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The Mossbauer spectra of high-spin iron(m) complexes of tetra-para-substituted derivatives of 5,10,15,20- 
tetraphenylporphyrin [FeL(X)] (R = OMe, H, F or C1; X = C1, Br or I), have been compared with each 
other to clarify the electronic effects of the phenyl substituents and the axial ligands. They show a variety of 
patterns depending on the temperature: asymmetric broadening of the high-velocity line at higher temperatures, 
a symmetric doublet at a temperature T,, and reversal in asymmetry below T,. The temperature dependence 
results from the temperature-dependent spin-spin relaxation of high-spin iron(1n) ion and the off-diagonal 
terms of the hyperfine operator, and reflects the ionic zero-field splitting. The reversal temperature, T,, and the 
quadrupole splitting, AEQ, show two kinds of dependence on R. This is explained by considering the 0- and 
7c-bonding characteristics of the porphyrins under the influence of the substituents. With a given R, the values of 
both T, and AEQ increase in the order X = C1 c Br < 1. This is interpreted as due to the predominantly ionic 
character of the bond between the halide and iron ions, except for R = OMe. 

A number of recent studies of model haem compounds have 
demonstrated the importance of substituent effects in 
porphyrins - l o  in connection with the diverse biological 
functions of haem proteins. We have recently carried out1'' 
a comparative study of the visible spectra of a series of high- 
spin iron(irr) complexes of tetrabara-R-substituted) derivatives 
of 5,10,15,2O-tetraphenylporphyrin (H,tpp), [FeL(X)] where 
R = OMe, H, F or C1 and X = C1, Br or I .  Analysis of 
the absorption bands assigned to porphyrin x, x* transitions 
including vibronic transitions and porphyrin-to-iron charge- 
transfer transitions revealed that the electron-withdrawing 
and -releasing ability of the phenyl substituents and the 
electronegativity of the axial ligands affect the energies of the 
iron d and porphyrin molecular orbitals, the electron-electron 
repulsion in the porphyrin ring and the vibrational frequencies 
of the porphyrin skeletal modes. 

Mossbauer spectra of high-spin iron(r1r) complexes of 
porphyrins are temperature dependent.' At higher 
temperatures a less intense, broadened peak lies at high energy. 
As the temperature is lowered the pattern gradually becomes 
symmetric. In a further low-temperature region, however, one 
finds a reversal in the asymmetry of the quadrupole doublet 
in some cases, in the sense that now it is the lowest energy 
line which starts to become broader than the other. The 
temperat ure-dependent asymmetric pattern was first explained 
by Blume l S  on the basis of magnetic relaxation effects. 
Dattagupta l 6  later pointed out that such a 'reversal of 
asymmetry' in the Mossbauer spectra as the temperature of the 
absorber is decreased can be accounted for by the extended 
stochastic theory of Clauser and Blume where off-diagonal 
terms in the hyperfine interaction are included. The 
temperature at which the reversal occurs, T,, was shown to 
depend only on the size of the ionic zero-field splitting, not on 
the strength of the dipole-dipole interaction between ionic 
moments nor on the hyperfine interaction constant. Thus, T, 
gives information on the zero-field splitting and hence the d- 
orbital energies of the iron ion. To date, however, there appears 
to be no report on the experimental determination of T,. 

In this paper we report the Mossbauer spectra of the high- 
spin iron(rrr) complexes [FeL(X)]. It was anticipated that the 

electron-withdrawing and -releasing ability of the phenyl 
substituents and the electronegativity of the axial ligands would 
affect the energies of, and the electron distribution among, the 
d orbitals of the iron ion; consequently, T, and the quadrupole 
splitting, AEQ, were expected to change systematically 
depending upon the substituents and the axial ligands. The 
Mossbauer results are discussed in the context of its previous 
visible spectral study."" 

Results 
The Mossbauer spectra of all the complexes show a similar 
temperature dependence. At higher temperatures, the less 
intense, broadened peak lies to higher energy. As the 
temperature is lowered the pattern becomes gradually 
symmetric. In a further low-temperature region a reversal in the 
asymmetry of the quadrupole doublet occurs in some cases. The 
spectra for R = C1, X = Br at several temperatures are shown 
in Fig. 1 .  The data were fitted with a least-squares method using 
Lorenzian line shapes. The temperature, T,, at which the 
reversal in the asymmetry of the quadrupole doublet occurs, 
was determined by plotting the linewidth ratio of the two 
components uersus temperature, as shown in Fig 2. Mossbauer 
parameters together with the values of T, are given in Table I .  
The separate linewidths for two complexes at several 
temperatures are given here for examples. Values of W ,  and 
WJmm s-' are: [Fe(tpp)Br] [T,  = 14(2) K)], 0.468(26) and 
0.576(36) at 39.2(4) K, 0.407(26) and 0.456(29) at 19.5(2) K, 
0.429(26) and 0.371(23) at 9.5(4) K, and 0.407(23) and 0.377(22) 
at 4.4(1) K; [Fe(tpp)I] [T, = 29(2) K], 0.334(15) and 0.414(19) 
at 49.8(3) K, 0.350( 14) and 0.361( 14) at 34.9(9) K, 0.346(11) and 
0.348(1I)at 24.7(3) K,and0.349(13)and0.338(1l)at 14.7(2) K. 

