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The odd electron perturbation method earlier used to explain the anomalous emissions of 
porphyrins with one unpaired d electron is now applied to the d 8 configuration of Ni porphyrin. 
Many extra states occur because the metal can be 1Alo, 3B~g, or 1Big. Absorption spectra are calculated 
for both 1A~g and aB~o ground states. In the case of aB~o ground state the normal porphyrin states are 
augmented by several others. Lack of emission from Ni porphyrins is explained by these extra states. 
The strong phosphorescence of Pd and Pt porphyrins is attributed to a very high energy 3B~g. 

Eine spezielle Form der St6rungsrechnung for ungepaarte Elektronen, mit der frtiher die 
anormale Emission des Porphyrins erkl~irt wurde, wird auf die d 8 Konfiguration des Ni-Porphyrins 
angewendet. Viele weitere Zust~inde treten auf, weil die Metallzust~inde die Symmetrie ~A~o , 3B~o 
oder ~B~g haben k6nnen. Absorptionsspektren werden sowohl fiir IA~o als auch 3B~0 als Grund- 
zust~inde berechnet. Im letzteren Falle treten neben den normalen Porphyrinzustiinden weitere auf, 
wodurch sich das Fehlen einer Emission bei Ni-Porphyrin erkl~irt. Die starke Phosphoreszenz des 
Pd- und Pt-Porphyrins wird mit der sehr hohen Energie von 3B~o begriindet. 

La m6thode de perturbation ~ 61ectron c61ibataire utilis6e auparavant pour expliquer les 6missions 
anormales des porphyrines avec 1 61ectron d c61ibataire est maintenant appliqu6e/t la configuration d 8 
de la porphyrine du nickel. De nombreux 6tats suppl6mentaires apparaissent car le m6tal peut ~tre 
1Alo, aBlg, o u  1Blo. Les spectres d'absorption sont calcul6s pour les 6tats 1Alo et aBlo. Dans le cas de 
aB10, aux 6tats normaux de la prophyrine s'en ajoutent plusieurs autres. L'absence d'6mission des 
porphyrines du nickel s'explique par la pr6sence de ces etats suppl~mentaires. La forte phos- 
phorescence des porphyrines de Pd et Pt est attribu6e/t un 6tat de haute 6nergie aB~g. 

Introduction 

Nickel po rphyr in  complexes are generally diamagnetic,  bu t  certain nickel 
porphyr in  complexes can become paramagne t ic  in the presence of pyridine [1]. 
This is a c o m m o n  p h e n o m e n o n  with d 8 complexes and  is referred to as solut ion 
pa ramagne t i sm [2]. The complexes involved are generally square p lanar  and  the 
pyridine applies a s t rong axial pe r tu rba t ion  to this l igand field. The addi t ional  
in terac t ion  raises the energy of the alg(d~2 ) l igand field orbital  to the point  where 
it becomes energetically favourable to unpa i r  the electrons in this orbital  and  
place one electron in  the  blg(dx2_y2 ) orbital.  The conf igurat ion becomes 
(al0) 1 (blo) ~ with the triplet lying lower. This paper  considers the in teract ion of 
this conf igura t ion with the low lying states of porphyrin .  The problem is some- 
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what analogous to that which arises in VO, Co, Cu complexes, which have one 
unpaired d electron [3, 4]. However, the d s problem has many more states. We 
shall in this paper present detailed calculations only on Ni complexes, but will 
use the results to attempt to explain the luminescence properties of the three d a 
metals Ni, Pd, Pt. 

Electronic States and Energies 

The formation of states proceeds analogously to that of the case with one 
d electron [-3]. The spectra of closed shell metal porphyrins arise from transitions 
between top filled orbitals a2u , alu to lowest empty orbitals % We shall as before 
denote the ground state lq~ o. The states associated with a l , ~  e 0 we denote 3, ~Pl 
and those associated with a 2 , ~ e  o we denote 3'1~p 2. We note that there is no 
configuration interaction between the triplets, which have also been denoted 
3Tt, 3T 2. The singlets have strong configuration interaction and give rise to the 
weak 1Q and intense 1B states [-3]. 

