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From a range of porphin and metal porphin moleeules~ mono-, di-, tri- and tetranegative 
ions can be formed in solution. The disproportionation energies of these ions, measured by 
Hus~ and CLACK [6] in dimethylformamide, show similar patterns. For the mononegative 
and trinegative ions, the disproportion of energies are of comparable magnitudes, but the 
disproportionation energy of the dinegative ion is 0.3 - 0.4 eV more positive. I f  it  is assumed 
that the electrons are successively filling the lowest vacant orbital (eg in Dt~) these results can 
be rationalized. In particular, if it is assumed that the dinegative ion is spin-paired, with 
ground-state electronic symmetry Big in D4h, the average difference of 0.3 - 0.4 eV men- 
tioned above should approximate to twice the exchange integral in the antibonding eg orbital. 
Calculation of this integral for a number of porphin structures gives good agreement with 
experiment. 

Von einer Reihe yon Porphin- und Metallporphinmolekiilen k6nnen ein-, zwei-, drei- und 
vierfaeh negativ geladene Ionen in L6sung hergestellt werden. Die Disproportionierungs- 
energien dieser Ionen, yon Hus~ und Cr, AcK [6] in Dimethylformamid gemessen, zeigen ~hn- 
liehe Struktur. Fiir die ein- and dreifaeh negativ geladenen Ionen ist die Disproportionierungs- 
energie etwa gleieh, dagegen f'dr das zweifach negativ geladene Ion 0,3 - 0,4 eV positiver. 
Wenn man annimmt, da6 die Elektronen nacheinander das tiefste unbese~zte Orbital (eg in 
Dth) auffiillen, kSnnen diese Ergebnisse erkl~rt werden. Wenn man insbesondere annimmt, 
dal~ das zweifaeh negativ geladene Ion als Grundzustand einen Singulettzustand der Symme- 
trie Big in Dth besitzt, ist die oben erw~hnte mittlere Differenz yon 0,3 - 0,4 eV angen~hert 
doppelt so grol~ wie das Austauschintegral im antibindenden ep-Orbital. Bereehnung dieses 
Integrals ftir eine Anzahl Porphinstrukturen ergibt gute ~bereinstimmung mit dem Experi- 
ment. 

Une s6rie de porplfines et porphines m6tall6s ferment des ions mono-, di, tri- et t6tra- 
n~gatifs en solution. Les ~nergies de disproportionation dans dim4thylformamide, pr4sentant 
de similitudes [6], sent comparables pour les ions roche- et trin6gatifs, mais 0,3 - 0,4 eV plus 
positif pour l'ion din6gatif. Ces r6sultats sent compr~hensibles dans an seh4ma off les ~lee- 
trons occupent suecessivement l'orbitale vide la plus basso (eg en sym6trie Dab). En particulier, 
si l 'on adopte l '6tat fondamental B~g (en Dth) aux spins antiparallSles, pour l'ion din6gatif, 
les 0,3 - 0,4 eV valent approximativement deux lois l'int6grale d'~change pour l'orbitale e~ 
antiliant~. Le caleul de cette int6grale pour une s~rie de porphines s'aceorde bien ~ l'exp~- 
rienee. 

Introduction 
Porph ins  and  porph in  me ta l  complexes can a t t a c h  electrons to  form nega t ive  

ions [3, g, 6]. I n  apro t ic  solvents  such as d in le thoxye thane ,  t e t r a h y d r o f u r a n  or  
d imothy l fo rmamide ,  these  ions are r e l a t ive ly  s table .  E lec t ron  add i t i on  can be 
accompl ished e i ther  b y  reac t ion  wi th  an  a lkal i  me ta l  [4], a ke ty l  [3] or b y  electron 
u p t a k e  from an electrode [6]. A n  in te res t ing  fea ture  of  these molecules is t h a t  the  
lowest - ly ing v a c a n t  molecular  o rb i ta l  of  the  porph in  r ing sys tem is doub ly  degene- 
ra te ,  or nea r ly  so [8]. This orb i ta l  can therefore  accommoda te  four electrons.  
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ExperimentMly, one can observe successive formation of mono-, di-, tri- and 
tetranegative ions from a number  of porphins and their metal  complexes [4]. This 
is unusual. For hydrocarbons it is very difficult to form an ion with more than 
two electrons added to the neutral molecule (one trinegative hydrocarbon ion has 
so far been described [1]). But  in the porphin series it is possible to measure the 
relative groundstate energies of up to four ions in solution, by determining the 
successive reduction potentials. These have been obtained for a number  of struc- 
tures, and the pat tern  of relative stabilities is surprisingly constant. Some typical 
data are shown in Tab. 1, where successive differences between the first, second, 
third and fourth reduction potentials are listed. 

