with the spectra made in Chx, with the assumption of 
the absence of interactions with the solvent. The use of other solvents for 
measuring the spectra results in additional interactions with the dye 
molecule and, as a result, the spectrum shape and the position of A,,,,, are 
changed. 

Using the PPP-MO procedure and modified parameters for the molecule 
in the excited state, it is possible to calculate theoretical values of the 
fluorescence maxima of the compounds with the test for convergence of 
0002. Only the parameters of bond and resonance integrals undergo 
modification, according to the relationship suggested.‘6T24 The Stokes shifts 
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calculated are given in Tables 1 and 2, and they are proportional to the half- 
bandwidths in nm or cm-‘. 

AA,,, = 2.79 x S (error from -20.4% to +27.6%) [nm] 

Av ij2 = 3.13 x S (error from - 14.7% to + 19.4%) [cm-‘] 

In the case of the phenylazophthalimide derivatives, these values have a 
considerable error, the cause of which could be the absence of coplanarity. In 
view of the semi-empirical nature of the calculation method, its accuracy 
depends on the correct selection of parameters determined on the basis of 
the experimental data and improvements in it require further investigations 
using a large number of other chromophore systems. However, in its present 
form, the method can be applied for predicting the intensity of color of new 
chromophores with an accuracy sufficient for most practical purposes. 

4.2 Electron densities and bond orders 

4.2.1 Dyes derived from phenylazobenzamide (l-3) 

The PPP-MO method can also be used to calculate the electron densities and 
bond orders. In the ground state, in dyes derived from phenylazobenzamide 
(Table 4-1, 2, 3), the principal electron-rich sites are carbon atoms ortho 

andpara to the donor residue, the P-nitrogen atom and, to a lesser extent, the 
a-nitrogen atom. No distinct effect of the amino group of the amide residue 

1, 2, 3-b 

13 

Sa 

5e 015 
Fig. 3. Numbering of atoms and bonds listed in Table 4. 



T
A

B
L

E
 

4 
C

al
cu

la
te

d 
B

on
d 

O
rd

er
s 

an
d 

a-
E

le
ct

ro
n 

D
en

si
tie

s 
in

 G
ro

un
d 

(E
xc

ite
d)

 
St

at
e 

fo
r 

So
m

e 
B

en
za

m
id

e 
an

d 
Ph

th
al

im
id

e 
D

ye
s 

(F
ig

. 
3)

 

B
on

d 
lb

 
2b

 
3b

 
5a

’ 
5e

 
A

to
m

 
lb

 
2v

 
3b

 
5a

 
5e

 

l-
2 

2-
3 

3-
4 

5-
6 

6-
7 

7-
8 

8-
9 

9-
10

 

l&
11

 

n*
-1

2”
 

12
-1

3 

14
-1

5 

12
-1

6 

9(
11

bk
12

 

lo
-1

4 

0.
55

 
(0

.6
3)

 
0.

55
 

(0
.6

2)
 

0.
55

 
(0

.6
3)

 

0.
56

 
(0

.4
8)

 
0.

55
 

(0
.4

8)
 

0.
55

 
(0

.4
8)

 

0.
7 

1 
(0

.7
4)

 
0.

71
 

(0
.7

4)
 

0.
71

 
(0

.7
4)

 

0.
42

 
(O

-4
5)

 
0.

43
 

(0
.4

7)
 

0.
43

 
(0

.4
6)

 

0.
85

 
(0

.6
3)

 
0.

82
 

(0
.5

6)
 

0.
82

 
(O

-6
0)

 

0.
32

 
(0

.4
6)

 
0.

37
 

(0
.4

8)
 

0.
37

 
(0

.5
0)

 

0.
60

 
(0

.5
2)

 
0.

62
 

(0
.5

6)
 

0.
61

 
(0

.5
4)

 

06
4 

(0
.6

3)
 

0.
65

 
(0

.6
6)

 
0.

69
 

(0
.7

2)
 

0.
67

 
(0

.6
8)

 
0.

63
 

(0
.6

1)
 

0.
62

 
(0

.5
8)

 

0.
32

 
(0

.3
7)

 
0.

