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of both CCP and HRP. Since proton transfer to a nearby Asp 
residue is possible in both proteins, it could be important in 
formation of an initial compound I state in both species. Since 
Trp 191 is absent in HRP, this state is more stable in HRP but 
is easily transformed to the ES complex in CCP. 
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Ab initio UHFS DV-Xa calculations of the low-lying states of manganese, iron, and cobalt phthalocyanines have been carried 
out with basis sets corresponding to about 'double-r quality. Comparison with experimental spin and charge densities on 
@-polymorph crystals shows the ground states to be 4\, 3Es (or less likely 'Bo), and 2AI,, respectively. The molecules are highly 
covalent, with u donation into 3d9-9 of ca. 0.7 e and r back-donation into the macrocycle of ca. 1 e from dxryr, with the other 
3d orbitals fairly ionic in character. The T back-donation differs strongly between "up" and "down" spin, the up spin being mostly 
ionically localized in metal 3d,,, orbitals whereas the down spin is strongly covalently delocalized onto the macrocycle. This 
large differential covalence appears in experiment as well as the calculation. Such covalence is compatible with ESR, magnetic 
and Mossbauer data on the crystals. Consequently, the assignment of ground state with ionic ligand field models can be misleading. 
The 3d dominated orbitals lie in the order 3d9-,2 >> 3d,z > 3d, N 3d,,, with upspin members lower in energy than down-spin 
ones, giving the observed ground states. The closeness of the 3d, and 3dw, down-spin orbitals in the calculation for FePc suggests 
that the contribution of 3B2, and ]E, in the spin-orbit mixed ground state may vary greatly depending on small changes in axial 
ligation. This means small changes in such ligation can produce changes in both spin and charge populations on metal and Pc 
of about 1 e. 

Introduction 
Metal complexes of tetrapyrrole ligands are widespread in 

biological systems and, probably concomitantly, their properties 
are often very sensitive to their chemical environment, both intra- 
and intermolecular. Metal phthalocyanines and simple porphyrins 
have often been used as model compounds to try to understand 
the details of the metal-ligand bonding in important biological 
molecules. In addition, metal phthalocyanines have an extensive 
redox chemistry with applications in electro- and photocatalytic 
and semiconduction processes.' 

The compounds have a rich array of properties with complex 
spectra and electrochemistry, highly variable from one metal to 
another. The magnetic and ESR properties also cover a wide 
range. The first mentioned properties are broadly understood in 
terms of molecular orbitals models, such as iterated extended 
HUckel, which emphasize the covalent mixing of metal and 
macrocycle orbitals and the importance of charge transfer as well 
as intra-ring transitions.* On the other hand, historically, the 
magnetic, ESR, and related properties have been interpreted in 
terms of a ligand field model, with its inherently ionic basis. While 
such modeling has been successful in many respects, such as the 
explanation of the Occurrence of unusual intermediate spin states, 
if pressed too far, inconsistent interpretation can r e ~ u l t . ~  

Aside from the question of covalence, a further pmible source 
of confusion is the sensitivity of ground states to intermolecular 
effects. For example, the ESR properties of Cope are very dif- 
ferent between its two  polymorph^.^ This has been recognized 

( I )  (a) Metal Complexes with Tetrapyrrole Ligands. In Srrucrurc and 
Bonding, Buchler. J. W.. Ed.; Springer: Berlin, 1987; Vol. 64. (b) The 
Porphyrins; Dolphin, D., Ed.; Academic Press: New York, 1989; Vols. 
1-7 . .. 

(2) See, for example, the review by M. Gouterman in ref 1 b or: Lever, A. 
B. P.; Pickens, S. R.; Minor, P. C.; Licoccia, S.; Ramaswamy, B. S.; 
Magnell, K. J. Am. Chcm. Sac. 1981, 103,6800. 

(3) See, for example, the discussion on iron systems in: Coppens. P.; Li, 
L. J. Chem. Phys. 1984,81. 1983. 

in the electronic ~ p e c t r a , ~  where attempts a t  a detailed under- 
standing are restricted to weakly axially ligated solution or vapor 
data. In our case, we are primarily interested in the @-polymorph, 
so solution or vapor data bear on this only to a limited extent. 

Attempts at  a more fundamental understanding of the electronic 
structure of metal phthalocyanine free molecules by use of ab initio 
calculations have been ma& most notably by HartreeFock (HF),6 
Xa,'.* and IND09  methods for states of ferrous porphine, and 
by Xa methods for copper porphine,' as well as other systems.'*'5 
The HF calculation shows little covalence in the metal-macrocycle 
bonding and takes account of electron-electron correlation by only 
limited configuration interaction. In contrast, the Unrestricted 
Xa and INDO calculations give a markedly covalent description. 
A beginning has been made in the proper inclusion of spin-orbit 
coupling for copper porphine. In these UHFS cases, and in the 
earlier calculation on iron and copper tetraazaporphyrin,I0 good 
agreement is obtained with spectroscopic, Mossbauer, and reso- 
nance data. The message to be derived from the Xa calculations 
is, first, covalence is important and, second, because of the energy 

(4) Ciliberto, E.; Doris, K. A.; Pietro, W. J.; Reisner, G. M.; Ellis, D. E.; 
Frapla. I.; Herbstein, F. H.; Ratner, M. A,; Marks, T. J. J.  Am. Chem. 
Sac. 1984, 106, 7748. 

( 5 )  Nyokong, T.; G~SYM, 2.; Stillman, M. J. Inarg. Chem. 1W. 26.1087. 
( 6 )  Rohmer, M.-M. Chem. Phys. Lett. 1!W, 116,44. 
(7) Case, D. A. In Porphyrins: Excited States and DyMmics; Gouterman, 

M., Rentzepis, P. M., Straub, K. D., Eds.; ACS Sympaium Series 321; 
American Chemical Society: Washington, DC, 1986, p 59. 

(8) Sontum, S. F.; Case, D. A.; Karplus, M. J.  Chem. Phys. 1983,79,2881. 
(9) Edwards, W. D.; Weiner, 8.; Zerner, M. C. J. Am. Chcm. Soc. 1986, 

108,2196. 
(10) Bcrkovitch-Yellin, 2.; Ellis, D. E. J. Am. Chem. Sac. 1981,103,6066. 
( 1  I )  Kutzler, F. W.; Ellis, D. E. J. Chcm. Phys. 1986,81, 1033. 
(12) Case, D. A.; Karplus, M. J. Am. Chem. Soc. 1977, 99,6182. 
(13) Kutzler, F. W.; Swepton. P. N.; Eerkovitch-Yellin, Z.; Ellis, D. E.; 

lbers, J. A. J. Am. Chem. Soc. 1983, 105, 2996. 
(14) Kashiwagi. H.; Takada, T.; Obara, S.; Miyoshi, E.; Ohno, K. Int.  J. 

