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The electron density distribution in crystals of (meso-tetraphenylporphinato) iron (II) has been 
analyzed using accurate x-ray diffraction data collected at 120 K. The structural results are in 
agreement with those of the room temperature study. Theoretical calculations predict several 
different ground states for the complex and in particular support the 3 A 2g and the 3 EgA states. 
The experimental electron density distribution shows large peaks above and below the iron atom 
which would not be present for a 3 EgA ground state. Comparison with Mossbauer quadrupole 
splittings and the result of the aspherical atom refinement indicate that the axial peaks may be 
systematically too high in this acentric crystal structure. Nevertheless, it is concluded that their 
presence indicates a relatively small contribution of the 3 EgA state to the ground state of the 
complex. This implies that the ground state of FeTPP is different from that of 
iron (II) phthalocyanine in the crystal. A significant population of electrons is found in the d x> _ Y 
orbital which is mainly attributed to (7 donation of electrons from the porphyrin ligand. 

INTRODUCTION 

Notwithstanding a large number of studies, the nature 
of the ground state of the intermediate spin state four-coor
dinate iron(II) porphyrins and phthalocyanines remains 
controversial. Experimental techniques which have been 
used to elucidate the electronic state of these complexes in
clude magnetic susceptibility measurements, 1-3 Moss
bauer,4,5 proton-NMR,6,7 resonance Raman spectroscopy,8 
and magnetic circular dichroism.9 Theoretical treatments 
include an early extended Huckel calculation, 10,11 and more 
recently SCF-HF, 12,13 SCF with Slater exchange, 14 scattered 
wave Xa, IS and SCF-HF with configuration interaction cal
cuiations,I6 

Most recent studies agree that both the 3A 2g [(dXy )2 

(dXZ,yz)2 (d/)2] [see also Table VIIl(B)] and the 3EgA 
[(dxy )2 (dxz,yz )3(dz 2) I] states are low lying and separated 
by an energy which is typically estimated to be 600--800 
cm -I. While most studies conclude the 3 A 2g state to be the 
lowest in energy, the 3EgA state is supported by the early 
extended Huckel calculation,lo,l1 the resonance Raman 
study,8 and the theoretical treatment by Obara and 
Kashiwagi. 12 The latter calculation indicates the potential 
importance of a contribution from a second 3 Eg state, la
beled 3EgB [(dXy)1 (dxz,yz)\dz )2]. Since the measured 
magnetic moments of 4.2, 17 4.4,3 and 4.75/lBI are far from 
the spin only value for as = 1 state (2. 8/lB), there is a sig-
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nificant orbital contribution, and the various electronic con
figurations are expected to mix through spin-orbit coupling 
such that the true ground state will be a mixture of several 
SCF configurations. Calculations by Mispelter, Momen
teau, and Lhoste7 have further shown that a small axial per
turbation can induce a reversal of the ground state, with the 
3 A 2g state increasing in energy relative to the 3 EgA state. For 
example, the presence of two benzene rings at 3 A above the 
iron atom in some so-called "basket-handle" porphyrins 
causes a change of 650 cm -I in the relative energies of the 
two leading contenders for the ground state configuration. 
The small energy difference and the sensitivity to the envi
ronment imply that ground states may differ significantly 
between solid state and solution, or indeed between solutions 
in different solvents. 

Our analysis of the experimental charge distribution of 
iron(II) phthalocyaninel8 gave support to a ground state 
configuration with a major contribution from the 3 EgA 
state. However, the crystal packing forces in FePc and 
FeTPP differ significantly, in particular with respect to the 
axial direction. In FePc a nitrogen atom of an adjacent mole
cule is located at 3.42 A from the Fe atom in this direction, 
whereas no such pseudocoordination occurs in FeTPP.1t is 
therefore entirely possible that the ground states of the two 
complexes in the solid differ from each other. 

To obtain further insight in the ground state properties 
of the four-coordinate intermediate spin iron complexes we 
have undertaken a charge density study of FeTPP, which is 
reported here. 