30
 

(0
.3

0)
 

0.
32

 
(0

.3
6)

 

0.
63

 
(0

.6
0)

 
0.

63
 

(0
.6

3)
 

0.
63

 
(0

.6
0)

 

0.
63

 
(0

.6
0)

 
0.

64
 

(0
.6

4)
 

0.
63

 
(0

.6
1)

 

0.
56

 
(0

.6
7)

 
0.

59
 

(0
.6

8)
 

0.
55

 
(0

.4
8)

 
0.

53
 

(0
.4

8)
 

0.
72

 
(0

.7
5)

 
07

2 
(0

.7
5)

 

04
4 

(0
.4

3)
 

04
5 

(0
.4

4)
 

0.
83

 
(0

.8
1)

 
08

1 
(0

.7
6)

 

0.
33

 
(0

.3
7)

 
03

8 
(0

.4
4)

 

0.
62

 
(0

.5
4)

 
0.

59
 

(0
6q

 

0.
59

 
(0

.5
2)

 
0.

67
 

(0
.6

5)
 

0.
65

 
(0

.6
2)

 
0.

58
 

(0
.5

0)
 

0.
72

 
(0

.5
7)

 
0.

71
 

(0
.5

9)
 

07
1 

(0
.5

8)
 

0.
72

 
(0

.6
2)

 

0.
48

 
(0

.4
8)

 
@

47
 (

0.
47

) 

0.
32

 
(0

.4
5)

 
0.

32
 

(0
44

)b
 

0.
3 

1 
(0

.4
2)

 
0.

31
 

(0
.4

0)
 

1 2 3 4 6 7 8 9 10
 

11
 

12
 

13
 

14
 

15
 

16
 

l-
69

 
(1

.3
9)

 
1.

69
 (

1.
39

) 
1.

69
 

(1
.4

0)
 

0.
98

 
(0

.9
9)

 
0.

98
 

(1
G

O
) 

0.
98

 
(0

.9
9)

 

l-
11

 
(0

.9
9)

 
1.

11
 (

0.
99

) 
1.

11
 

(0
.9

9)
 

0.
95

 
(l

+
IO

) 
0.

95
 

(1
.0

1)
 

0.
96

 
(1

.0
1)

 

1.
07

 (
1.

33
) 

1.
08

 (
1.

35
) 

1.
07

 (
1.

33
) 

1.
12

 (
1.

24
) 

1.
14

 (
1.

29
) 

1.
13

 (
1.

26
) 

0.
96

 
(0

.9
8)

 
0.

97
 

(0
.9

8)
 

0.
96

 
(0

.9
8)

 

1G
o 

(1
.0

5)
 

1.
00

 (
1.

04
) 

1G
O

 (
1.

03
) 

1.
01

 (
1.

01
) 

1.
01

 (
1.

01
) 

1.
02

 (
1.

02
) 

1.
05

 (
1.

01
) 

1.
01

 (
0.

97
) 

1.
05

 (
10

0)
 

0.
88

 
(0

.8
9)

 
0.

88
 

(0
.8

8)
 

0.
89

 
(0

.8
9)

 

1.
38

 (
1.

39
) 

1.
39

 (
1.

39
) 

1.
39

 (
1.

39
) 

1.
77

 (
1.

77
) 

1.
75

 (
1.

75
) 

1.
76

 (
1.

76
) 

1.
68

 (
1.

33
) 

0.
95

 
(0

.9
4)

 

1.
12

 (
0.

98
) 

0.
95

 
(0

.9
5)

 

1.
05

 (
1.

12
) 

1.
13

 (
1.

08
) 

@
92

 (
0.

96
) 

1.
02

 (
1.

12
) 

1.
03

 (
1.

09
) 

0.
94

 
(0

.9
3)

 

0.
71

 
(0

.8
5)

 

1.
53

 (
1.

63
) 

0.
72

 
(0

.8
8)

 

I.
50

 
(1

.6
3)

 

1.
67

 (
1.

67
) 

1.
68

 (
1.

35
) 

A
 

0.
95

 
(0

.9
5)

 
F 

1.
12

 (
0.

98
) 

e.
 

0.
95

 
(0

.9
7)

 
1 2’

 
1.

06
 (

1.
18

) 
z 

1.
08

 (
1.