For  the d 8 metal complexes we need to consider three metal states aA~o, 
3B~o, 1B~o. The first arises when the two d holes are in dx2_r2, while the latter 
two arise when one hole is in each of dz2, d~2_y~. Table 1 gives the energy 
expressions for the combination states. The wavefunctions for these states are 
written out elsewhere [-4]. The energy for t T 0 = 1Fo" ~Alg is taken as zero. The 
values ET 1, ES 1, ET 2, ES 2 are similar to those that occur for the closed 
shell metal states 3'1F1, 3'~p2 and are determined from spectral data in a 
manner analogous to that used for VO, Co, Cu complexes [-3]. The exchange 
integrals K'  and K "  are calculated as discussed below. If the ground state is 1 Itg0, 
the only states which are radiatively allowed are ~T 4 and ~ Ts. As in the earlier 
study [-3] we shall assume 

(1 ~o Ier 11T2 = (1~o I er  11T5) = Rq. 

Similarly, if the ground state is 3To, only transitions to 3T 7 and 3T s are 
allowed. Again, the transition dipole to each is Rq. As in the closed shell case, 
there is strong configuration between pairs of states: 1 T4 and 1 T5 ' ~ T6 and 1 T7 ' 
3T 7 and 3T 8 giving rise to analogues to the Q and B states. As a result, we can 
adopt the short notation for all the resulting states given in Table 2. This is used 
in the Figures and in subsequent discussion. 

All the singlets ~ a - 7  are of E,  symmetry and some of them mix through 
two electron terms. Below are given the nonzero off-diagonal matrix elements 

Ha ,  = - (~/6/2) (eoyalo ]bloeor), 

H26 = (V3/2) (K(eor, al o) -t- K(a2, ,  bl o) + K(eo, ,  big) + K(azu,  alo)) , 

H35 = - (]/~/2) (eo~ alg I big eg~) , 

H37 = (]//3/2) (g(egx, alg ) -t- g ( a l u  , big ) -1- K(eox , big ) -I- K(alu  , alg)) , 

H4s  = 2(al,eorleg~a2,) = C I  = H6v, 

H46 = (1/]/2) (2(egya~g l egybtg)-  (eo, alg I blgeo,) ) , 

Hsv = (1/]/~) (2(eg~a~o l eg~bto) - (eg~aag ] b~oeg~) ) . 
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Table 2. Short notation for d s states ~ 

iAig ~Bl~ iBlo 

411 

l~po ZA 1B 10 3Big lo 

3~1, 3~2 3T1, aT 2 1,a,~T~, ~,3,5T~ 3T~', aTe' 
1~01, l~p 2 1Q, 1B 3Q,, 3 B, 1Q,,, IB,, 

a There is little configuration interaction between 31/)1, s~o 2 but it is strong between ltpl , 1~p2. 
See text. 

For  the triplets eight states of E u symmetry exist and can mix. The following 
nonzero matrix elements are obtained: 

H i s  = -(egyalg]btgeor) = 1/-2 H17 , 

H15 = (l/[/~) (2(eoyala l egyblg)-  (egyalg [ blgegy)), 

H24 = -(egxalg I blgegx) = V2 H2s ,  

H3s = (1/V~) (K(eoy, axg ) + K(a2u, a~g) - K(egy, b~g) - K(a2u, big) ) , 

= ( 1 / l A )  ( K ( e . ,  % )  - K(a u, al ) + K ( % ,  - 

H46 = ( 1 / ~ )  (K(eg~, alg ) + K(alu , alg ) - K(egx, big ) - K(alu,  big)), 

H4s = (1/]/~) (K(eo~ , alg ) - K(a l . ,  axa ) + K(eg~, big ) - K(a l . ,  big)), 

Hs7 = �89 alg ) - K(a2, ,, a19 ) - K(egy, big) + K(a2,,, big)), 

H6s = �89 alg) - K(al,,,  alg) - K(egx, bla) + K(alu,  big)), 

H T s = C I .  

Calculations and Results 

The methods used to obtain states, energies and intensities were those used 
previously on VO, Co and Cu porphyrin [3]. The double reduction was made on 
all two electron integrals except K(alg,  big ). In the calculation of the a-Tr integrals 
only one center integrals were included. The Ni atomic input integrals were chosen 
to be consistent with a +0.3 charge and an s~176 s'7 configuration. They are 
F2(dcO = 73,500 cm-  1 and G2(sd) = 7,150 cm-  1. The spectral input data came 
from Ni deuteroporphyrin [53: f B =  1.18, f Q =  0.134, E B =  25,610cm -1, 
E o =  18,200cm -1. The emitting triplet was taken from Becker [6], who 
reported that Ni mesoporphyrin phosphoresces weakly at 14,680 cm-  1. Although 
more recent studies suggest that this luminescence is due to a Cu impurity [7], 
this energy is probably quite close to the value needed to determine ET 1, 