Quantum Chcm. 1978, 14, 13. 
(IS) Benard, M. Angew. Chem., Suppl. 1982, 1845. 
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Table I. Atomic Positional Coordinates Used in the Calculation 
(au), z = 0.0 

M = Co M = Fe M = Mn 
atom x Y X Y X Y 
M 0.0 0.0 0.0 0.0 0.0 0.0 
N(2') 3.626 0.0 3.642 0.0 3.663 0.0 
N(1) 4.503 4.503 4.475 4.475 4.521 4.521 
C(1) 5.176 2.094 5.187 2.098 5.217 2.123 
C(2) 7.740 1.338 7.840 1.338 7.840 1.338 
C(3) 9.989 2.721 10.089 2.721 10.089 2.721 
C(4) 12.242 1.349 12.342 1.349 12.342 1.349 
H(I)  9.976 4.760 10.176 4.760 10.176 4.760 
H(2) 14.027 2.328 14.127 2.328 14.127 2.328 

difference between up-spin and down-spin manifolds, differences 
in covalence between up- and down-spin molecular orbitals may 
be large. 

Diffraction measurements of spin and charge density provide 
a very direct test of the ground state chosen for the calcuIation.l6 
In that way, they provide stringent constraints on theory. How- 
ever, as we have noted, theory is available only for free molecules, 
while experiments are on the crystals. Weak axial ligation or other 
intermolecular effects may cause the crystal ground state to differ 
from that of the free molecule. Any of the low-lying free molecule 
states may come to dominate in the crystal. X-ray diffraction 
results for the charge density in metal phthalocyanines are 
available for the 8-polymorphs of manganese,I7 iron? and cobalP 
members, and polarized neutron diffraction (pnd) results, for the 
spin density in the manganeseI9 and cobaltZo cases. This makes 
a useful series on which to assess the success of theories. The 
experiments have been interpreted qualitatively'* in terms of 
substantial covalence in the metal-ligand bonding, but unusual 
spin density features remain unexplained. 

In order to provide a realistic model to aid in the qualitative 
interpretation of the various experiments, we have performed, using 
the discrete variational X a  (DV-Xa) implementation of the 
UHFS local density approximation method, ab  initio calculations 
of wave functions for cobalt, iron, and manganese phthalocyanines. 
In simpler transition-metal complexes, such calculations seem fairly 
realistic,21 and in the case of iron porphine, they apparently re- 
produce the observed large amount of covalence.* As with all 
calculations at  this level, even for such small and simple transi- 
tion-metal complexes as the CoCI4" ion, none of these theoretical 
methods can be expected to reproduce, nor do they reproduce, 
the experimental results quantitatively.2z However, the qualitative 
insights produced from these wave functions prove themselves vital 
in interpretation of the experiments. 

In the following sections, we discuss the available experimental 
data for the ground state electronic structure of BMnPc, 8-FePc, 
and b-CoPc, some aspects of the DV-Xa method as applied to 
these systems, the results of our calculations, and finally, the use 
of our calculations in the interpretation of the experiments. This 
shows that a simple chemical model of bonding is supported by 
theory and provides an excellent qualitative model even for a 
system so large, and so delicately balanced electronically, as the 
phthalocyanines. 
Previous Experiments and Interpretation 

Structure. The structures of &CoPc and 8-MnPc have been 
determined at liquid-helium temperature by neutron diffractionuJ4 

Figgis, B. N.; Reynolds, P. A. Inf .  Rev. Phys. Chem. 1986, 5,-2= 
Figgis, B. N.; Kucharski, E. S.; Williams, G. A. J. Chem. Soc., Dalton 
Trans. 1980, 1515.  
Figgis, B. N.; Kucharski, E. S.; Reynolds, P. A. J. Am. Chem. SOC. 
1989, 1683. 
Figgis, B. N.; Williams, G. A.; Forsyth, J. B.; Mason, R. J. Chem. Soc., 
Dalton Trans. 1981, 1837; Figgis, 8. N.; Delfs, C. D. Unpublished data. 
Williams, G. A.; Figgis, B. N.; Mason, R. J.  Chem. Soc., Dalton Trans. 
1981, 734. 
Deeth, R. J.; Figgis. B. N.; Ogden, M. 1. Chcm. Phys. 1988,121, 1 15. 
Figgis, B. N.; Reynolds, P. A. J. Phys. Chem. 1990, 91, 2211. 
Williams, G. A.; Figgis, B. N.; Mason, R.; Mason, S. A.; Fielding, P. 
E. J.  Chem. SOC., Dalton Trans. 1980, 1600. 
Figgis, 8. N.; Mason, R.; Williams, G. A. Acfa Crysfallogr. 1980, 836, 
2963. 

Figure 1. Numbering of the non-hydrogen atoms in the M"Pc molecules, 
idealized to DG symmetry H( 1) is attached to C(3) and H(2) and C(4). 

and also, along with D-FePc, at  liquid-nitrogen temperature by 
X-ray diffra~tion.~J'J* The general structural features of the 
molecules, idealized to D4h symmetry, are illustrated in Figure 
1. In the crystals, they depart slightly from planar symmetry, 
and the 4-fold axis is not present, but the deviations, even though 
significant, are small. We use a coordinate system for the metal 
atom with z perpendicular to the molecular plane and x and y 
pointing a t  the coordinated N(2) and N(2') atoms respectively. 
The coordinates used in the calculations, idealized to Ddh sym- 
metry, and reconciled between molecules, are given in Table I. 
3d Ionic Electron Configurations. Charge-transfer bands in the 

optical spectra of metal phthalocyanines indicate that these 
molecules are members of an extensive redox series that can be 
roughly formulated as M2+P$-F5 Unfortunately, in the spectrum 
of CoPc, charge-transfer bands obscure the the 3d-3d transitions, 
but inelastic electron-tunneling spectroscopy on the compound 
indicates that a band of 3d levels all lie very close in energy in 
between the mainly Pc HOMO and LUM0.z6 In addition there 
are weak charge transfer bands also indicating 3d levels between 
HOMO and LUM0.2,25327 The observation of these bands also 
probably implies covalent interaction between 3d, and a orbitals 
of the metal-free macrocycle. 