Discussion 
The values of AEQ and tii in Table 1 are in the range typically 
observed l4 for high-spin iron(m) porphyrin derivatives. All the 
high-spin iron(m) porphyrin complexes so far studied are found 
to have nearly axial, positive electric field gradients. The 6S 
ionic state is split by the axial crystal field into three Kramers 
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Table 1 Miissbauer parameters for [FeL(X)J 

R X T,"/K AEQb/mm s-' 6ib*'/mm s-' 

3 

i 2  \ 

s" 

4 

T /K 

Fig. 2 Plot of the linewidth ratio of [Fe(tpp)Br] versus temperature; 
W ,  and W, represent the width of the low- and high-velocity lines, 
respectively, of a quadrupole-split Mossbauer spectrum 

doublets with A4 = f i, k 2 and f g, at energies of 0, 2 0  and 
60,  respectively. The spin-spin relaxation times l 5  in the k 
and f excited states are longer than that of the ground state. 
While the matrix elements of the off-diagonal terms in the 
hyperfine interaction are zero for the excited ionic levels, they 
are non-zero for the lowest doublet, k 4. 

At high enough temperatures the three Kramers doublets are 
occupied equally and the average rate of relaxation is relatively 
slow. The high-velocity line in the quadrupole doublet, which 
corresponds to the k - k nuclear transition and is associ- 
ated with greater magnetic hyperfine energy, is broader than 
the other line. At the lowest temperature only the ionic ground 
levels are populated. Although the relaxation rate between 

OMe CI 14(1) 
Br 37(5) 
I 24(3) 

I 29(2) 

I 2x51 

I 33(3) 

H c1 < 4  
Br 14(2) 

F C1 5(1) 
Br 9(1) 

CI C1 8(1) 
Br lO(2) 

1.08(2) 
1.14(5) 

0.55(1) 
0.68( 1 )  
0.76( 1 )  
0.72( 1) 
0.73( 1) 
0.86( 3) 
0.74( 1) 
0.90(1) 
1.04( 1) 

1 . 1  l(2) 

0.37(1) 
0.40(4) 
0.44( 1 )  
0.42( 1) 
0.44( I )  
0.45( 1 )  
0.42( 1) 
0.43( 1 )  
0.45(2) 
0.42( I ) 
0.44( I )  
0.46( 1) 

The numbers in parentheses are the errors in the last figures. 
' Asymmetry reversal temperature. Values at 4-5 K.  Isomer shift 
relative to metallic iron (a-Fe) at room temperature. 

these two levels is rapid, the off-diagonal hyperfine terms lead 
to a low-temperature line broadening which is greater for the 
low-velocity line. Hence, a reversal in asymmetry occurs at an 
intermediate temperature T,. Dattagupta's theoretical treat- 
ment l 6  predicts that 2D/kTr % 4, nearly independent of 
the hyperfine interaction constant and the interionic spin-spin 
coupling. The zero-field splitting depends on the d-orbital 
crystal-field energies (see below). 

Zero-field splitting 

The ground term of a high-spin iron(Ir1) ion in a ligand field 
of D, symmetry is 6A,. The spin-orbit interaction of 6A, with 
the low-lying 4A2 and 4E terms causes zero-field splitting of 
the ground term; the splitting parameter 0 is given by18.19 
equation ( I )  where 6 is the one-electron spin-orbit coupling 

constant, and E(4A2) and E(,E) denote the energies of the 
4A, and 4E terms relative to the 6A, term. The energies of 
five-electron states are expressed 19q20 in terms of electrostatic 
energies and d-orbital crystal-field energies. 