Table t. Differences of reduction potentials ( V )  /or porphin ions in dimethylformamide solution 
at 20 ~ '~A-+ i E ~ is E%+l - E%, the diJferenee between the potentials of the (n + l )th and n'th 
step. The values table are the experimental/tee energies o/disproportionation o] the mono-, di- 

and trinegative ions respectively (data [rom ref. 6) 

Porphin - iA2EO - 2A3E D - ~A~E ~ 

Zn te~raphenylporphirt 
tetraphenylporphin 
Aetioporphyrin I 
Zn Aetioporphyrin I 
Cn Aetioporphyrin IV 
Zn tetrabenzporphin 
Mg oetaphenyl tetraazaporphin 

0.40 
0.42 
0.44 
0.38 
0.51 
0.37 
0.44 

* E~162 is too negative ~o measure for these molecules. 

0.73 
0.86 
0.85 
0.77 
0.71 
0.65 
0.70 

0.22 
0.t5 

0.21 
0.37 

These are equal to the free energies of ~sproport ionat ion of the ions. Thus, 
for the ion pn- ,  the disproportionation process is 

2 p n -  ~ p ( n - i ) -  + p(n+i)- 

and the free energy of this reaction is 

A G  = - -  f nAn+i E ~ , 

where E ~ E ~ , n+i are the standard n ' th  and (n § t ) ' th  reduction potentials for a 
particular solvent at a fixed temperature.  

These disproportionation energies measure the relative ground-state stabilities 
of the porphin negative ions. A feature of the results in Tab. I is tha t  the mono- 
negative and tdnegative ions have comparable disproportionation energies 
( 0 . 2 -  0.4 eV). This appears to be general. I t  is found both with porphins and 
metal  porphins and for a variety of substituents. I t  is therefore interesting to 
ask whether this reflects general relationships between the ground-state energies 
of the ions. As will be shown, this does seem to be the case. The results provide 
support for conclusions about the symmetry  of the ground-state eigenfunetion of 
the dinegative ions drawn from an examination of their electronic spectra [7]. 

Theory 

The symbol P will be used to denote a molecule with a porphin ring system, 
and MP for a porphin complex in which the two central hydrogen atoms have been 
replaced by a divalent metal. The right-hand superscript indicates the zero net 
charge. Individual porphins will be referred to by  suitable abbreviations - -  e.g,, 
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T P P  for ~xfly5 - -  tetraphenylporphin, TBP for tetrabenzporphin, and TAP for 
tetraazaporphin. 

Similarly, the symbols pn -  and MP n- will be used for the ions formed by 
attaching n electrons to the porphin or its metal complex, respectively. 

The choice of orbitals for the g-electron systems of porphins has been discussed 
in a number of publications. We use here molecular orbitals ~ ,  constructed from 
atomic functions ~u, ~bi = ~ C+u ~Vu (1) 

u 

the summation being carried over all atoms u of the porphin skeleton. 
These orbitals are assumed to satisfy the eigenvalue equation 

Y ~  = ~ s (2) 

where F is the Hartree-Fock self-consistent field operator and ~ is the eigenvalue 
matrix. 

We shall assume here the validity of the PA~ISER-PAR~ [9, 10] approximation 
to the self-consistent equations. We suppose also that  the orbitals q)~ are indepen- 
dent of the state of ionization of the porphin system. This assumption, which 
implies that  Koopmans'  theorem is identically satisfied, cannot be strictly correct~ 
but  it is probably a good approximation. I t  may be noted, in passing, that  these 
ions provide useful systems for examining the dependence of orbital structure on 
degree of ionization. 

In the ground state of p0  orbitals ~51 . . . . . .  ~n are occupied by 2n electrons. 
The single determinant 

corresponding to this configuration is taken as the ground state eigenfunction for 
p0. Thus : 

I 0, : . . . . . . . .  I. (3) 
For any reasonable choice of parameters, the lowest empty orbital in a Dan 

porphin skeleton has eg symmetry. In the corresponding porphin, the central 

eg (q) b2~ 
(p) bag 

a2~, (n) blu 
Dd~, D2~ 

Fig. 1. Highest occupied (n) and lowest unoccupied 
orbitals (p, q) in metal porphin and porphins with 

Dda or/)an symmetry (Metal orbitals omitted) 

protons define a perturbation axis, and 
the orbital degeneracy of this level is 
removed. The b 2 g -  bag splitting can be 
traced in the visible absorption spectrum 
of the porphin [5]. How far the Jahn- 
Teller effect will operate to remove the 
orbital degeneracy of those MP n- ions 
which have formal Eg ground states is not 

yet  known. In any case, we shall ignore here small splittings of the @ orbital, and 
discuss the Ddn system. 