The electronic structures of metal( 11) tetrapyrroles, particularly 
the metal 3d configuration, are known to be very sensitive to their 
chemical environment.** A direct illustration of this fact is the 
quite different 3d configurations observed by X-ray diffraction 
in FePc3 and in (me~o-tetraphenylporphinato)iron,~~ where both 
molecules have quite similar ligand environments around the 
iron(I1) atoms. Such observations have possible biochemical 
implications. However, for the present purposes, we restrict 
ourselves to considering M"Pc experiments on the 8-polymorphs 
only. 

(a) Cobalt Phthalocyanine (CoPc). The magnetic susceptibility 
of /3-CoPcm defines a low-spin S = ground state, with the 3d+,,2 

(25) Minor, P. C.; Gouterman, M.; Lever, A. B. P. Inorg. Chem. 1985,21, 
1094. 

(26) Luth, H.; Roll, U.; Ewert, S. Phys. Reu. 8 1978, 18, 4241. 
(27) Stillman, K. J.; Thomson, A. J. J. Chem. Soc., Faraday Trans. 2 1974, 

70, 790. 
(28) Lin, W. C. Inorg. Chem. 1976, I S ,  114. 
(29) Tanaka, K.; Elkaim, E.; Li, L.; Jue, Z. N.; Coppens, P.; Landrum, J. 

Chem. Phys. 1986,846969; Li, N.; Su, 2.; Coppens, P.; Landrum, J. 
J.  Am. Chem. Soc. 1990, 112, 7294. 

(30) Gregson, A. K.; Martin, R. L.; Mitra, S. J. Chem. Soc., Dalton Trans. 
1976, 1458 and references therein. 
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Within an angular overlap ligand field model, only a 4A, ground 
state satisfies the data with reasonable values for parameters,I9 
and it gives the configuration 3dx~3dxzy>3dz2' and a zero-field 
splitting (zfs) of ca. 40 cm-I. However, some doubt remains about 
the interpretation. In order to obtain the low temperature 
magnetic structure which is observed in the pnd e~periment, '~ the 
model of M i y o ~ h i ~ ~  requires a large negative D parameter in the 
ESR spin Hamiltonian, in addition to the ferromagnetic exchange, 
and that is not compatible with some of the magnetic susceptibility 
data at  higher temperatures. 

Covalent Interactions. The above explanations of the physical 
properties of the @-metal phthalocyanines are complicated by 
covalence. Already ESR orbital reduction factors,46 IR and 
structural data on related compounds,4' and MCD spectraq have 
indicated large covalent effects that must render the ligand field 
model unrealistic. The charge and spin density data show clear 
evidence of both covalence and electron correlation effects. For 
example, the 3d configurations actually observed bear little re- 
lationship to free-ion-based possibilities. Thus in FePc the 3dZz 
and 3dxz, charge populations of 0.93 (6) and 2.12 (7) e3 do not 
match any of the ionic model configurations (1, 3; 2, 2; 1 ,4 ;  or 
2,3 e), and again the spin in the 3d orbitals of CoPc and MnPcI9a 
is substantially larger than for an ionic model (1.43 ( 5 )  and 3.76 
(6) e versus 1 and 3 e). 

Since the charge and spin density data for CoPc have been 
discussed in detailla we will only summarize the conclusions here. 
From the pnd results, we see that in the ground state the following 
observations may be made: 

(1) The 3d configuration, with the orbital correction of Barnes, 
Chandler, and F i g g i ~ ~ ~  shows a substantial admixture of 3d,, 
orbitals-viz. 3d9°.88('3)3d xzyz 0.78(22)-whi~h is incompatible with 
any ionic ground state and is not obviously explicable. 

(2) Negative spin (4 .16 (5) e) is found on the macrocycle, and 
that can only arise through spin polarization, a facet of elec- 
tron-electron correlation, within rather covalent molecular orbitals. 

(3) Negative (down) spin in cobalt 3 d ~ 9  and diffuse '4p" 
functions is further evidence of electron correlation. 

The X-ray diffraction results, when revised to include an im- 
proved, anharmonic, model of thermal motion,s0 show a cobalt 
atom configuration of 3dxz,>~88(s)3d XY 1.67(4)3dzJ.32(4)3d X Y  L 2°.s1(4)- 

4p0.74(15). Together with the Pc populations a consistent inter- 
pretation is as follows: (1) a covalent u donation of 0.51 (4) e 
from nitrogen lone pairs into the 3 d ~ 9  orbital; (2) in-plane 
covalent A back-donation of 0.33 (4) e and out-of-plane 1.12 ( 5 )  
e A back-donation into the Pc and the diffuse region between cobalt 
and it; (3) transfer of 0.32 (4) e to 3d+ 

Comparison of the spin and charge density results shows that 
spin polarization must be invoked to make the experiments con- 
sistent with each other. The diffraction experiments on CoPc 
include much detail on the ground state, and our interpretation 
requires the effects of electron correlation and of u and A cova- 
lence. The diffraction results for FePc and MnPc have not been 
analyzed in such depth, but they also show many of the qualitative 
features observed in CoPc.I8 

The features outlined above are not simple to model, so ex- 
amination of reasonably good theoretical wave functions of ap- 
propriately selected ground states may aid in the interpretation. 

Discrete-Variational Xa Method 
The DV-Xa method has been used over a wide area of chem- 

istry (see for example applications to Pc  compound^^^^'^^^) so we 

orbital well above the other four 3d orbitals in energy. The ESR 
g tensor is very anis~tropic,~'  again indicating a square-planar 
coordination around C032 and 3d+~ well separated above the other 
3d orbitals. Those results can be accounted for with the funda- 
mentally ionic ligand field which involves a spin-paired 
orbital description. Sontum et al. point out that spin-unrestricted 
interpretations of such observations may well be much simpler. 
We shall see later that is indeed so on the basis of our calculation. 
The ligand field model gives the ground state as mainly the 2Al,, 
3dxz,,43dx,23dz~.' However substantial participation of the 2E, 
3d,y2dx,23d92, and perhaps other quartet states is found, having 
been mixed in by spin-orbit coupling. The spectroscopy and ESR 
spectroscopy of related cobalt( 11) square-planar molecules where 
charge transfer does not obscure the d-d bands33 has been in- 
terpreted as showing that the spin can reside mainly in either the 
3dzz or the 3dxz, orbitals, fine details determining which. The 
2A1, and ZE term energies are seen to be very close and either could 
be the lower, depending on small changes in the environment of 
the cobalt atom. The large change in the g tensor from the a- 
to the indicates that there are substantial inter- 
molecular effects giving some effective axial ligation. This axial 
ligation is also indicated by the decrease in symmetry from Dgh 
noticed in the X-ray structure. Nevertheless, the large tetragonal 
ligand component still dominates in 0-CoPc. 