This work is part of a series of electron density studies on 
metal porphyrins which aim at establishing the nature of the 
electronic ground state as a function of spin state, coordina
tion number, and valency, which is relevant to the biological 
action of heme proteins. Previous studies have included 
COTPp,19 Fe(lII)OMeTpp20, and Fe(II) (THFhTPP.21 
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EXPERIMENTAL 

Data collection 

A truncated tetragonal-bipyramidal crystal with a basal 
edge of 0.48 mm and a height of 0.29 mm was used for the 
low order (sin () / A < 0.70 A-I) intensity measurements. It 
was sealed in a Pyrex capillary with wall thickness of 0.1 mm 
and inner diameter of 0.5 mm to prevent oxidation during 
the three month measurement period. Unit cell dimensions 
were obtained by least-squares refinement using the () angles 
of 25 reflections with 2() < 45° (MoKa radiation). X-ray in
tensity data were collected with ()-2() scan on a CAD4 four
circle diffractometer at a temperature of 120 ± 5 K. A 
stream of cold nitrogen gas was used for cooling. The intensi
ty collection was done in two stages. First an octant of reci
procal space with sin () / A < 0.702 A -1 was collected. After 
completion of the least-squares refinement of these low order 
data, an octant was measured in the range of O. 702 < sin () / 
A < 0.914A -I. As the first crystal had deteriorated, a second 
crystal of approximate dimensions 0.55 XO.41 XO.39 mm 
along a, b, and c, respectively, was used for this part of the 
data collection. The slightly larger size of this second speci
men crystal allowed collection of weak high order reflections 
for which extinction is negligible. Since the linear absorption 
coefficient is small, /-Lr is less than 0.15, so absorption correc
tions are not excessive. Additional reflections with calculat
ed intensity larger than 5aI were measured in the range of 
0.914 <sin () /A < 1.22 A-I. The total number of observed 
reflections was 13 161. Crystal data and experimental condi
tions are summarized in Table I. 

Data reduction 

The step-scan profile of each reflection was integrated to 
give the intensity as described elsewhere.22 Standard reflec
tions were measured at regular intervals to correct for inten
sity fluctuation during the period of measurement. Standard 
deviations were obtained from the fluctuation of the stan
dard reflections combined with the effect of counting statis
tics.23 Corrections for absorption and inhomogeneous beam 

TABLE I. Experimental data (tetraphenylporphyrin)iron(II) (FeTPP). 

FeTPP 

Space group 
Temp,K 
Cell dimensions 
a,A 
c,A 
v,A3 
Z 
X-ray wavelength, MoKa, A 
d(calc), g!cm3 
Abs. coeff., em - 1 

Scan mode 
Scan width, deg 
Detector aperture, mm 
First crystal size, mm (pyramidal) 
Second crystal size, mm 
(sin 8 fA) max, A-I 
Number of observed reflections 
Number ofrefleetions with I> 3u(l) 

142d 
120(5) 

14.996(3) 
13.777(5) 
3098(2) 
4 
0.710 69 
1.391 
5.24 
8-28 step scan 
1.5 + 0.525 tan 8 
9X9 
0.49 X 0.49 X 0.29(h) 
0.55 X0.41 XO.34(h) 
1.22 
13 161 
2473 

profile were made using the Gaussian integration method. 24 

Absorption in the capillary was corrected with a modifica
tion of our absorption program written by Hansen.2S Sym
metry equivalents were averaged to give 2473 reflections 
with lobs> 3alobs which were used in the least-squares re
finements. 

Least-squares refinements 

Room temperature atomic parameters3 were used as a 
starting set in the least-squares refinement with low order 
data. All the hydrogen atoms were refined with isotropic 
temperature parameters. Since the low and high order data 
were not collected on the same crystal and the x-ray tube was 
changed during the interruption, two scale factors were re
fined, which differ by only 1 % in the final refinement. 

The data were first refined with the spherical atom for
malism. The free atom scattering factors of Fe, C, N were 
taken from International Tables/or X-ray Crystallography,26 
and those of the H atoms were as given by Stewart, David
son, and Simpson.27 As extinction was small it was treated 
isotropically. This refinement (I) led to R factors 
R = ~IJFol - JFe 11/~IFol and Rw = ~wlJFol - JFe II! 
~wJFol of 0.044 and 0.038, respectively. A stereoview of the 
molecule given in Fig. 1 clearly shows the nonplanarity of 
the porphyrin ligand, which is ruffled with considerable de
viations from the best molecular plane. 

The aspherical atom multipole refinement (II) was ap
plied as described by Hansen and Coppens. 28 The atomic 
density is expressed in terms of an expansion of atom-cen
tered spherical harmonics, the radial part of which contains 
an expansion-contraction parameter, which is varied in the 
least-squares treatment together with the populations of the 
multipole functions. Scattering factors for core electrons and 
the spherical valence electron function were taken from Ref. 
26. Slater-type functions with variable exponent are used for 
the higher order multi poles, except for the iron atom for 
which isolated atom Hartree-Fock radial functions, modi
fied by a K parameter, were used. In this respect the refine
ment differs from the earlier analysis of FePc. We believe 
that the consistent use of isolated atom HF radial functions 
for both the spherical and the deformation terms of the d
orbital density, proposed by Hansen,25 is an improvement 
over the earlier treatment. 