In D4~ s~mmetry (with ~b v and ~q for the components of eg) the ground-state 
configurations for the mono-, tri- and tetranegative ions are : 

(Throughout, functions are written to satisfy Sz [ a} = + �89 t [ a}). 



Porphin Ion Energies 111 

These functions arc straightforward, provided that  the basic assumption that  
the orbital being filled is the lowest eg level is correct. For the dinegative ion, the 
choice of ground-state eigenfunction is not so simple. The four configurations 
arising from (eg) ~ are : 

t 
- 2 ,  u . >  = ~ ( 1 r  . . . .  r  I + ~ . . . .  ~ , r  !1 

1 - 2 , 1 R . >  =?g(Ie~g l  . . . .  c n g . e ~ g ~  I -  e l ~  . . . .  eng,~r !) 
1 

- 2 ,  lB.> = ~  (l e l g l  . . . .  en g,,~e.g~ ]+  l e~g l  . . . .  e - g - e ~ g ~  l) 
l 

- 2 ,  u~,> = N ( l r  . . . .  r  I - I r  . . . .  e . ~ . r  l). (5) 
The energies of these configurations, relative to E [ 0, 1Axg> are as follows : 

E 1-- 2, ~A~> = ~ + E~ + �89 (< pp 1 V I PP> + < g~ I V I qq>) + < ~q I V l q~> 

E [-- 2, ~Bw} = Ep .5 Eq-t- < pq [ V [ pq} § < pq [ V [ qp} 

In these equations, the two-electron integrals are of the form : 

<iil V lkl > = IIq~* (1) r  (2) e~/rx~q~ (1)q)~ (2) d~:d~.  (7) 

In Dab symmetry, these equations of course simplify, as Eq = Ep and <pp [V ]pp> 
= <qq I V I qq>, but it  is useful to have them also in their more general form. 

From ROOT3AA~'S [12] two-electron integral inequalities, it can easily be seen 
that  

~A~ > (1B~, B~) >__ ~A~. (8) 

Since, in zhn, ~ (<pp[ V[pp> + <qql V t qq>) = <PP l V I PP>, then 

<VV l V I~P> >- <~ql V l~'q>" (9) 
I f  we take these integrals as approximately equal (a reasonable assumption) 

the two lowest configurations are ~B~ a and ~A w, accidentally near-degenerate. 
The ground state will then be either a spin singlet or a spin triplet, the two configu- 
rations lying very close to each other. I t  can be shown that  configuration interac- 
tion (which is not explicitly considered here) leads to greater lowering of the singlet 
than of the triplet state energy. Hence, a singlet ground state is possible. Experi- 
mentally, the dinegative ion ZnTPP 2- has been shown to be diamagnetic [3], and 
the electrmfic spectra of the dinegative ions which have so far been examined 
[4, 7] (including those of the molecules in Tab. 1) are consistent with the assump- 
tion of a spin-paired ground state. We shall assume that  this is generally so, and 
that  the dinegative ions have ~B~a ground states. 

For the four ions of a given porphin, the ground-state energies, relative to 
E (P) are thus: 

E (P-) = E~ 

E (P~-) = 2 E~ + <pp I V [pp>-- <pq I V I qP> 
E (ea-) = 3 E~ § 2 <pq [ V I Pq> + <l~ I V I PP>-- <Pq I V [qP> 
E (P a-) = 4 E~ + 4 <pq l V l pq>--  2 <pq [ V t qp> -5 2 <pp [ V l pp> . (10) 
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The four electron affinities A~ . . . . .  A~ of  the porphin are given by : 

- - A 1 -  Ep 

- A3 = E~ + 2 <;q [ v J ;q> 
- - A ~ = E p + ( p p  0 V [ p p } + 2 ( p z ]  V[pq}--(pq[ VIqp}.  ( l l )  

As (pp ! V I PP} for these systems is of  the order of  4 eV, the last ~,shree ions are 
autoionizable, and will exist only in a crystal  lattice or in solution. We consider 
ions in solution. I n  an ionizing solvent, it is possible to define and measure an 
oxidation-reduction potential  E ~ for the process 

pg(n-~) + e -+ p~-n, (12) 

where the subscript  s indicates tha t  the ions are dissolved in the solvent s. 
The oxidat ion-reduction potential  can be expressed as 

- -  F E~ = - -  A n  + cr  - -  ~X(n-l) + C ,  ( t 3 )  

where c~i is the real free energy of  solvation of a species of  charge i I e0 I, and C is 
a constant  which depends on the part icular  reference electrode which has been 
chosen. Absolute values of  C are known for some solvents, and could be subtracted 
from the lefthand side to give [ - - C - - F E  ~ . . . .  An @ ~ - n - -  ~-(n-1). Useful 
information about  the solvation terms can be obtained in this way. However,  we 
are interested here only in relative values of  E ~ . 

