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Quantum chemical calculations of various p-phenylenediamines and related compounds are 
correlated with different molecular properties, such as electrochemical E I/2-values, ionization 
potentials. pK-values, UV-VIS spectra, the activation energies of the homogeneous electron self
exchange rates, and the synproportionation constants. All correlations are in good agreement with 
the predictions of simple HMO-theory. 

In a previous paper I • it was shown that it is possible to deduce a set of HMO-Coulomb 
perturbation parameters h(NR2) for various p-phenylenediamines from ESR spectra. 
Basing on these parameters several molecular data can be calculated and compared 
with experimental ones. So the rates of the alkaline and acid deamination of various 
p-phenylene quinonediimines could be interpreted as an orbital and charge controlled 
or only orbital controlled reactions, respectively 2 • 

This paper shows the validity of simple HMO-calculations for the interpretation 
of the different molecular and thermodynamic properties of p-phenylenediamines. 

EXPERIMENTAL 

The preparation and purification of the substances (Table I) and solvents used were described 
elsewhere 1 • The UV -VIS spectra were recorded with a Pye Unicam SP 1700 spectrometer. The 
E I/2-values were measured with a rotating gold disc electrode arrangement and have accuracy 
of ± 15 mV (ref. 3 ). Tetraethylammonium perchlorate (0·0> moll- l was the supporting electrolyte 
and a Ferrocen/Ferrocinium system4 the reference electrode. Mostly the depolarisator concentra
tion was 1.10- 3 moll-I. The solvent CH3CN was dried over molecular sieve (3A) (IA = 

= 10- 10 m) and saturated with argon. 

QUANTUM CHEMICAL CALCULATIONS 

All calculations were carried out according to the Hiickel-MO procedures. The spin densities 
of the radical cations were calculated by Mc Lachlan's method modified for radical cations 
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(POL-2)1. Within this method the energy eigenvalues £1 are given by 

£1 = a!c + xJPCC ' 

Grampp, Pluschke: 

(1) 

where a!c is a Coulomb integral. Pce is a resonance integral and xJ is an energy eigenvalue coeffi
cient. 

For different amino groups, the Coulomb and resonance integrals are given by 

a!N = a!c + Ir(NR2) Pcc 
PCN = kCNPCC ' 

(2) 
(3) 

The following h(NR2)-parameters are obtained from related experimental ESR spectral: 

kCN is set equal to 1, according to the planar structure of the radicals. The ring methyl groups 
are regarded as an inductive perturbation with h(CCH3) = -0'3 (refss ,6). The chlorine atoms are 
represented by h(Cl) = 2·25 and kCCI = 0·4 (ree). The quantum chemical calculations were done 
using a CYBER 173 computer at the Rechenzentrum of the University Erlangen. 

TABLE I 

The used p-phenylenediamines, related compounds, and their energy eigenvalue coefficients 
xJ(HOMO) 

Compound Rl R2 R3 R4 R S R6 xJ(HOMO) 

p-phenylenediamine I H H H H H H 0'360 
N,N-dimethyl-(/) 11 Me H H H H H 0'301 
N,N-diethyl-(/) III Et H H H H H 0'271 
2,3,5,6-tetramethyl-(/) IV H Me Me H Me Me 0·268 
N,N,N',N'-tetramethyl-(/) V Me H H Me H H 0'250 
N,N,N',N'-tetraethyl-(/) VI Et H H Et H H 0·199 
9,lO-diaminoanthraceneQ VIl 0'066 
N,N,N',N'-tetramethylbenzidine VIIl 0'308 
3-methyl-(Il) IX M-.: H Me H H H 0'279 
3,5-dimethyl-(II) X Me H Me H Me H 0'259 
3-methyl-(Ill) XI Et H Me H H H 0·252 
3,5-dimethyl-(IIl) XIl Et H Me H Me H 0·233 

(J Ret.4S. 
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RESULTS 

Calculated molecular data. The eigenvalues of energy xJ are listed in Table I. 