11
) 

x 

0.
95

 
(0

.9
9)

 
“8

 . 

0.
94

 
(0

92
) 

5 

1.
03

 (
1.

08
) 

k?
 

1.
02

 (
1.

10
) 

B
 

0.
72

 
(0

.8
4)

 
: 

1.
53

 (
 1

.6
2)

 
P 

0.
72

 
(0

.8
2)

 

l-
51

 
(1

.5
9)

 

1.
67

 (
1.

67
) 

‘n
* 

= 
9(

or
th

o)
, 

lO
(m

et
a)

, 
1 I

ti
ar

a)
. 

* 
11

-1
2 

bo
nd

 
in

 d
ye

 
5e

. 



Absorption spectra of phenylazophthalimide dyes 53 

on the electron density, either in the -ground or excited state, is observed. 
Electron excitation causes conjugation of the electron pair of the nitrogen 
atom of the -NR,(l) group and the formation of a quinonoid-type 
structure. This manifests itself in changes in the electron density of the azo 
group, e.g. on the a-nitrogen atom [N(6)]. The bond order N(6)-N(7) for 
dyes lb’, 2b’, 3b’ decreases in the order: 

2b’ (0.26) > 3b’ (0.22) > lb’ (0.21) 

but that for N(7tC(8) is in the reverse order, viz. 

lb’ (0.14) > 3b’ (0.13) > 2b’ (0.11) 

The difference between the bond order in the excited state and that in the 
ground state is given in parentheses. This shows that the strongest 
conjugation, in accord with predictions, occurs for para-isomers of 1. The 
second substituent taking part in the conjugation is the C=O carbonyl 
group which is in the meta postion, but unlike the para and ortho isomers, 
this does not change its bond state and electron density. In these dyes (l-3) 
the character of the double bond between the carbon atom and the oxygen 
atom is modified, to give a partial single bond, which contributes to the 
polarization in the excited state: 

This is confirmed by the experimental and calculated A,,,,, values, which are 
lowest for the metu derivatives (2). 

4.2.2 Dyes derived from phenyluzophthulimide 
In the ground state, dyes derived from phenyl azophthalimide (5) (Table 4) 
have a similar distribution of electrons to the dyes derived from 
phenylazobenzenamide (1,2,3), with slightly different values, particularly in 
the phenylazo system. Significant differences occur in the electron-acceptor 
carbonyl residues. In the phthalimide dyes 5a and 5e, these groups are much 
more strongly polarized than in the benzamide analogues lb’, 2b’, 3b’; there 
is a positive charge [ +0.28 and 0.29 on the carbon atoms C(12,14)], but an 
excess negative charge [ - @50 and 0.5 l] on the oxygen atoms 0( 13,15). The 
polarization of the carbonyl bonds is increased in the excited state and the 
bond orders are changed. As with the amide group NH,(14) (Fig. 3) in dyes 
lb’, 2b’, 3b’, the imide group NH(16) in dyes 5a and 5e does not participate 
significantly in the conjugation; the electron density on it is lower due to the 
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presence of the two adjacent carbonyl groups, and the C(12)-N(16) bond is 
longer. 

The dependence of bond orders in the aromatic system on the orientation 
of the carbonyl groups in the ring is observed. Bonds C(9)-C(10) @a, 3- 
substituted isomer) and C(lO)-C(ll) (5e, 4-substituted isomer) are longer 
than the adjacent, typical C-C bonds in the phenyl ring, whilst in the excited 
state they are further lengthened. In the excited state, there is additional 
distinct polarization of the C=O bonds, together with bond lengthening, in 
the ortho, meta and para positions to the azo bond. This indicates that the 
C=O group in the meta position does participate in the conjugation; it does 
so not by direct interaction with the N=N azo group or the N,N- 
dialkylamino group, but with the adjacent carbonyl group. The absence of 
such changes in the benzamide derivatives confirms this supposition (Table 
4, bonds n-12). 