Starting values of~, the orbital exponent of the C and N 
Slater functions, were taken from the table by Clementi and 
Raimondi. 29 The x and z axes of the local Fe coordinate sys
tem were taken along the Fe-N bond and along the direction 
perpendicular to the porphyrin plane. The coordinate sys
tems for the other atoms except C7 to CII are depicted in Fig. 
2 together with the numbering of atoms in the molecule. The 
z axes for C7 to CII were taken perpendicular to the phenyl 
plane, while the x axes of these atoms were along the direc
tion from each atom to C6, C7, C8, C Il , and C6, respectively. 
The number of parameters was reduced further by the use of 
molecular symmetry. Mirror planes were assumed perpen
dicular to the porphyrin plane through the Fe-N bonds, 
through the porphyrin plane and through the phenyl ring. 
The resulting symmetry of the Fe, N, and all C atoms is D 4h-

4/mmm, C 2v -mm2, and Cs om, respectively. AUowedd-orbi-
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FIG. 1. Stereoview of the molecule showing the deviations from planarity ofthe porphyrin skeleton. 

tal muItipole parameters for each symmetry are as summar
ized by Holladay, Leung, and Coppens. 30 Identical 
multipole parameters were assigned to all the carbon atoms 
in the benzene ring except C6 , the atom adjacent to the meso 
carbon atom, and to all H atoms. The final agreement factors 
R, R w , and goodness of fit G are 0.036,0.027, and 1.13, re
spectively. Tables of observed and calculated structure fac
tors have been deposited in PAPS. 39 

RESULTS AND DISCUSSION 

Crystal structure 

Coordinates and temperature parameters obtained after 
the final aspherical atom refinement are summarized in Ta
bles II and III. Bond lengths and angles, listed in Tables IV 
and V, are not significantly different from room temperature 
values.3 The Fe-N bond distance is in the range of those in 
low and intermediate spin iron porphyrins. 31 The distance of 
atoms from the average molecular plane through the Fe 
atom, hereafter abbreviated as the porphyrin plane, and 
planes of pyrrole and phenyl rings are listed in Table VI. 
FeTPP has a ruffled structure as shown in Fig. 1. The dihe
dral angles between the porphyrin and the pyrrole planes, 
and between the porphyrin and the benzene planes are 11.0· 

FIG. 2. Numbering of atoms and definition oflocal coordinate systems. For 
the phenyl ring atoms, the z axis is perpendicular to the plane of the ring, 
while the x axis bisects the C-C bonds. 

and 77.2·, respectively. The shortest intermolecular dis
tances to the Fe atom are with the benzene ring atoms C IO' 

C II , and the corresponding hydrogen atoms in a molecule 
related by the symmetry operation - x, y - 1/2, 1/4 - z. 
They are 3.986(2),3.323(21),3.931(2), and 3.231(22) A 
for C IO' H IO, C II , and H II , respectively. Since the Fe atom is 
located on a fourfold inversion axis each of the distances is 
repeated four times. The vector from C IO' H IO, Cll> and HlI 
to the Fe atom have angles with the porphyrin plane, 64.2·, 
58.7·, 55.7·, and 45.3·, respectively. Since none of the dis
tances is unusually short no axial coordination to the tetra
coordinate Fe atom is considered in the present study. This 
contrast with FePc in which nitrogen atoms are located at 
3.42 A above and below the Fe atom. 

Electron density maps 

The deformation density is defined as 
1 +H 

l!.p(r) = - L {lFobs lexp(itP) 
V-H 

- IF calc,sph lexp(itPcalc,SPh ) }exp( - 21TiH-r), 

where lFobs I and IF calc.sph I are the structure factor magni
tudes derived from the measurements and calculated with 

TABLE II. Atomic fractional coordinates. 