We shall assume tha t  for these ions the dependence of  free energy of  ion-solvent 
interact ion obeys Born 's  equation, and is proport ional  to the square of  the ion 
charge. Then 

~ - n  - -  a - ( n - ~ )  = - -  (1 " 2 n )  0r 1 . ( 1 4 )  

The pa t te rn  of  Fig. I shows intervals between successive reduction steps. The 
potential  increments are (writing F (e ~ - -  e ~ as F 1A ~ e ~ etc.) : 

- F 1 ~  ~0 = A ~ - -  As + 2 ~_~ = / P P  I V I ~P> - -  ~P~ I V I ZP> + 2 ~-1 
- - F ~ A " ~ o = A ~ - - A ~ + 2 o ~ _ ~ - 2 ~ p ~  I V [~o~--~:.~ [ V Ipp~ + 

+ i:"ql V l~p> + "2 o~-1 

~- ~ p  l v l~p~ + < ~  l v lqp~ + 2 ~_~ 
- -  F 314 ~0 = A 3  __ .A 4 _~ 2 0r 1 = <~gp l V ] P P )  - -  ~Pq  ] V I q~9) ~- 2 or 1 . (~5) 

The approximate  form of ~zl a e0 is obtained when the equali ty sign is used in eq. (9). 

Comparison with Experiment 

According to these equations, the spacing of  oxidation-reduction potentials is : 

1A 2 eO = 3A4 e0 

2 

For  purposes of  comparison with the experimental  results, we distinguish 
between species whose pro to type  molecules are porphin, te t rabenzporphin  and 
tetrazaporphin.  The e e orbitals for these three groups of  molecules will natural ly  
be different. 
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The prediction ~A ~ E ~  ~ sAa E ~ is well satisfied for Mg octaphenyl  TAP  
(av. ~ A ~ E  ~ S A a E ~  • 0.04V).  I t  is more approximate ly  satisfied for 
ZnTBP (av. ~A z E ~ ~A a E ~ - -  0.29 • 0.08 V.) and for the porphins (av. ~A ~ E ~ 
sA ~ E ~  0.31 • 0.i2), bu t  the magni tudes  are certainly comparable and the 
agreement  is probably  within the accuracy of  the assumptions tha t  have been 
introduced.  

The second prediction is concerned with the difference of disproportionation 
energies of  mononegat ive  and dinegative ions. The relevant data  are summarized 
in Tab. 2. The experimental  values of  ~A z E ~ - -  ~z] s E ~ are grouped in the second 

Table 2. Experimental and theoretical values o/~A~E ~ - ~ aE ~ /or porphins. Values o/exchange 
integrals ( pq ! V I qP } are those calculated/or the prototype molecules porphin, tetrabenzporphin 

and tetraazaporphin respectively (see text) 

[ 24pqlViqp)(eV) System ] ~AeE ~ - 2AaE~ (V) i �9 

' I Porphins (averaged) ] 0.35 • 0.06 0.54 
Zn tetrabenzporphin ] 0.28 0.22 
Mg oetaphenyl tetraazaporphin 0.26 0.32 

column. These are of  the order of 0.3 eV for the TAP  and T B P  systems, bu t  the 
porphin values seem significantly larger. I n  the third column, theoretical  values 
of 2 (p~  I V I qP) are listed for each porphin structure. These have been calcu- 
lated by  H ~ s ~  and DoD9 [7] using interatomic distances derived from t{OBE~T- 
SON'S measurements  [11] on phthalocyanine,  with the systematic  approximations 
introduced by  PA~ISE~ and PA~R [9]. The orbitals and the values of  the hetero- 
parameters  used in these calculations have been ment ioned briefly in ref. [6]. and 
will be described in detail elsewhere. The numerical agreement is seen to be quite 
good. I t  is stressed, however, t ha t  the p r imary  purpose of  this paper is to give a 
general in terpreta t ion of  the observed relative ion stabilities. Fur ther  discussion 
of  these quantit ies mus t  await  more detailed SCF eMeulations, and also a more 
detailed consideration of  solvation terms*. 

Solvation energies of singly-charged radical anions have been recently discussed in 
ref. [2]. 
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