In isomer 5a, polarization of the C(lO)--0(14) group is even greater than 
that of C(9)-0(12), which can also be caused by the absence of molecular 
coplanarity (Section 4.1.2). Polarization of both groups is greater than for 
isomer 5e in which the C=O bond has greater double bond character. The 
hindered conjugation, however, results in a hypsochromic effect for these 
derivatives (5a-5d). The results of the calculations offer an explanation of the 
cause of the occurrence of significant differences in the spectra of 
phenylazobenzamide (l-3) and phenylazophthalimide (5) dyes. 

5 CONCLUSION 

Azo dyes derived from 3- and 4-aminophthalimide have orange to red hues, 
depending on the substituent type at the imide nitrogen atom and the N,N- 
dialkylamino residue in the coupling component. In neutral solutions and in 
solutions of different pH values these dyes exhibit solvatochromic and 
halochromic color effects. It has been found that polar solvents, due to the 
formation of solvated structures, mainly on the electron-donor centre, cause 
broadening of the absorption bands and a dulling of the hue. Protonation of 
the P-nitrogen atom of the azo group results in a bathochromic shift of 
about 30-45 nm, for both 3- and 4-aminophthalimide derivatives. 

It has also been found that, in 50% aq. methanol, phenylazophthalimides 
occur essentially in the hydrazone forms, with absorption maxima 
bathochromically shifted by 17-23 nm. These forms are stabilized by the 
conjugation of the electron-donor amino group in the coupling component 
with the carbonyl group in the phthalimide residue. 

In saturated solutions in cyclohexane, the phenylazobenzamides and 
phenylazophthalimides have similar absorption maxima (436454 nm), 
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indicating a similar effect of the carbonyl groups, irrespective of their 
orientation with respect to the azo moiety. Using the PPP-MO method, and 
benzamide derivatives as reference systems (l-3), the absence of conjugation 
of the amide group in the meta position with the dialkylamino residue has 
been’ confirmed. On the other hand, in phenylazophthalimide dyes 
containing two carbonyl groups such a conjugation has been found to occur, 
but between both the carbonyl groups. Because of this, the cyclic imide 
substituent acts as an overall acceptor substituent. Calculations for the 3- 
phenylazophthalimide isomers were made taking into consideration the 
twisting of the molecule around the N(7)-C(8) bond, because of steric 
hindrance factors. 

Using the spectra of reference azo dyes 4 containing substituents of 
known Hammett o-constants to determine the relationship between these 
values and the A,,,,, in cyclohexane, Hammett o-values 0.3880.75 have been 
determined for the phthalimide system and the highest of these values is 
comparable with the o-value of the nitro group (0.78). 

Using the PPP-MO method and Pestemer’s rule, it has been shown that it 
is possible to predict the half-bandwidth of the absorption band as a 
measure of the colour intensity, using the relationship between the half- 
bandwidth and the Stokes shift. For all the phenylazophthalimide dyes 
studied, the half-bandwidth was about three times greater than the value of 
Stokes shift. For the calculations on the phenylazophthalimide dyes, 
modified PPP-MO parameters for the carbonyl groups have been applied 
and a good correlation obtained between calculated values and experi- 
mental values determined in cyclohexane. It was also concluded that the 
nitrogen atom in the five-membered imide ring does not participate in the 
conjugation, probably due to the influence of the two adjacent carbonyl 
groups. The application of these modified parameters makes it possible to 
predict spectral properties of this group of dyes, a factor which can be of 
practical significance. 

REFERENCES 

1. Giles, C. H., Duff, D. G. & Sinclair, R. S. in The Chemistry of Synthetic Dyes, 
Vol. 5, ed. K. Venkataraman. Academic Press, New York, 1978, p. 279. 

2. Hallas, G., J. Sot. Djvra Colourists, 95 (1979) 285. 
3. Mehta, H. P. & Peters, A. T., Djvs & Pigments, 2 (1981) 259. 
4. Szadowski, J. & Malinowski, W., J. Sot. Dyers Colourists, 97 (1981) 72. 
5. Szadowski, J., J. Sot. Djvers Colourists, 97 (1981) 358. 
6. Wojciechowski, K. & Szadowski, J., J. Therm. Anal., 31 (1986) 297. 
7. Wojciechowski, K., Dj’es & Pigments, 9 (1988) 401. 
8. Wojciechowski, K. & Szadowski, J., Pol. J. Chem., 60 (1986) 797. 
9. Szadowski, J., Zes:_vtjl Nauk. PL., No. 402 (198 1). 