Two calculations were made. Calculation I used the molecular orbitals 
resulting from a planar nickel porphin extended Htickel (EH) calculation [83. 
Calculation II used the corresponding molecular orbitals from an EH calculation 
on the Ni porphin pyridine complex. For  the latter the nickel was taken to be 



412 R. L. Ake and M. Gouterman: 

Table 3. Exchange integrals (in cm -1) 

Integral Calculation I Calculation II 

K(eox, alg ) 171 1817 

K(eor, aig ) 171 1704 

K(ai,,, alg ) 3 16 

K(a2~, aio ) 121 18680 

K(%x, big ) 371 425 

K(eoy , big ) 371 430 

K(alu, bio ) 16 211 

K(a2., big ) 400 1141 

(e oxaio [ eoxbio ) 477 415 

(eo~aig ] bi0e0x) 90 97 
(e0y alo I e0y bl 0) 477 469 
(eoyalo[bioeoy) 90 106 
K (al9 , bio ) 3217 3292 

A reduction factor of 0.3974 was applied to all these integrals, except the last one, before they were 
used in the calculations. 

0.5 A out of the plane of the porphyrin ring and the pyridine nitrogen was placed 
2.0 A above the nickel with the plane of the pyridine perpendicular to the por- 
phyrin ring and passing through two of the porphyrin nitrogen atoms. 

Table 3 gives the integrals which resulted from the use of the two sets of 
MO's. The big difference is seen to lie in integrals involving azu and a~o. The 
geometry of the complex destroys the center of symmetry and allows the azu por- 
phyrin rc to mix with the alg(d=2 ) metal orbital. This results in a large one center 
metal contribution. The effect of these larger integrals is to mix certain states 
more heavily in Calculation II than in Calculation I. The diagonal energies are 
also dependent on these integrals. 

The presence of the pyridine also destroys the equivalence of the Eux and E,y 
submatrices. This effect, however, is small. The off-diagonal matrix elements in 
the two submatrices differ by little and the EH calculations indicate that the 
formerly degenerate diagonal energies are now separated by about 30 cm -~ 
This separation is too small to be shown in the figures illustrating our calculated 
spectra, but it should be understood to be present. 

In both calculations the energy of the 3Big above the IA~o, defined as ETM, 
was varied over a range from 18,000 cm-  1 to - 500 cm-  1. This energy difference 
is affected by porphyrin substituents and the range of values employed was meant 
to cover a range of situations. It should be understood that the extremely low 
values of ETM found in the calculations of type I as well as the extremely high 
values of ETM found in the calculations of type II will probably not correspond 
to any situation to be found experimentally. The resulting energy levels as a func- 
tion of ETM for the two types of calculations are given in Figs. 1 and 2. 
Absorption spectra are given in Fig. 3 for two particular cases. From the type I 
calculations that calculation having a value of ETM = 3,000 cm-  ~ was chosen 
for the diamagnetic case because it presents the interesting situation of having 
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Fig. 1. Singlet energies (solid lines) and triplet energies (dashed lines) for CalcuIation I (planar, un- 
complexed) as a function of ETM (cm- a). The very low values of ETM are not  expected to correspond 

to situations to be found experimentally 
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Fig. 2. Singlet energies (solid lines) and triplet energies (dashed lines) for Calculation II (nonplanar, 
complexed) as a function of ETM (cm-1). The very high values of ETM are not expected to 

correspond to situations to be found experimentally 
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1T~ lower than 1Q, thus playing a role similar to the tripdoublet in VO, Co and 
Cu complexes. The EH calculations predict a value more like ETM = 8,000 cm-  1, 
but this is probably an extreme value, not even encountered in the most neutral 
solvents. From the type II calculations a value of ETM = - 500 cm-  1 was chosen 
representing the paramagnetic case. 

A stick representation of an absorption spectrum plotted as loge versus 
wavenumber is given for the two cases in Fig. 3. The diamagnetic singlet spectrum 
shows a normal B and Q band with some new states whose intensities are less 
than those of the B and Q bands by two orders of magnitude. The paramagnetic 
triplet-triplet absorption spectrum, however, shows a red-shifted Soret band with 
a new intense band appearing to the blue of it. Experimentally a red shift on the 
order of 1,000 cm-  1 is observed [9]. It is interesting that a shift of the right order 
of magnitude can be obtained without the use of charge transfer states. It can be 
seen that several excited states of intensity e-> 104 a r e  predicted for the para- 
magnetic ground state. 