The observed temperature dependence of the magnetic sus- 
~ e p t i b i l i t y ~ ~  is not simple, but it also is explained by the above 
models.36 At low temperatures, the magnetic moment is that 
expected from a g tensor arising from a dominant 3dZz configu- 
ration with large participation from 3dxzyz. At higher tempera- 
tures, a temperature-independent paramagnetic term becomes 
important. It probably arises from interaction with a low-lying 
excited state dominated by the 3d,, configuration. All these 
experiments support a self-consistent model of a spin ground 
state dominated by 3dzz with some 3dxz,, participation. 

(b) Iron Pbthabcyanine. The magnetic behavior of j3-FePS8* 
at higher temperatures indicates an intermediate spin ground state, 
S = I ,  which is orbitally nondegenerate but has some orbital 
angular momentum mixed in from the low-lying 3E8 state. 
However, the fit to the data is less than satisfying$' A large zfs 
of ca. 65 cm-I, with m, = 0 as the ground state, fits the lower 
temperature magnetic susceptibility experiments. Mossbauer 

indicate that the electric field gradient at  the iron 
nucleus corresponds to a prolate ellipsoidal charge density. Within 
a ligand field model this seems to support the 3E ground state, 
but an ad hoc introduction of covalence makes &at conclusion 
less certain. 

(c) Manganese Phthalocyanine. The magnetic behavior of 
@-MnPc4 is complicated by appreciable intermolecular ferro- 
magnetic exchange, but the magnetic susceptibility and magne- 
tization data at higher are moderately anisotropic 
and indicate a quartet spin state in which some excited 'E, term 
is mixed by spin-orbit coupling into a 4A2r or 4B2, ground state. 

(31) Nishida, Y.; Kida, S. Bull. Chem. SOC. Jpn. 1978, 51, 143 and refer- 
en- therein. 
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Phys. 1968,49, 3441. 
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Metal Phthalocyanine Ground States 

present only an outline here. DV-Xa calculations of the wave 
function for a molecule, as currently implemented by Ellis et al., 
require only two assumptions. First, the nonlocal exchange- 
correlation term can be replaced by the local HartreeFock-Slater 
term in calculation of the local density, the fundamental object 
of the theory.s3 Second, the use of the local density orbitals in 
a single determinant unconstrained wave function gives a realistic 
many-body wave function. Because it employs numerical rather 
than analytic basis sets, with sufficient integration points, and with 
sufficient multipoles used in the fitting of the potential, the only 
serious remaining error lies in the quality of the basis set.s4 

We have employed here as basis sets a single numerical function 
per valence orbital, obtained by numerical solution of the HFS 
equations for the atoms or ions. However these numerical atomic 
functions, while accurate for the atoms, are not sufficiently flexible 
for molecular calculations of the highest accuracy. An im- 
provement, which we use, is to solve the molecular wave function 
by using the ionic basis functions. Then we perform a second 
calculation, this time using as basis functions those derived from 
atomic solutions by using the Mulliken populations of the initial 
molecular calculations. Further iteration is not necessary as the 
Mulliken populations of the second calculation are very close 
(within 0.05 e) of the basis calculation. 

For the M(I1) atoms we use functions ls-4p, for C and N, 
1 s-2p, and for H, 1 s. This is an almost minimal basis set for the 
DV-Xa method, but corresponds to quite high-quality sets for 
conventional H F  or UHF calculations based on Gaussian func- 
tions. The atomic cores (M(I1) Is-3p; C and N 1s) were frozen 
in the calculation. A total of 9000 integration points were em- 
ployed, an adequate number to give negligible numerical errors. 
The molecular Coulomb potentials were fitted were multipoles 
up to order 1 on C and N, and of order 2 on the metal atom, which 
has been found adequate even with bases involving d  function^.^^ 
Metal Phthalocyanine Wave Functions-Results 

We will discuss the calculations on CoPc in some detail, followed 
by the essential matters for MnPc and FePc, since in broad outline 
all the calculations are similar. 

The ground state found here for CoPc is 2Alp. In Table I1 a 
list of eigenvalues from -13.08 to -4.09 eV, which encompasses 
all the orbitals with significant cobalt 3d Pc bonding, is given. 
A list of the eigenvalues near the Fermi level, with notes on the 
associated eigenvector, are given in Table IIb for all occupied 
orbitals with cobalt coefficient >0.2, and also unoccupied ones 
with 3d coefficient >0.2. We notice that 4p participation in e, 
MO's is small and is not concentrated in any particular orbital, 
while 4s in a l  is larger, and it mixes noticeably with 3d9. In Table 
111 we show kulliken populations for the cobalt orbitals in CoPc 
for three possible ground states. 

We have performed two further calculations on CoPc. A RHFS 
calculation, with all other factors unchanged, gives the same 
ground state, 2AI , with a very similar charge distribution to the 
unrestricted calcufation. The amount of covalent charge transfers 
are about 8 0 4 0 %  of the unrestricted values. The spin distribution 
is, of course very different, with ca. 0.92 spin in 3d,z and zero in 
the other 3d orbitals. A further calculation with 3d polarization 
basis functions added to all the carbon and nitrogen basis functions 
also gave the same ground state. The covalent charge transfers 
were increased from the smaller basis calculation by about 10% 
with the crucial exception of the e, down-spin orbitals where it 
was reduced by almost 40%. This shows that the r bonding is 
very sensitive to basis set, and therefore difficult to calculate 
correctly. A further difficulty is our complete neglect of the 
presumably small but, as we shall see, important axial ligation 
effects. We report the results from the basis without 3d functions 
on C and N, since they agree better with the diffraction results 
and they enable us to make comparisons with our calculations 
on the other two compounds. Our object is to understand the 
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Table I1 