Atom x y z 

Fe 0.0 0.0 0.0 
N 0.11351(9) 0.06599(7) - 0.002 53(9) 
C(1) 0.19762(8) 0.03285(9) 0.01662(9) 
C(2) 0.262 30( 10) 0.10346(10) 0.01604(11 ) 
C(3) 0.217 46(9) 0.17977(9) - 0.007 25 ( 11 ) 
C(4) 0.12504(9) 0.156 12(9) - 0.016 99(9) 
C(5) 0.057 12( 10) 0.21849(11) - 0.030 30( 10) 
C(6) 0.08231(8) 0.311 80(9) - 0.055 53( 11) 
C(7) 0.104 54(10) 0.332 58( 10) -0.15130(11) 
C(8) 0.12981(11) 0.419 04( 10) -0.17661(12) 
C(9) 0.132 93( 10) 0.48530(9) -0.10582(12) 
C(1O) 0.11043(10) 0.465 03( 10) - 0.010 47(12) 
C(1l) 0.084 89( 10) 0.37865(9) 0.014 40( 11) 
H(2) 0.326(2) 0.092(2) 0.030(2) 
H(3) 0.242(2) 0.244(2) - 0.017(2) 
H(7) 0.1028(15) 0.287(2) - 0.204(2) 
H(8) 0.1495(15) 0.4332(14) - 0.241(2) 
H(9) 0.1502(16) 0.5477(15) -0.123 (2) 
H(IO) 0.1143(14) 0.516(2) 0.0440(15) 
H(11) 0.0694(15) 0.365(2) 0.083(2) 
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TABLE III. Anisotropic (X lOS ,.\2) temperature factors." The anisotropic temperature factor is defined in 
the form 

exp[ - 2,r{h 2a*2UII + k 2b *2U22 + 12c**U33 + 2(hka*b *U12 + hla*c*U13 + klb *C*U23 )}]. 

Atom U11 U22 U33 U12 U13 U23 

Fe 821( 11) 821 (11) 1149(24) 0 0 0 
N 899(37) 972(40) 1595(58) - 73(34) - 25(38) - 35(40) 
C(1) 942(43) 1131 (48) 1834(64) 14(35) - 152(37) 89(38) 
C(2) 947(48) 1436(51) 2971(80) - 135(39) - 304(44) 73(47) 
C(3) 1161(47) 1196(48) 2806(72) - 291(37) - 143(49) 243(53) 
C(4) 1027(44) 1004(45) 1849(62) - 88(33) - 70(36) 140(36) 
C(5) 1180(57) 929(52) 1856(67) - 133(41) - 53(39) 146(39) 
C(6) 1408(54) 859(47) 1651(62) - 152(36) - 108(39) 189(43) 
C(7) 2453(64) 1274(50) 1629(55) - 367(41) 313(46) - 4(43) 
C(8) 3334(79) 1481(57) 1891(66) - 443(50) 519(55) 245(48) 
C(9) 2476(63) 1249(59) 2317(65) - 456(42) 102(48) 286(43) 
C(IO) 3150(68) 1305(49) 2122(72) - 581(46) -70(58) - 124(50) 
C(l1) 3170(70) 1332(52) 1625(62) - 518(48) 20(49) - 38(43) 

a All hydrogen temperature factors fixed at the value of 0.035 A2 obtained in the spherical atom refinement. 

free atom scattering factors, respectively. 
Since Fobs has a contribution from the aspherical as well 

as the spherical charge density, its phase is generally not 
equal to that calculated in the spherical approximation. 32,33 

The phase factor ¢ as calculated in the final cycle of the mul
tipole refinement was therefore used as the phase of Fobs' 

Structural parameters from the multi pole refinement 
were used to obtain F( calc), while the scale factor was ad
justed (by less than 1 %) to give zero deformation density at 
the iron atom position. The standard deviation at a general 
position not in the vicinity of the atomic nuclei is estimated 
at 0.04 e/ A -3. 

The map through the average porphyrin plane, based on 
reflections with sin () / A < 0.7 A-I, (Fig. 3) shows lone pair 
peaks at the nitrogen atoms and density accumulation in all 
C-C and C-N bonds. As the molecule is ruffled the pyrrole 
ring atoms are displaced from the best porphyrin plane (Ta
ble VI); the electron density section through the pyrrole ring 
atoms is shown in Fig. 4. The left and right sides of the pyr
role densities are remarkably similar and background away 
from the atoms is very small, supporting the quality of the 
data set. As in our previous studies of porphyrins the peri
pheral C2-C3 bond of the pyrrole ring shows a more pro-

TABLE IV. Bond distances (A). 

Fe-N 1.9666(15) N-C1 1.3792(17) 
N-C. 1.3752(16) C1-C2 1.4341 (20) 
cl-c/a 1.3959(21) C2-C3 1.3638(23) 
C3-C. 1.4350(18) C.-C, 1.3929(20) 
C'-C6 1.4885(21) C6-C7 1.3960(21 ) 
C6-C1I 1.3899(21) C7-C8 1.3932(20) 
C.~ 1.3920(21 ) ~-CIO 1.3897(26) 
ClO-Cll 1.3918(20) 
C,-H2 0.991 (26) C3- H3 1.046(24 ) 
C,-H7 0.998(26) C.-H. 0.954(26) 
C9-14 0.999(24) CIO-HIO 1.067(23) 
CIl-Hll 0.999(24) 

• Symmetry code I: - y,x, - z. 

nounced peak than the other pyrrole bonds, indicating a 
larger double bond character. The difference with the other 
bond peaks is especially pronounced in the perpendicular 
sections through bond midpoint [Fig. 4 (b) ] . 