Fig. 3 is a schematic representation of the total energy of each 
five-electron state and orbital energies in D, symmetry; B and C 
are Racah parameters which represent electrostatic energies. A 
crystal field of tetragonal symmetry splits the originally five- 
fold degenerate d orbitals into four distinct energy levels, three 
singly and one doubly degenerate level. The tetragonal field 
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parameters 6 and 6' are defined as the splittings between b2(dxy) 
and e(d,=, d,,) orbitals and between a,(d,Z) and bl(dxz-yz) 
orbitals, respectively; Aoh is a cubic field parameter which is 
the splitting between the t2s and eg orbitals in the limit of 0, 
symmetry. The requisite conditions for a larger value of D are 
indicated by equation (1): a lower energy of 4A, and/or a higher 
energy of 4E. By inspection of Fig. 3, one can substitute orbital 
energies by term energies. Therefore, a larger value of D, and 
hence a higher temperature T,, is cbtained for larger values of 
Aoh and/or 6 and/or 6'. 

Quadruple splitting 

While T, reflects the crystal-field energies of the d orbitals, the 
quadrupole splitting AEQ is determined by the electric-field 
gradient produced by an asymmetric distribution of electron 
charges about the 57Fe nucleus. The asymmetry parameter is 
zero in D, symmetry, and the observed splitting is in equation 
(2) where y = - Vz,  and Q is the nuclear quadrupole moment 

AEQ = eqQ/2 (2) 

of the excited I = state of the 57Fe nucleus; V,, denotes the 
second derivative of the electrostatic potential V with respect 
to z .  

We may separate q into two main contributions. One is the 
lattice contribution, qlal, arising directly from charges on the 
five donor atoms about the iron(rI1) ion. The second is the 
valence contribution, qvaI, resulting from an asymmetric 
distribution of electrons in the bonding and non-bonding 
orbitals. The total value of q is given l4 by expression (3) where 

(1 - y ) and (1 - R) are the antishielding factors accounting 
for induced polarization of inner electrons, and qlat and qval are 
expressed in terms of e/4m0 as in equations (4) and (5). Here qj 

qlal = Cqj(3cos2 e j  - l)/rj3 (4) 
i 

is the charge on i o n j  the polar coordinates of which are Oj and 
r j ,  and pi is the population of the ith valence-shell orbital, ((3 
cos2 8, - l)/ri3) being the expected value of this population 
over the electronic coordinates ei and ri. The summations are 
over all ionsj and all valence-shell orbitals i. 

It is often convenient l4  to use an approximation to discuss 
qval in terms of the effective populations of the 3d and 4p 
orbitals, equation (6), where N(di) and N(p i )  are the effective 

qval  = (4/7)<r 3)3d(N(dx2-y2) - N(dz2) + N(dxy) - 
:"(d,,) + NdZJl )  + (4/5Kr 3>4,c--(P2) + 

% " x )  + N(Py)l) (6) 

populations of the appropriate 3d and 4p orbitals, respectively, 
and ( r  3 ,  the expected value of l/r3 taken over the appropriate 
3d and 4p radial functions. Since (r-3)3d $ (rP3),,, it is usually 
considered that the major contribution to qva, arises from the 
first term in equation (6). 

Although we expect qval $ qIat, owing to the rP3 dependence, 
qval is formally zero in high-spin iron(iI1) complexes because 
there is formally one electron in each of the five d orbitals; qlal 
usually makes the dominant contribution to the total q. 
However, high-spin iron(m) porphyrin complexes have non- 
zero qval arising from an imbalance in the effective populations 
of the five d orbitals. The positive signs of q observed for all the 

high-spin iron(iI1) porphyrin complexes so far studied indicate 
that the covalent bonding to the planar porphyrin is stronger 
than that to the axial ligands. In sum, we must take into 
consideration both qlat and qval in order to interpret the effects 
of the phenyl substituents and axial ligands on AEQ. 

Effects of the axial ligands 

Table 1 shows that both T, and AEQ increase with the atomic 
number of the halide axial ligand. We can judge from this result 
which of the two types of bonding, ionic or covalent, is the 
major contribution to the bond between the central iron and the 
axial ligand. The ligand covalency is known to increase in the 
order Cl- < Br- < I- (nephelauxetic series21). If the bond 
were predominantly covalent, the expected results would be 
contrary to those in Table 1 both in respect of T, and AEQ. 
Increased covalency of the axial ligand would elevate the iron 
dZz orbital and increase the effective population of this orbital. 
As the energy of the d,z - y~ orbital is not affected by the axial 
ligand to the first approximation, the value of 6' would decrease 
(Fig. 3). This would make the value of T, smaller, in contrast to 
the experimental result. The increased N(d,z) would result in a 
smaller qval [equation (6)] and AEQ, which is also contrary to 
observation. Thus, the possibility that the bond between the 
central iron and the axial ligand is predominantly covalent is 
dismissed by both the T, and AEQ. 