(a) Eigenvalues for Molecular Orbitals between 
-13.08 and -4.09 eV for CoPc 

UP spin, g down spin, g up spin, u down spin, u 
-13.079 8b18 -13.007 -12.995 13e, -13.006 
-12.793 6b2, -12.801 -12.764 14eu -12.773 
-12.747 6a2, -12.756 -12.514 1b2, -12.548 
-12.687 9aI8 -12.626 -1  1.798 Iblu -1 1.836 
-12.048 9blg -11.836 -11.329 15e, -11.340 
-1 1.355 7b2, -1 1.364 -1  1.241 16e, -1 1.229 
-11.298 7a2, -11.310 -10.831 17eu -10.841 
-10.950 2e, -10.969 -10.769 2a2, -10.780 
-10.910 loal8 -10.919 -10.442 2b2, -10.461 
-10.757 lobl8 -10.763 -9.239 la lu  -9.272 
-10.438 3e8 -10.363 -8.996 18e, -9.01 1 

-9.519 lla18 -9.532 -8.894 3a2, -8.896 

-8.980 8b2, -8.787 -8.417 4a2, -8.427 

-8.463 12al, -6.454" -7.362 2al, -7.409 

-7.920 6e8 -6.867 -4.108" 4b2, -4.144' 

-9.104 4eg -8.670 -8.467 2b1, -8.481 

-8.458 5e, -8.467 -8.338 3b2, -8.352 

-8.050 9b2, -7.082 -4.612' 3b1, -4.635' 

-5.988' 7 9  -5.833' 
-4.997' 1 1 bl, -4.089" 

(b) CoPc Molecular Orbitals with Calculated Cobalt 3d Participation 
orbital spin energy, eV cobalt coeff 

Occupied + -13.079 
-1  3.007 + -12.048 - -11.816 
-10.438 + + -9.104 + -8.980 

-8.787 
-8.670 + -8.463 

9b2, + -8.050 + -7.920 - -7.082 
-6.867 

unoccupied - -6.453 
+ -5.988 

-5.833 + -4.997 - -4.089 

- 8b1, 

9b1, 
9b1, 
3% 
4% 
8b2, 
8b2, 
4 5  

12a1, 

6% 
9b2, 
6% 

1% 
7% 
7% 

1 Ibl, 
1 lbl, 

8b18 

- 
- 

- 

- 

"Virtual, unoccupied orbital. 

0.28 3 d + 2  
0.20 3dxi,,2 
0.43 3dX2-,,2 
0.41 3dXi,,2 
0.32 3dx,, 
0.67 3d,,,, 
0.59 3d, 
0.26 3d, 
0.30 3dXzy, 
0.95 3d,2, -0.22 4s 
0.80 3d, 
0.62 3dxZyz 
0.96 3d, 
0.77 3d,, 

0.96 3d,i, -0.23 4s 
0.20 3dxZyz 
0.50 3d,, 
0.87 3 d 9 4  
0.91 3dXi,,2 

diffraction results, and for this qualitative results from the theory 
are sufficient. 

In Table 111, we also show the results for FePc in forms that 
are exactly comparable with those for CoPc and MnPc. For FePc 
we find a 3B2s ground state, and for MnPc a 4E, ground state. 
The calculation for FePc was difficult to converge, as it tended 
to oscillation between 3Es and )B2, ground states, which are very 
close in calculated energy. The energy difference was estimated 
by a transition-state calculation. The calculations all stabilized 
at almost the same pair of states, which we use in this paper. In 
addition, we performed a calculation omitting the I = 1 and 2 
multipoles in the charge fit (thus giving the self-consistent charge, 
SCC, version of the DV-Xa procedure), and also included a 
number of transition-state calculations to estimate energy dif- 
ferences between the states.53 Table IV shows eigenvalues around 
the Fermi level for the likely ground states of the three compounds. 
We list the major 3d molecular orbitals plus everything between 
2al, and 7e,, which includes all the levels involved in the Q-band 
optical spectrum. Table V shows spin populations on the mac- 
rocycle in more detail. Selected transition-state calculations for 
the state energies relative to the ground state show, as expected, 
that where mainly the 3d configuration is changed both the state 
energy difference and excited-state orbital populations are given 
by the ground-state orbitals (including the appropriate virtual 
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Tabk 111. Selected Mullikcn Populations for M-Pc Bonding (M = Co, Mn, Fe) Compared with Experimental Least-Squares Populations 

CoPc 
2El 2B, %I experimentIsa 

charge spin charge spin charge spin up'spin down spin charge spin up spin down spin 
3d9-9 0.708 0.076 0.708 0.076 0.708 0.076 0.392 0.316 0.51 (4) -0.27 (12) 0.12 (6) 0.39 (6) 
3dxy 1.968 0.004 1.047 0.925 1.968 0.004 0.986 0.982 1.67 (4) 0.04 (12) 0.86 (6) 0.81 (6) 
3dxzyz 2.785 1.OOO 3.382 0.438 3.382 0.438 1.910 1.472 2.88 (5) 0.78 (22) 1.83 (11) 1.05 (11) 
3dzz 1.947 -0.006 1.947 -0.006 1.028 0.913 0.971 0.057 1.32 (4) 0.88 (13) 1.10 (7) 0.22 (7) 
tot. 3d 7.408 1.074 7.084 1.433 7.087 1.432 4.259 2.827 6.38 (6) 1.43 (5) 3.91 (4) 2.48 (4) 
tot. 4 s/p 0.401 0.050 0.401 0.050 0.346 0.105 0.292 0.169 0.74 (15) -0.27 (9) 0.24 (9) 0.51 (9) 
tot. Pc 

goodnessoffit ( x 2 )  248 57 613 113 233 17 
charge/spin -1.191 -0.124 -1.515 -0.483 -1.567 -0.537 ... ... -1.88 (16) -0.17 ( 5 )  ... ... 

FePc 
'Ala 'E1 'E, )BZa experiment' 

charge spin charge spin charge spin charge spin charge spin 
3dxlY2 0.805 0.171 0.675 0.143 0.805 0.171 0.675 0.143 0.70 (7) ... 