The negative, electron deficient, regions along the Fe-N 
bonds in Fig. 3 indicate a depopulation of the crystal-field 
destabilized d;x> _ r orbital relative to the spherical atom. 
Similarly, the peaks along the bisectors of the Fe-N bonds 
represent excess population in the dx;y orbital. The section of 
the deformation density perpendicular to the porphyrin 
plane and bisecting the N-Fe-N bonds is shown in Fig. 5. 
The dominant feature in this section is the pair of (symmetry 
related) peaks above and below the Fe atom. This is in con
trast to the corresponding section in FePc which shows a 
deficiency in the axial direction, corresponding to a depopu
lation of dr relative to the spherical atom, as predicted for 
the 3Eg ground state. 

TABLE V. Bond angles. 

N_Fe-N1a 

Fe-N-C. 
N-C1-CZ 
C2-C1-C,lIa 
C1-Cz-H2 

C2-C3-C. 
C.-C3- H3 

C3-C,-CS 

C,-C,-C6 

C1
1-C,-C6 

C,-C6-C11 
C~. 
C.-C,-H7 
C,-c8-H• 
C.~-CIO 
CIO~-H9 
~-CIO-HIO 
ClO-CIl-C6 

C~ll-HIl 

90.018( 13) 
127.17(9) 
110.51(13) 
124.14(12) 
122(2) 
106.86 ( 11) 
124(1 ) 
123.44(13) 
118.36(13 ) 
119.10(13) 
121.43(13) 
120.57(13) 
118(1) 
121 (1) 
119.90(13) 
120(1) 
120(1) 
120.43(14) 
120(1 ) 

Fe-N-C1 
CcN-C. 
N-C1-C,1I 
C1-C2-C3 

C3-C2-H2 

C2-C3-H3 

C3-C.-N 
N-C.-C, 
C.-C,-C1

1 

C,-C"C7 
C,-c~ll 
C~,-H7 
C,-c8~ 
~-C.-H8 
C8-C9- H9 

~-C1O-C1l 
C11-C1O-H IO 
CIO-CII-Hll 

a Symmetry code I: - y, x, - z; II: y, - x, - z . 

127.24(9) 
105.44(13) 
125.28(12) 
106.65( 11) 
131(2) 
129(1 ) 
110.47(12) 
125.84(13) 
122.47(14) 
119.37(12) 
119.20(13) 
122(1 ) 
119.75(13) 
119(1) 
120(1 ) 
120.15(13) 
120(1) 
119(1) 
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TABLE VI. Least-squares plane and distances from plane (A) (. atoms 
not included in definition of planes). 

1. Averaged porphyrin plane through Fe 
O.OX + O.Oy + 1.0z = 0.0 
Fe 0.0 
N -0.035 C1 

C; 0.221 C3 

C4 -0.234 Cs 

2. Pyrrole plane 
- 0.1489x + 0.1651y + 0.9750z + 0.1265 = 0.0 

+0.229 
-0.100 
- 0.417 

N 0.003 C1 - 0.010 
C2 0.013 C3 - 0.011 
C4 0.005 cr 0.132 

3. Phenyl plane 
0.9547x - 0.2283y + O.I909z + 0.0391 = 0.0 
C6 0.004 C7 

Cg -0.002 ~ 
C IO 0.001 CII 
cr 0.029 H1 
Hf 0.062 H: 

0.025 

-0.001 
0.002 

-0.004 
-0.009 
-0.009 

0.002 

A theoretical study of the electron distribution in iron
(II)porphyrin was reported recently by Rohmer, 16 who cal
culated both the 3 A 2g and the 3 EgA states. Additional calcu
lations allowing for mixing of excited configurations with 
these SCF ground states had little effect on the electron den
sity maps. The theoretical, static, electron density distribu
tions of the two configurations differ little in the plane of the 

11 2R 

FIG. 3. Deformation density section through the porphyrin plane, calculat
ed with phases from the multipole refinement. Reftections with sin (J / 

A. < 0.7 A-I included. Contours at 0.05 e A - 3• Zero and negative contours 
broken. 

porphyrin ring [Figs. 6(a) and 6(b)], in accordance with 
the equal occupancy of the dxy orbital in the two configura
tions. In the perpendicular section [Figs. 6(c) and 6(d)], 
however, the 3 A 2g distribution has excess density along z, 
while 3 EgA shows a deficiency, as observed in FePc. The 
large peak along the z direction in the observed distribution 
suggests a relatively low contribution of the 3 EgA state to the 
ground state configuration of the complex. 