56 K. Wojciechowski, J. Szadowki 

10. Venkataraman, K., The Chemistry of Synthetic Dyes, Vol. 3. Academic Press, 
New York, 1971. 

11. Mehta, H. P. & Peters, A. T., Dyes & Pigments, 3 (1982) 71. 
12. Wojciechowski, K., Dyes & Pigments, 12 (1990) 273. 
13. Brownlee, R. T. C. & Topson, R. D., Spectr. Acta, 29A (1973) 385. 
14. Mustroph, H. & Epperlain, J., J. Pratt. Chemie, 322 (1985) 49. 
15. Bloor, J. E. & Copley, D. B., Chem. Znd., 7 (1960) 526. 
16. Cheng, L., Chen, X., You, Y. & Griffiths, J., Dyes & Pigments, 10 (1989) 123. 
17. Pestemer, M., Berger, A. & Wagner, A., Fachorgan Textilveredlung, 19 (1964) 

420. 
18. Fratev, F. & Tadjer, A., J. Mol. Structure, 27 (1975) 185. 
19. Heidrich, D. & Scholz, M., 2. Chem., 9 (1969) 87. 
20. Fujimura, Y., Yamaguchi, H. & Nakijama, T., Bull. Sot. Chem. Jap., 45 (1972) 

384. 
21. Fabian, W., Dyes & Pigments, 6 (1985) 341. 
22. Melhorn, A., Schwencer, B. & Schwetlik, K., Tetrahedron, 33 (1977) 1483. 
23. Melhorn, A., Schwencer, B. & Schwetlik, K., Tetrahderon, 33 (1977) 1489. 
24. Fratev, F., Hiebaum, G. & Gochev, A., J. Mof. Structure, 23 (1974) 437. 
25. Fratev, F. & Tadjer, A., J. Mol. Structure, 27 (1975) 185. 
26. Szadowski, J., Wojciechowski, K. & Malinowski, W., J. Sot. Dyers Colourists, 

101 (1985) 105. 
27. Taft, R. W., Price, E., Fox, I. R., Lewis, 1. C., Andersen, K. K. & Davis, G. T., J. 

Am. Chem. Sot., 85 (1963) 709. 
28. Sobczak, L. In Wiaranie Wodorowe. PWN, Warszawa, 1969, pp. 52-7. 
29. Skulski, L., Zex, Nauk. Polite& Warszawskiej, 140 (1966) 107-56. 
30. Golinski, B., Z. Kristallogr., 184 (1988) 169. 
31. Mustroph, H., Haessner, R. & Epperlain, J., J. Pratt. Chemie, 326 (1984) 259. 
32. Bersztein, I. J. & Ginsburg, 0. F., Usp. Khim., 41 (1972) 177. 
33. Gyenes, I. In Titration in Non-aqueous Medica. Academiai Kiado, Budapest, 

1967, p. 248. 
34. Streuli, A., Anal. Chem., 32 (1960) 407. 
35. Fabian, J. & Hartmann, H. In Light Absorption of Organic Colorants. Springer- 

Verlag, Berlin, 1980, p. 74. 
36. Berstein, I. J. & Ginsburg, 0. F., Zurn. Org. Khim., 4 (1968) 1260. 
37. Berstein, I. J. & Ginsburg, 0. F., Zurn. Org. Khim., 3 (1967) 2032. 
38. Burawoy, A., J. Chem. Sot. (1937) 1865. 
39. Widernik, T. & Skariynska-Klentak, T., Pol. J. Chem., 60 (1986) 163. 
40. Widernik, T. & Skariynska-Klentak, T., Pol. J. Chem., 55 (1981) 1759. 
41. Kelemen, J., Dyes & Pigments, 2 (1981) 73. 
42. Reeves, R. L. & Kaiser, R. S., J. Org. Chem., 35 (1970) 3670. 
43. Griffiths, J., Dyes & Pigments, 3 (1982) 211. 
44. Griffiths, J., Rev. Prog. Coloration, 11 (1964) 37. 
45. Goliriski, B., Z. Kristallogr., 173 (1985) 113. 