Electrochemical B I/2 -values. The oxidation of a p-phenylenediamine (R) to a semi
quinone radical cation (st) 

(A) 

can formerly be regared as a removal of an electron from the highest occupied mole
cular orbital (HOMO). Maccol8 and Hoijtink9 found for the first time a linear 
dependence between EI/2 and the respective XJ 

(4) 

Up to noW many proofs of this well established relation have been given in the 
literature10 - 12. Eq. (4) is only valid under the justifying assumption that the diffusion 
coefficients of Rand Stare nearly equal and that all changes of reaction entropy 
are of the same order of magnitUde. Table II shows the experimental Bl/2-values 
measured in CH3CN. In Fig. 1 the linear relation from Eq. (4) is shown. 

Ionization potentials.IP Koopman's theorem13 predicts a linear dependency of 
the HMO - energy expressed by XJ on the ionization potentialIP. 

(5) 

The reorganization of the electron in the radical and the difference in the correlation 
energy between Rand Stare neglected in this consideration. Table II displays the 
photoelectronically measured IP-values, which are of greater accurancy than IP-values 
determined from charge-transfer spectra. The validity ofEq. (5) is shown in Fig. 1, too. 

The pK-values. For the protonation of the p-phenylenediamines the following 
Broensted equilibriums are valid14 (see Scheme 1). 

RH+ 
Kl 

H30 + (B) + H2O ( > R + 

RHi+ 
K2 

RH+ + H30 + (C) + H2O ( > 

+ 

SCHEME I 
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For the protonation of R the n-conjugation of an exocycIic N-atom is lost and there
fore the n-system of RH+ differs from that of R not only by the number of n-electrons 
but also in the total n-energies E". 

Under the simple HMO considerations RH+ can be compared with the respective 
aniline, because one of the n-conjugations is blocked. For example E" (aniline) is 
given by 8ex + lO'916P, whereas E,,(PPD) = lOex + 13·800p. The difference in the 
total n-energies of p-phenylenediamines and the respective ani lines !!..E" - 2ex = 

= E"(PPD) - E,,(aniline) should be in relation with the pK1-values. The correlation 
in Fig. 2 shows that the assumption about the obstruction of one N-center can be 
helpful for the interpretation of the pK-values. 

The double protonated RHi + systems are given in the same way by a simple 6n
-system. The difference !!..E" - 2ex = E,,(RHi +) - E,,(RH+) should be constant for 
all comparable compounds and therefore the pK2-values should also be constant 
for all derivatives. The experimental pK2-values in Table II manifest this prediction. 

UV-VIS spectra. It is well known, that one of the long wave bands of a UV-VIS 
spectra the so-called 1 L~-band is a n - n* - transition in the p-phenylendiamine 
systems 15 •16 . This transition can be described (within the framework of the HMO
-method) by the following relation 

r-r--.~ ---, ---

JT l i 

<)O~ 

> i E i 
~ 

,> 
L'~ I i~~ 

-200·· 

I f1 

I 
I 

I 
-300" 
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I 

LL-- I 
02 03 
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0·4 

FIG. I 

Dependence of El/2 and IP on the eigen
value coefficients of the HOMO 
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824 Grampp, Pluschke: 

Therefore a correlation between v and X J - XJ+ 1 should exist. Fig. 3 shows the corre
lation according to Eq. (6). A more detailed discussion is given in refs27.28.19. 

The homogenous electron-self exchange rates kex • Recently17.18, we measured 
extensively the rate constants of the homogeneous electron self exchange reactions, 
according to Eq. (D) 

R + S:- (D) 

by ESR line broadening effects. 

It was shown that the rate constants corrected for diffusion can be interpreted in 
terms of the Marcus' theory, including some modifications19. 

The rate constants kex measured in CH3CN are listed in Table II. The correlation 
of -RTln (kex/ZoTl/2) = ..1G:x(293) (with Zo = (2r)2 N L(8RT/m)1/2; r = mole
cular radius, m = reduced mass) and the energy eigenvalues XJ are actually good and 
indicate that the energy required to remove the electron from R may play an im
portant role in determining the electron transfer rate constant, see Fig. 4. 

The synproportionation constants K 3 • The sl..miquinone radicals of the p-phenyle
nediamines S:- disproportionates in aqueous solutions according to Scheme 2 

(,) (+). 