An interesting point to note is that 3T 2 lies above XQ (see Figs. 1 and 2). This 
was not found in VO, Co, Cu or Zn complexes. It is accounted for not by a 
greater difference in the rc-x exchange integrals, but by a greater splitting of the 
pure configuration singlets as obtained from the spectral data. 

Singlet-singlet spectrum (diamagnetic complex) 

IB,, 

I B 

1Qn 
1Q 

li 
I I I 

Triplet-triplet spectrum (paramagnetic complex) 
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Ol 
40000  

~ ,..r. i i  
'2 

' 30600 ' 
Energy 

3 B, 

3rz 
3V," '11 3T, 
J 3Q' J--3T, 

I lii" 
20C)00 

(cm-1)  

i 
' I 0 0 0 0  

Fig. 3. Singlet-singlet absorption spectrum for ETM = 3.000 cm -~ (Calculation I) and triplet-triplet 
absorption spectrum for ETM = - 5 0 0  cm-1  (Calculation II) 
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Relation to Luminescence 
Recent experiments show that diamagnetic nickel porphyrins luminesce very 

weakly if at all [7b]. Fig. 2 provides a ready explanation. For 12,000 cm - t  
> ETM > 8,000 cm-1 the state 1Big lies between the normally fluorescing state 
1Q and the normally phosphorescing state 3T 1, and would efficiently transfer 
energy between them. However, phosphorescence from 3T 1 is likely to be quenched 
by the lower energy 3B1~. For lower values of ETM, 1Big is the lowest excited 
singlet. However, since the radiative transition from 1Blo to the ground state is 
forbidden, it most likely will decay radiationlessly. For a diamagnetic complex 
with ETM<3,000cm -1 the states 1Blo and 3Blo are so low in energy that 
radiationless decay to them might become inefficient. Conceivably, emission 
from 1T~ or 3T 1 might then be observed. 

Emission characteristics of the paramagnetic complex can be predicted from 
Fig. 3. Excitation takes place in the triplet manifold followed by rapid internal 
conversion to 3T~, the lowest excited triplet. By intersystem crossing the 5T~ 
can be populated, and the energy would be degraded to ST;. Notice here that 
the large value of K(a2u, alo) has pushed the a2,~eo quintet lower than the 
al,~eg quintet even though a~u~ % gives the lowest triplet. Hence, the emission 
would be a quintet--, triplet phosphorescence and would appear at about 
10,000 cm-1. This is a very low energy electronic emission and probably would 
be radiationlessly deactivated. 

In this context it becomes of interest to ask why Pd and Pt porphyrins have 
such strong phosphorescence [6, 7hi, although having the same d s configuration 
as Ni. Unlike Ni porphyrins, Pd and Pt porphyrins do not complex with pyridine 
at room temperature although there is evidence for some complex formation at 
liquid nitrogen temperature [7b, 9]. Palladium and platinum are larger than 
Nickel. The Pd-Pd and Pt-Pt metal distances are 2.74 and 2.77 A, respectively 
compared to the Ni-Ni metal distance of 2.49 A [10]. In dimethylglyoxime 
complexes the P & N  distance is 1.93 A, while the Ni-N distance is 1.85 ~. Palla- 
dium and platinum have greater preference for square planar complexes, which 
are always diamagnetic, than has nickel [11]. Based on spectroscopic shifts, 
Pd and Pt porphyrins are presumed to be more covalent and stable than Ni 
complexes [12]. Finally, we note that the Soret band of the pyridine complexes 
of Co and NiTPP are shifted ~200A to the red of the uncomplexed com- 
pounds while in Cu and Zn TPP the complexed and uncoupled forms are at 
about the same wavelength [9]. This observation suggests that pyridine com- 
plexing of Co and Ni TPP leads to a geometry change, most likely the metal moving 
out of plane. 