Atomic mult/pole populations 

Multipole populations from the aspherical atom refine
ment are listed in Table VII. Residual electron density maps 
calculated after the multipole refinement (Fig. 7) show 
some density around the iron atom in the molecular plane at 
about 25° from the Fe-N bonds. This residual density is a 
result of the 4/m mm symmetry assumed for the Fe atom in 
the multipole refinement. However, a refinement in which 
this constraint was lifted showed the deviation from 4/m 
mm symmetry to be not significant. There are also negative 
areas at about 2 A from the Fe atom along the z axis [Fig. 
7 (b) ] which have not been modeled by the basis functions as 
they are too far removed from the atomic centers. Except for 
these feature the residual maps are essentially flat. 

The positive value of the population coefficient, P20' on 
the iron atom accounts for much of the density accumula
tion along the z axis, while the negative value of P44+ repre
sents the redistribution of the electrons away from the axial 
to the bisecting directions in the porphyrin plane. 

In order to examine the possibility that the z-axis peak 
results from a small displacement of the Fe atom from the 
center of the molecule, two refinements were done in which 
the iron was displaced by flz = ± 0.003 (0.041 A) and 
± 0.005 (0.069 A) from the origin. These two refinement 

did not improve the agreement factors and did not reduce 
the value of the population parameter P 20' We conclude that 
the observed maximum along z is the not a result of disorder 
in the crystals of FeTPP. 

The iron valence electron population of 7.18 ( 11 ) corre
sponds to a donation of 1.18 electrons to the Fe2+ ion. The 
phenyl group and the pyrrole rings have net charges of 
- 0.22 and - 0.27, respectively, while the Fe atom and the 
meso carbon are positively charged. The charge on the Fe 
atom of O. 82 ( 12) is almost exactly balanced by the negative 
charge on the four nitrogen atoms. 

ci-electron population from the multlpole parameters 

The populations of the d orbitals can be derived directly 
from the multipole parameters as described elsewhere.30 Re
sults are listed in Table VIII together with those of FePc, 18 

theoretical values,IO,l1,16 the populations for the spherical 
Fe(II) atom, and several ionic configurations. Since the de
formation functions used for the iron atom in FePc were 
Slater-type rather than Hartree-Fock functions the absolute 
values of the populations in the two compounds may not be 
directly comparable. Instead the relative values, which are 
much less sensitive to the choice of radial function, may be 
compared. While the FePc populations generally agree with 
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:- .... \ 

/ , " 
FIG. 4. (a) Deformation density in the plane of the pyrrole ring. Details as in Fig. 3. (b) Sections perpendicular bond through bond midpoint for N-C1, C1-

~, ~-C3' C3-C4, and C4-N. 

11 2R 

FIG. 5. Deformation density section through plane bisecting N-Fe--N 
bonds, perpendicular to the average porphyrin plane. Contours at 0.10 
e A -3. Other details as in Fig. 3. The Fe atom is indicated bya + sign. The 
porphyrin plane is horizontal. 

(d) 

FIG. 6. Computed static deformation density maps of FeP from Ref. 16. 
Contours at 0.10 e A -3. (a) 3A 19 in-plane, (b) 3Eg in-plane, (c) 3Alg bi
secting plane, (d) 3Eg bisecting plane. 
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TABLE VII. Multipole populations. 

Fe (4/m mm) P20 0.43(6) 
K' 0.969(17) P40 - 0.12(6) 
Poo 7.1S(ll) P44 + - 0.34(7) 

N(mm) 

n/ 2,2,3 P20 0.10(3) 
K 1.0(2) P22 + - 0.02(4) 
K';, bohr-I 3.S (not refined) 
Pval 5.21(17) P30 0.11 (3) 
PIO 0.13(4) P32 + - 0.07(3) 

C 1,C4 (m) 

nt" 2,2,3 P20 - 0.23(5) 
K 1.02(2) P22 + - 0.04(4) 
K';, bohr-I 2.63(16) P22 - 0.06(6) 
PYal 4.09(19) P31 + 0.00(3) 
PII + 0.02(5) P31 - - 0.02(3) 
PII - 0.02(5) P33 + 0.42(7) 

P33 - 0.06(5) 