R-N-R R-N-R R-N-R 

¢ ¢ + H+ ~ 2 ¢ + --
NH2 ~H NH2 

R T 5 

SCHEME 2 

where th .. equilibrium constant K3 is given by 

(7) 

The constant K3 can be determined spectrophotometricaIIy20 Hush and Blackledge21 

described the free energy change ..1GD accompanying the disproportionation and 
supposed a,at ..1GD consists of the following main contributions 

(8) 
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Molecular Properties of p-Phenylenediamines 825 

where flEr is the repulsion energy and flE.o1v is the solvation energy change. flEr is 
the sum of different terms, the inner-shell energy flE j , the change in u-electron energy 
flE" and the change in n-electron energy flEa. 

(9) 

32000 

31500 

1300 -(X.- X.J,fJ 1500 

FIG. 3 

The dependence of ii (1 L .. -bands) on the difference between the HOMO and LUMO orbital 
(x6 - xs) 

17,----,-----,----,-----,----, 

14 t 

11 

o 0-2 0'5 

FIG. 4 

The activation energies of the homogenous 
electron exchange reactions AG*(293) de
pends on xHOMO 
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826 Grampp, Pluschke: 

We assume that the AEa , AE i , and AEso1v are nearly constant for all investigated 
compounds and therefore the total energy change is mainly determined by the 1t
-electron contribution. If we furthermore adopt the usual assumption that AB D 

depends linearly on ASD , we can write 

where 

AGD = ABD - TASD , 

AGD = -RTln K3 , 

With the assumptions described above follows: 

The change of 1t-electron energy can be expressed by 

and according to Eq. (4) 

(10) 

(11) 

(12) 

(13) 

(14) 

(15) 

(16) 

Unfortunately the term AE~ + AE! - 2AE; is zero in the simple HMO-framework. 
This is caused by the neglect of the electron repulsion term in the HMO-Hamiltonian, 
see Fig. 5. To solve the problem SCF-methods must be used. 

According to Hush21 and Zahradnik22 the change in 1t-electron energy is repre
sented by the electron repulsion I JJ in the SOMO (single occupied molecular orbital) 
of the semiquinone S-; 

(17) 

where I JJ is commonly given by 

(18) 

Considering the LCAO-approximation of the MO's 

(19) 
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Molecular Properties of p-Phenylenediamines 827 

one can write 

/11 = I IC]/lcivY/lv , (20) 
/l v 

where Y/lV represents the electron repulsion integral over the atomic orbitals 4>/l,.' 
Basing on the fact that Y/lV decrease rapidly with the distance of the centers JI. and v 
only repulsions integrals for one center and neighbouring centers were retained. 

TABLE III 

Experimental synproportination constants K3 and repulsions integrals IJJ (J = 5) calculated 
from Eq. (22) 

Compound log K3 Iss 
a 

II 7'924 3'748 
III 8·491 2'932 
IX 7'079 3'595 
X 6'699 3'513 
XI 7'716 2·796 
XII 7-279 2'780 

a Calculated with IP(C) = 11'22 eV, l'cc = 10'53 eV (ref. 22), IP(NH2 ) = 26'70 eV, l'NN = 
= 17·44 (ref.23).IP(CH3h) = 25'70 eV, l'NN = 16'80 eV (refs24,2s), l'NN(N(C2 H s h) = 16'56 eV 
(ref.26); 1 eV :;, 96·4868 kJ mol-I. 

8-0 

70 

FIG. 6 

The correlation between log K3 and Iss 2-5 3-D 
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828 Grampp, Pluschke: 

Under such conditions I JJ can be expressed by 

(21) 

Matagata and Nishimot024 evaluated the 'l'1l.-integral in which III and All stand for 
the ionization potential and the electron affinity of the center jJ., respectively 

IJJ = 'i,cjiIJl - All) + I, I,cil'ci. a (22) 
I' 1" b + 2a/(I,.. + Iv - AI' - A.) 

with: a = 14·3986 and b = 1·4. 

In Table III the calculated 155 (J = 5)-values are listed together with the experi
mental K3 values. Fig. 6 shows the correlation according to Eqs (16) and (17). 

CONCLUSION 

This paper shows that several nlolecular properties of various p-phenylenediamines 
can be interpreted in terms of quantum chemical HMO-calculations, at which the 
perturoation parameters h(NR2 ) are derived from experimental ESR-spectra. 

We thank Prof W. Jaenicke for helpful discussions 011 this subject. 
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