All of these considerations can be comprehended if we assume that the a bond- 
ing of Pd and Pt to the porphyrin ring is stronger than for Ni. This could arise 
because of a greater tendency to covalency and a more favourable overlap for Pd 
and Pt. As a result, the empty blo(dxz_yz ) will have a far higher energy than in Ni. 
This can be related to the far weaker tendency for Pd and Pt to form pyridine 
complexes: Such complexes may require a paramagnetic electronic configuration 
and a non-planar geometry, which in Pd and Pt are resisted by the strong 

bonds. Because of the high energy of blo(dx2_y2), the state 3B1~ may lie above 
3T~, giving a normal phosphorescence. 
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A n o t h e r  feature tha t  needs  exp lana t ion  is the lack of  f luorescence of  Pd  
porphyr ins ,  a l t hough  a weak f luorescence is obse rved  in Cd  po rphyr ins  where the 
meta l  has  a higher  Z value [6, 13]. Becker  and  Al l ison [61 found that  
Cd  m e s o p o r p h y r i n  IX has a m e d i u m  in tens i ty  phosphorescence  with a 7 msec 
lifetime, while the Pd complex  has a very s t rong  phosphorescence  with a 2 msec 
lifetime. Whe the r  or  no t  the  rad ia t ion less  decays of  the Cd complex  occur  as 
1Q _~ 1A1 ~ or  3T 1 ~ 1Alo, the  observed  luminescence  requires  tha t  the radia t ionless  
ra te  1Q ~ 3T1 and  the rad ia t ive  ra te  3T1 ~ 1Alo mus t  be faster in Pd than  in Cd  
porphyr in .  Thus  sp in -o rb i t  coupl ing  mus t  be s ignif icant ly greater  in Pd in 
spite of  its lower  a tomic  number .  One  reason  for this might  be the presence of 
m a n y  m o r e  second  o rde r  in te rsys tem cross ing processes due to the extra  
states assoc ia ted  with  the 3Big, ~B~o meta l  conf igurat ion.  Also we m i g h t  note  
tha t  our  theore t ica l  s tudies  on VO, Co, Cu and  Zn po rphyr ins  predic t  that  
the sp in-orb i t  in te rac t ion  ma t r ix  e lement  is 5 to 30 t imes larger  in the open 
shell meta ls  t han  in Zn. The  same u n d o u b t e d l y  is t rue for Ni  c o m p a r e d  to Zn 
and  for Pd  c o m p a r e d  to Cd. 

Acknowledgements. This research was supported in part by Public Health Services Research 
Grant GM-14292 from the Institute of General Medical Sciences. 

References 

1. Caughey, W. S., Deal, R. M., McLees, B. D., Alben, J. D.: J. Amer. chem. Soc. 84, 1735 (1962). 
2. Miller, J. R.: Advances in Inorganic Chemistry and Radiochemistry, Vol. 4, p. 133, 1962. 
3. Paper XIV: Ake, R. L., Gouterman, M.: Theoret. chim. Acta (Berl.) 15, 20 (1969). 
4. Ake, R. L.: Ph.D. Thesis, Department of Chemistry, Harvard University (1968). 
5. Caughey, W. S., Deal, R. M., Weiss, C., Gouterman, M.: J. molecular Spectroscopy 16, 451 (1965). 
6a. Allison, J. B., Becker, R. S.: J. chem. Physics 32, 1410 (1960). 
6b. Becker, R. S., Allison, J. B.: J. physic. Chem. 67, 2662, 2669 (1963). 
7a. Paper XII: Eastwood, D., Gouterman, M.: J. molecular Spectroscopy 30, 437 (1969). 
7b. Paper XVIII: Eastwood, D., Gouterman, M.: J. molecular Spectroscopy (in press). 
8a. Paper IV: Zerner, M., Gouterman, M.: Theoret. chim, Acta (Berl.) 4, 44 (1966). 
8b. Zerner, M.: Ph.D. Thesis, Department of Chemistry, Harvard University, 19.66. 
9, Worcester, D. L., Gouterman, M.: unpublished. 

10, Pauling, L.: The nature of the chemical bond. Ithaca: Cornell University Press 1960. 
11, Cotton, F. A., Wilkinson, G.: Advanced inorganic chemistry, Interscience Publishers, 1962. 
12. Falk, J. E.: Porphyrins and metalloporphyrins. Amsterdam: Elsevier Publishing Co., 1964. 
13. Paper XIII: Seybold, P. G., Gouterman, M.: J. molecular Spectroscopy 31, 1 (1969). 

Dr. Robert L. Ake 
Dept. of Chemistry 
Old Dominion University 
Norfolk, Virginia 23508, USA 