3dxzyz 2.641 1.265 2.335 1.467 2.903 1.003 2.579 1.205 2.12 (7) ... 
3d,2 1.946 -0.001 1.928 0.006 1.035 0.910 1.017 0.917 0.93 (6) ..* 
tot. 3d 7.362 1.443 5.969 2.556 6.712 2.093 5.320 3.204 5.42 (6) ... 
tot. 4 s/p 0.433 0.078 0.388 0.075 0.361 0.150 0.326 0.147 0.0 fix ... 

goodness of fix ( x 2 )  349 ..* 330 ... 138 ... 87 ... 

3dxy 1.970 0.008 1.031 0.940 1.970 0.008 0.031 0.940 1.68 (10) ... 

tot. Pc 
charge/spin -0.205 0.479 -1.643 -0.631 -0.927 -0.243 -2.364 -1.351 -2.58 (6) 

MnPc 
4 A ~ 1  4Ba 'E8 experiment"J9 

charge sDin charge svin charge spin charge spin 
~~ ~~ 

3dx2,2 
3dxy 
3dxryr 
3dz2 
tot. 3d 
tot. 4 s/p 
tot. Pc 
chargc/spin 
goodness of fit ( x 2 )  

0.730 
1.026 
2.061 
1.922 
5.739 
0.389 

-0.872 
126 

0.216 
0.948 
1.784 
0.012 
2.960 
-0.275 

0.3 15 
645 

0.730 
1.98 1 
2.061 
1.018 
5.790 
0.309 

-0.901 
24 

Table IV. Eigenvalues for CoPc, FePc and MnPc, Close to the 
Fermi Level 

0.216 0.730 0.216 0.1 (2) -0.13 (4) 
-0.007 1.026 0.948 1.5 (2) 0.88 (4) 
1.784 2.189 1.656 1.3 (3) 2.05 (4) 
0.9 I6 1.01 8 0.916 0.9 ( I )  0.95 (4) 
2.909 4.963 3.736 3.8 (2) 3.75 (5) 
-0.195 0.309 -0.195 2.0 (3) -0.40 (4) 

0.286 -1.728 -0.93 1 -1.2 (3) -0.36 (4) 
569 26 171 

fering metal 3d populations, not spectroscopy involving charge 
transfer, we do not report these calculations in more detail here. 

energy, eV 
amrox CoPc FePc FePc MnPc 

orbital n'aiure 
2al,- lig 
2al,t lig 

65-  some 3d,,, 
+lig 

12all- 3d,r 
7c,+ lig 
7c1- some 3dxryr 

+lig 

3dxy 

1 1 bllt 3dxZ-9 
I 1 bin- 3dx2-9 

('AI,) 
-7.41 
-7.36 
-7.08 
-6.87 

-6.45' 
-5.99' 
-5.83' 

-4.99' 
-4.09' 

('El) 
-7.21 
-7.16 
-7.17 
-6.86O 

6.53' 
-5.76' 
-5.61' 

-5.84' 
-4.03' 

('Bo) 
-7.21 
-7.16 
-5.92' 
-6.22 

-5.26' 
-5.69' 
-5.06' 

-4.82' 
-2.91' 

-7.20 
-7.16 
-5.55' 
-6.14" 

-4.66' 
-5.75' 
-4.69' 

-5.06' 
-2.34' 

a Half-occupied. Unoccupied. 

ones). Where charge transfer to the macrocycle is involved there 
is, again as expected, significant orbital relaxation, changing energy 
differences by up to 50%. with noticeable MO eigenvector changes. 
Since we are concerned with ground-state choices involving dif- 

Metal Phthalocyanine Ware Functions-Discussion 
Covalence. The u-type orbitals play little part in the bonding, 

as is shown by the low metal coefficients in the MO's and, in- 
directly, by the small splitting of up- and down-spin pairs of 
metal-free Pc molecular orbitals. 

In contrast, the g-type orbitals can show very large amounts 
of covalence. Metal-free Pc has two orbitals close to the Fermi 
level, well adapted for covalent bonding to a metal atom-the filled 
bl, N(2) lone-pair MO and an empty A*eg orbital. Consequently 
the orbitals containing 3d, and 3d9, b, and alp, show little spin 
and charge transfer since the metal orbitals participate in no 
suitable Pc MO. In contrast, orbitals containing 3 d + 2 ,  viz. bll, 
show substantial u charge transfer to the metal since the empty 
3d orbital interacts with filled N(2) lone pairs. The 3dnP eg (d,) 
orbitals show the effects of interaction between filled 3d and empty 
Pc A* orbitals, which result in strong A back-donation onto the 
macrocycle. While this explains the main features, other weaker 
effects are also important. Although weak, u bonding involving 
the 3d,2 orbital is large enough to increase its energy above that 

Table V. Pc Spin Populations, Calculated and Observed, for MI'Pc Compounds 
COPC ('AIl) FcPc ()Ea) FCPC ('BZJ MnPc (4EJ 

calc obs calc calc calc ObS 

-0.0 14 
-0.040 
-0.003 
-0.003 
-0.009 
-0.008 
0.001 
0.001 

0.003 (1  0) -0.045 
-0.024 ( I  0) -0.019 
-0.014 (4) 0.002 

0.007 
-0.002 
-0.004 

0.00 1 
0.001 

-0.076 
-0.077 
-0.03 1 
-0.010 
-0.01 5 
-0.01 5 
0.001 
0.001 

- 0 . 1 1 5  -0.032 (4) 
-0.032 -0,014 (3) 
-0.027 -0.021 (4) 
-0.000 -0.004 (3) 
-0.007 
-0.004 

0.001 
0.OOO 



Metal Phthalocyanine Ground States 

of the A orbitals in all the compounds. 
The effect of correlation is revealed in the energy splittings of 

orbital pairs of up and down spin, as those with up spin generally 
have a lower energy than those with down spin. Due to their 
improved energy matching with available empty A* Pc orbitals, 
this generally causes more covalence in down-spin than in the 
upspin MO's. That in turn then results in the leakage of down 
spin onto the Pc through covalence. This is mast marked for 3d,, 
e orbitals, for which the net effect is a very distinct spin transfer 
of down spin onto Pc. The relevant MO, 6e,-, is most metal- 
centered for CoPc (3d coefficient 0.77), intermediately (0.51) for 
FePc, and least (0.36) for MnPc. An alternative way of looking 
a t  this is to say that, within a R H F  framework, there is a large 
configuration interaction admixture. For CoPc, for example, a 
t22e,I PcI- configuration with two up spins on the cobalt atom 
and one down spin on Pc is mixed into the ta6eg1P6- ground state. 
This "accidental" near degeneracy coupled with the naturally 
arising differential effect of the spin covalence combines to make 
the calculated spin and charge transfers rather unusual in this 
system and particularly sensitive to the precise method of cal- 
culating the wavefunction. 