C2,C4 (m) 
n a 

/ 2,2,3 P22 + -0.04(3) 
K 1.0(1 ) P22 - 0.OS(3) 
K';, bohr-I 3.2 (not P31 + -0.02(3) 

refined) 
Pval 4.21 (9) P31 - -0.02(2) 
PII + - 0.04(4) P33 + - 0.25(3) 
PII - 0.05(3) P33 - - 0.08(3) 
P20 - 0.14(3) 

C, (m) 
n/ 2,2,3 P21 - 0.02(3) 
K 1.04(3 ) P22 + - 0.14(5) 
K';, bohc l 3.2 (not P30 0.19(6) 

refined) 
Pva1 3.71 (2S) P31 - 0.02(3) 
PII - -0.04(3) P32 + 0.12(5) 
PIO 0.03(6) P33 - 0.0(3) 
P20 0.04(5) 

C6 (m) 

n/ 2,2,3 P22 + - 0.03(5) 
K 1.0(2) P22 - 0.01(4) 
K';, bohr-I 2.65(1S) P31 + 0.03(5) 
Pval 4.52(14) P31 - - 0.04(4) 
PII + 0.02(5) P33+ - 0.40(6) 
PII - 0.05(4) P33 - 0.01(4) 
P20 -0.37(5) 

C7,Cg,C9,CIO,CII (m) 

nt" 2,2,3 P22+ - 0.04(2) 
K 1.016(9) P22 - - 0.02(2) 
K';, bohr-I 3.2 (not P31 + -0.04(2) 

refined) 
Pval 4.22(5) P31 - -0.01(2) 
PII + 0.02(2) P33 + - 0.25(2) 
PII - -0.01(2) P33 - 0.01 (2) 
P20 - 0.22(2) 

Hydrogens 
n/ Pva1 0.72(3) 
K 1.4 (not refined) PIO 0.18(4) 
K';, bohr-I 1.0 (not refined) 

aExponent of r in radial function. R(r) = Nr'(/) exp( - K';r) for dipole, quadrupole, and octapole terms, 
respectively. 
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2A 2A 

(b) 

FIG. 7. Residual maps aftermultipole refinement, sin e fA <0.7 A -I. Contours at 0.05 e A -3. (a) Porphyrin plane, (b) bisecting plane as defined in Fig. 5. 

the theoretical results for the 3 EgA state, no such agreement 
is found for the present results on FeTPP. 

The observed relative populations are intermediate 
between those of the two ionic 3Eg configurations. We may 
use the values for the dxy and dr orbitals to estimate the 
relative contribution of the two configurations to the elec
tronic ground state. If these two states are the principal con
tributors, relative contributions of 40.5% and 59.5% for 
3 EgA and 3 EgB, respectively, are obtained. This is in qualita-

tive agreement with the model of Obara and Kashiwagi,12 
but with a much larger contribution from the latter configu
ration than predicted theoretically. 

The population of the dx;2 _ y orbital which is destabi
lized according to crystal field theory is similar to that ob
served in our previous studies. I 9-21 It is mainly a result of u 
donation from the ligand orbitals, though polarized neutron 
data on CoPc indicate that mixing of excited states may also 
be a contributing factor. 34 

TABLE VIII. (A) Experimental and theoretical d-orbital occupancies with those of spherical Fe atom. (B) d-orbital occupancies for triplet state ionic 
configurations. 

Theory EHb 
(A) FeTPP FePc' 3E.A 

d",_y' 0.43(13)(6.0%) 0.70(7)( 12.9%) 0.896( 12.8%) 
dz' 1.70(11)(23.7%) 0.93(6)(17.1%) 1.071 (15.3%) 
dx,,;,dyz 3.54(14)(49.3%) 2.12(7)(39.1%) 3.054( 43.5%) 
dxy 1.50(13 )(20.9%) 1.68(10)(30.9% ) 1.994(28.4% ) 

(B) 3A 2g 3E.A 3EgB 

dx'_y' 0 0 0 
dz' 2 (33%) 1 (17%) 2 (33%) 

dxz ' dyz 2 (33%) 3 (50%) 3 (50%) 
dxy 2(33%) 2 (33%) 1 (17%) 

"Reference 18. 
b Extended Huckel; Zerner, Gouterman, and Kobayashi (Ref. 11). 
cRohmer (Ref. 16). 