Theoretical Ground States. For all the three metal phthalo- 
cyanines considered here we get the same ordering of the energies 
of the 3d-dominated MOs, 3d9-9 >> 3d9 > 3d, z 3datn as seen 
from Table IV. Thus for the 3d5 ion (Mn) we predict a spin 
quartet, for 3d6 a triplet, and for 3d7 a doublet, due to the in- 
accessibility of the bl, 3d9-,,2 orbital. These results are well-known 
from experiment. We also predict a singly occupied alg dz2 orbital 
in all cases. This large splitting of alg from the remaining 3d 
orbitals is smaller if we use a SCC form of the calculation. It 
seems an aspherical local Coulomb charge fit is an important 
feature of the calculation. 

Whether the b, (3dxy) or the e (3dx, ,) orbitals are the last 
to be filled changes from MnPc to &oPc. For MnPc, we calculate 
a 4E ground state, that is, for the free ion, the 3d,13dxyy~3d,21 
codguration where the last electron occupies e,. In contrast, for 
CoPc, we predict a 2AI, (3dX;3d,,,43d$) ground state with the 
last electron in bzg. For FePc, we find near degeneracy: 'B2, 
(3dxy13d,,,,43d,21) is calculated as the ground state but 'E, 
(3dx,23dx,y~3d~1) lies only 0.003 eV (24 cm-') above it, with the 
other 'Al and 'E, states corresponding to other configurations 
much higher. These observations can be rationalized by noting 
that while bzg (3d,) remains ionic, there is a steady trend in the 
6e,- orbital containing 3dx,, which puts more charge on the Pc, 
corresponding to more covalency and lower energy with respect 

We may also take spin-orbit coupling into account, as a per- 
turbation within the 3d components of the MO's. The 3d pop- 
ulations for MnPc and CoPc should remain close to that predicted 
above for the 4E, and 2A,, covalent wave functions, but due to 
the near degeneracy, it is possible that for the FePc 3B2g and 'E, 
terms substantial spin-orbit mixing may occur to give some in- 
termediate population, for the ground state and possible thermal 
population of all resulting states. 

Other related calculations have given ground states with alg 
more highly occupied. For example, a 'A2, ground term has been 
deduced for ferrous porphine. The Xa muffin-tin calculations 
of Sontum et aL* because of the spherical potential near the iron 
atom, depress a lg  and favor its occupation in square-planar com- 
plexes. Sontum et a]. discuss this error, and Edwards et al. 
demonstrate its importance for Pt(CN)42-. Other calculations, 
even the very extensive RHF-CI calculations of Rohmer,6 still 
do not include the correlation adequately, particularly the orbital 
relaxation necessary to describe each individual state.9 

Since we are interested in describing the &polymorph exper- 
imental ground states, all these calculations including covalence 
and correlation may be useful. 

Comparison with Experiment 
Spin and Charge Derrpities. When we compare the theoretical 

Mulliken populations with the populations obtained by least- 
squares refinements from experiment (Table 111) there is a 

to bZg. 
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qualitative agreement, in both spin and charge parameters for the 
calculated ground states. The calculated excited states give poorer 
fits, confirming the nature of the ground states. As a rough figure 
of merit we tabulate the goodness of fit ( x 2 )  between the four 
experimental theoretical 3d populations. Although this suppresses 
some information, such as spin on Pc, this measure also favors 
the assigned crystal ground states. The experimental conclusions 
listed in the introduction are also reported by the theoretical wave 
function. In particular, we see in the spin experiments the very 
low 3d, down-spin population in er. resulting from the generally 
greater covalence in down-spin than up-spin MO's. 

For CoPc, the near-unit spin observed in 3d,2, confirms the 
ground state as mainly 2Al . The large 3dXzy, spin population 
is seen to arise because of t i e  much greater delocalization of e, 
down spin than of up spin, which is a spin-polarization effect. A 
2B0 ground state is not compatible with experiment, because the 
3d, population is observed as almost zero, not 0.925, nor is 2EB, 
because of not only the low 3d9 population but also the low total 
spin population in 3d orbitals. The 3d charge density populations 
strengthen the conclusion, particularly the 3dz2 population, and 
3d, being larger than 3d9. In the light of the theoretical cal- 
culation, we now see that the very low 3d,,, population, 2.88 
rather than 4.0 e for an ionic formulation, is a manifestation of 
the strong u covalence. The spin distribution calculated on the 
Pc fragment is negative, -0.17 (5) (down), as observed. The theory 
predicts little interaction with the benzene rings, again as observed. 
Quantitatively we see that the calculated covalence for the e,- 
orbital, although large, is still a good deal smaller than found from 
experiment. Possible explanations are incompleteness of our basis 
sets, the inadequacy of the U H F  treatment in giving an account 
of electron-electron correlation, and intermolecular and/or axial 
ligation effects. 

For FePc, we do not have pnd spin density information because, 
due to the large zero-field splitting, sufficient magnetization cannot 
be obtained experimentally. However, from the charge density 
study, 'Al, and one of the 'E, ground terms seem unlikely as they 
would have almost 2.0 e in 3d,2. The low total 3d population and 
high ring charge point toward the 'Bz, ground state, with two 
down-spin electrons (ionic formulation 3dxzy,) mostly delocalized 
onto Pc. However, the high 3d, population indicates a doubly 
occupied state, that is 'E,. We have noticed already in CoPc that 
the calculations underestimate the u delocalization from 3d,, 
and that there 3dxy has an observed population of 1.67 (4) e. These 
comparisons make it more probable the FePc ground state is 'E,, 
with a high degree of delocalization away from the iron atom. 
However, given the errors in the calculation and the lack of spin 
data, we cannot definitely discriminate between the two states. 

We also see quite a change in u covalence between the states. 
'E, is almost ionic in the 3d,, , down-spin orbitals (population 

= 0.696, ionic 2.0 e). If there are indeed two FePc states close 
in energy, but very different in covalence and spin and charge 
delocalization onto Pc, we might expect small changes in ligation 
to the iron atom may have considerable influence on spin and 
charge densities and so produce large magnetic and other property 
changes for quite small chemical changes. 

For MnPc, the large observed 3d9 spin population removes 4A, 
as a major contributor to the ground state, while the large 3d?y 
population removes 4Bzr. The approximate equality observed in 
those two populations and the greater 3d, , population are exactly 
as expected from the 4E, ground term. %he charge experiment 
is compatible with this, and the 3d,2 population eliminates 4BIg 
as a large contributor to the ground state. The low total 3d charge 
again supports 4E,. A further confirmation is the large observed 
and calculated ?r populations on N(2). Again the theory seems 
to underestimate the amount of covalence. 

In all three crystals, we notice that 3d,1 is preferentially 
unoccupied. This may well be because of weak u axial ligation 
in the polymorph crystal. In the vapor phase, or in a very weakly 
ligating solvent, such as dichlorobenzene, this level is less disfavored 
and may become accessible, as some other theoretical calculations 
suggest. 

= 0.950, ionic 1.0 e) whereas 9 B, is quite covalent (population 
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Magnetic Susceptibility, ESR, and Spectmscopk Results. In 
the light of the highly covalent wave functions that we see pertain 
for the metal phthalocyanines, ionic type ligand field interpre- 
tations of magnetic susceptibility, ESR, and other physical 
properties of the molecules are liable to be misleading. For CoPc 
the primary feature of the ESR spectrum, the large g tensor 
anisotropy, has previously been interpreted as the CI mixing of 
a 3d7 2E, state into the ground 3d7 2Al, term. We now see that 
this is a covalent, charge-transfer effect and should not be fitted 
to an ionic model. Our ground 2Alk state has substantial 3d orbital 
moment due to the unpaired spin in 3d,,, arising from spin 
polarization, which gives large anisotropy in the g tensor. Similarly 
for MnPc, the 4E, state, given the large reduction in down spin 
in 3d,, from 1 e to almost zero, resembles an orbitally nonde- 
generate state into which only a small amount of orbital moment 
has been mixed. Last, for FePc, with its probable 3E2g ground 
state, some 3d orbital angular momentum introduced via delo- 
calization of the down spin in 6eg- again explains qualitatively the 
magnetic susceptibility and anisotropy. As far as the Mossbauer 
data are concerned, the covalent increase in 3d,z-,,z population 
renders the ionic 3d distribution more prolate, as Dale4s has pointed 
out. The present calculations show that the reduction in 3d,,, 
population is also very important in rendering the 3d distribution 
more prolate, as required experimentally. Coppens and Li3 have 
already demonstrated that the experimental X-ray data showing 
both these phenomena are quantitatively compatible with the 
Mossbauer results. 

Optical results of &polymorph metal phthalocyanines can be 
interpreted in terms of the molecular orbital model, but analysis 
is complicated by intermolecular Davydov coupling.48 
Conclusions-Bonding in Metal Tetrapyrroles 

Our UHFS calculations produce ground-state wave functions 
in good qualitative agreement with experiment on the &poly- 
morphs of CoPc, FePc, and MnPc. There is much covalence, in 
particular strong u donation of up and down spin into the 3d,+,~ 
orbital from the lone pairs on N(2) atoms and a back-donation 
from down-spin 3d,, (ONLY) into the porphine ring. This latter 
is easily rationalized as the availability of a low-energy a* orbital 
with the down spin, thus causing massive differential covalence 
between up and down spins. This differential covalence increases 
from CoPc to MnPc. In CoPc, the covalence is moderate, and 
the almost ionic level involving 3d,, 9b2,, is more stable than 
that involving 3d, ,6e  -. For FePc, these two orbitals are almost 
equal in energy, wEle t8e even greater covalence in MnPc makes 
the 6e - level more stable than 9b,. This ordering of levels gives 
ground states of 2A1g for CoPc, 3E2g (with some possibility of 3B ) 
for FePc, and 4Eg for MnPc. These ground states, the simple r e s i t  
of the trends observed in the calculation, agree well with the results 
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of the spin- and chargedensity experiments. We should emphasize 
that the assignment of the crystal ground states is by comparison 
of the theoretical and experimental charge and spin populations. 
The Xa relative state energies, while apparently agreeing with 
the crystal experimental results, are for the free molecule, and 
in addition this theory should not be relied on at these energy 
differences. 

The large and unusual covalence effects alter the predictions 
for magnetic susceptibility, ESR, and Mossbauer effects so much 
relative to those for the same free metal ion ground states that 
ligand field type calculations based on them that use a single 
Steven’s orbital reduction factor (e.g. ref 44) are misleading. Our 
covalent descriptions agree qualitatively with the results. In an 
empirical approach, quantitative calculations using large, aniso- 
tropic Steven’s orbital reduction factors may be useful in the 
investigation of spin-orbit effects. 

The UHF description of the ground states is a simple single 
determinant state for MnPc and CoPc. In a RHF description, 
very large components of excited states with spin in the a system 
of Pc, derived from 3d,,, must be mixed into the ground state 
to reproduce, for example, the experimental ESR or pnd results. 
This illustrates the supposition of Sontum et al. that UHF de- 
scriptions may be much more useful in paramagnetic systems. 

Our ab initio calculations agree well with experimental qual- 
itatively, but the details are sensitive to basis set composition. We 
can speculate that our not very extensive free molecule X a  cal- 
culation agrees with experiments on the j3-crystals because of a 
happy coincidence in relative 3d and Pc energies (in the Wolfs- 
berg-Helmholz senses5) rather than from some more fundamental 
reason. Use of a better theoreticalfree molecule wave function 
may well agree less well with crystal experimental results. 
As reflected by the observed changes in ground state from CoPc 

to MnPc, we infer that the electronic structures of these molecules 
are very sensitive to minor changes in the relative Pc and metal 
energies. Besides the difficulties this causes in theoretical cal- 
culations, it also explains the extreme sensitivity of cobalt tetra- 
pyrrole ESR spectra to axial ligation. This same sensitivity, 
although not apparent in ESR spectra, appears in iron and 
manganese tetrapyrroles and has been seen in their charge den- 
~ i t i e s . ~ ~  In addition, in the Fe systems, small perturbations in 
ligation or the departure of the Pc geometry from D4* symmetry 
can cause drastic changes in charge and, more particularly, spin 
densities due to the closeness of the spin-orbit-coupled 3B2e and 
3E, lowest lying states. 
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