Theory SCF-CIc 
3A 2g 

0.18(2.9%) 
1.94(31.7%) 
1.98(32.3%) 
2.02(33.0%) 

3B2• 

0 
1 (17%) 
4 (67%) 
1 (17%) 

J. Chern. Phys., Vol. 84, No. 12, 15 June 1986 

3EgA Spherical 

0.18(2.9%) 1.2(20%) 
0.99(16.1%) 1.2(20%) 
2.96(48.1%) 2.4(40%) 
2.02(32.8%) 1.2(20%) 
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Electric field gradient at the Fe nucleus 

The electric field gradient (EFG) at the iron nucleus 
can be calculated from the least-squares population of the 
multipoles.35 The elements of the field gradient tensor are 
defined by 

Vij = fp(r) Vij dr, 

where the operator Vij is given by 

Vij = - (3r i rj - r-8ij )/r. 

The electric field gradient is also accessible through the 
quadrupole splitting of the Mossbauer resonance lines which 
is a function of V zz and the asymmetry parameter 1] defined 
as VXX-Vyy" Since the iron atom in FeTPP is located on a 
fourfold inversion axis the asymmetry parameter 1] is zero. 
The angular integration for V zz gives a term dependent on 
the multipole population parameter P20 only, while the radi
al integration requires evaluation of the radial integral fo 
R(r)/rdr,35 where R(r) is the radial part of the d-orbital 
density basis functions. Evaluation of this integral for the 
HF type radial functions used in thise work leads to a value 
of 5.2 bohr- 3• 

Taking into account that K = 0.97, the corresponding 
value of Vzz is - 13.4x 1015 esu/cm3, which may be com
pared directly with the Mossbauer results. Using appropri
ate conversion factors and Sternheimer antishielding factors 
roo and R of - 10 and 0.22, respectively,36 gives a Moss
bauer hyperfine splitting of - 6.5 (9) mm/s, compared with 
experimental results of 1.32 and 1.52 mm/s.4

•
5 

Thus, unlike previous studies on iron pyrite, FeTPP 
(OMe) and FePc which produced agreement between the x
ray and the spectroscopic results, within the considerable ex
perimental errors of the x-ray value, a discrepancy is found 
in the present work. However, we note that the comparison 
is affected by uncertainties in the shielding parameters as 
pointed out by Lang et al.5 

The large negative x-ray value is a direct result of the P20 

multipole population parameter, which is related to the d
orbital occupancies by the expression 3.64 P20 = Pi' 
+ P xz - PX 2 _ y2 - P

XY
' Thus, the Mossbauer results suggest 

less electron density along the z direction and more density 
in the xy plane than observed in the present experiment. 

DISCUSSION 

Even though FeTPP crystallizes in a noncentrosymme
tric space group, the lack of noise in the regions away from 
the atoms (Figs. 3-5) and the observed noncrystallographic 
symmetry in the deformation section through the plane of 
the pyrrole ring (Fig. 4) support the quality of the results, 
and indicate that the estimate of the standard deviation at a 
general position (0.04 e A -3) is reasonable. Nevertheless, 
systematic errors in the observed amplitudes, which are not 
accounted for in the estimate of the standard deviation, may 
produce artifacts, in particular, near heavier atoms37 or posi
tions of high multiplicity. Thus, the large peak on the z axis 
(Fig. 5) has a larger uncertainty than other features in the 
density maps. 

When the experimental populations are compared with 

the theoretical values of 3A 2g and 3EgA [Table VIII(A)], 
the main difference with either configuration occurs for the 
dxy populations which are much lower in the experiment, 
while dxz,yz agrees with 3 EgA and d z 2 is intermediate 
between 3A 2g and 3EgA. The alternative explanation dis
cussed above is a 60-40 admixture of 3EgB and 3EgA. How
ever, theoretical calculations typically show the former con
figuration to be considerably higher in energy. 

A lowering of the z-axis peak would bring the results in 
closer agreement with the Mossbauer data. However, in or
der to get agreement with either the 3 A 2g or the 3 EgA popula
tions, we would also have to assume that the dxy population 
has been underestimated in the experimental results, as both 
configurations have a 33% population in this orbital vs 
20.9% for the experimental result. 

Perhaps the most evident conclusion to be drawn from 
the experimental results is that they represent a mixing of 
several ground state configurations, with a smaller than 
50% contribution from 3EgA. This implies different elec
tronic ground states for FeTPP and FePc in the crystalline 
matrix. This result is not unreasonable since there is abun
dant evidence that the energy levels are closely spaced and 
will be affected by differences in crystal packing. 1.7 

A recent study38 indicates that Fe(II) octaethyl por
phyrin (FeOEP) crystallizes in the more favorable centro
symmetric space group P I with half a molecule in the asym
metric unit. We intend to perform a charge density analysis 
of FeOEP as a continuation of the studies described here. 
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