On the other hand, the results are explained by the 
assumption that the bond is predominantly ionic. A point- 
charge model in the framework of a crystal-field treatment is 
appropriate in such a case. We consider an iron ion at the origin 
of the x, y and z coordinate axes, replacing the axial ligand with 
an effective point charge -ue (axial) placed at 2 along the z 
axis, and replacing the four in-plane porphyrin nitrogen donors 
with effective charges -he (horizontal) placed at f R along the 
x and y axes. Then expression (7 )  is derived for the crystal-field 

6 + (3/4)6' = (5/12)[(2h/R5) - (a/z5)](r4) (7) 

parameters 2 2  in units e2/47tq,, where ( r" )  is the expected value 
of r" taken over an iron 3d orbital. Although the out-of-plane 
displacement of the iron atom is not taken into consider- 
ation for simplicity, the subsequent conclusions are valid 
qualitatively . 

The electronegativity of the halogen atom, and hence the 
absolute value a of the negative charge of the axial halide ion, 
decreases in the order C1 > Br > I. This means that the value 
of a, not the extent of decrease in the value, is smallest for I. 
Equation (7 )  together with Fig. 3 indicate that a smaller value of 
a gives a larger value of the energy difference between the 4E 
and 4A2 terms, and hence a larger value of T,. Thus, the 
expected order of T, agrees with the experimental result. The 
AEQ data are also explained by the same model. An axial ligand 
with effective point charge -ue corresponds in equation (4) to 
qj = -u  and ej  = 0. A smaller value of a gives a larger value of 
qlat, and leads to a larger value of AEQ through equations (3) 
and (2). The expected order of AEQ is C1 < Br < I, which is 
again in agreement with experiment. 

The same model in the framework of crystal-field theory has 
been successfully applied to interpret the visible spectral 
data for this series of complexes. A brief outline is reproduced 
here. The porphyrin alu(n), a2u(7c) - iron e(dyz, d,,) charge- 
transfer bands shift to lower energy in the order C1 < Br < I .  
The present model predicts depression of the d,, and d,, levels 
in this order, thereby leading to the red shift. When the 
expression for the tetragonal splitting parameter 6 is partially 
differentiated by a, we obtain equation (8). We note that 

( r") /Z" < 1 and decreases with increasing n.  Hence, the first 
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term in equation (8) is greater than the second, i.e. %/aa > 0. 
Since the energy of the d,, orbital is not affected by the axial 
ligand to the first approximation, a less electronegative axial 
ligand causes a larger stabilization of the d,, and d,, orbitals. 
Stabilization of the orbital to which an electron is promoted 
in the alu(n:), a2"(n:) - e(dyz, dzx) charge-transfer transitions 
explains the observed red shift in the order CI < Br < I. 

Despite the decrease in the parameter 6 [equation (S)] with 
decreasing electronegativity of the axial ligand, the sum 6 + 
(3/4)6' increases [equation (7)]. It follows that 6' increases to 
overcome the decrease in 6. Thus, the energies of both the 
a, (dz2) and e(dyz, d,,) levels are lowered with decreasing 
electronegativity, or a, of the axial ligand. We can readily 
understand this conclusion intuitively by considering the 
electron distribution of these orbitals. 

Effects of the phenyl substituents 

The influence of the phenyl substituents on T, and AEQ is 
interpreted as due to electronic effects. Steric effects are 
considered to be of little significance in a series of complexes 
with not very bulky substituents at the phenyl para positions. 
The Hammett substituent constants oP are commonly used as 
the measure of the electron-withdrawing ability of substituents. 
The values of (J, are - 0.28,0,0.06 and 0.22 for OMe, H, F and 
C1, re~pec t ive ly :~~ OMe is electron releasing and F and C1 are 
electron withdrawing relative to H. It seems most likely that 
OMe shifts the porphyrin molecular orbitals to higher energies 
through both inductive and resonance effects, and F and C1 
shift them to lower energies. Such electronic effects are 
transmitted to an iron ion through the (J and x bonds between 
the iron and the porphyrin. 

Table 1 indicates that the values of both T, and AEQ are larger 
for the complexes with R = OMe than those for R = H. The 
result is attributed to the increased (J donation to the iron from 
the porphyrin with R = OMe. This shifts the iron dx2 - y ~  orbital 
to higher energy, and gives larger values of Aoh and 6' (Fig. 3), 
since the energies of the other iron d orbitals are not affected by 
the porphyrin (T donation to a first approximation. As can be 
seen from equation (1) and Fig. 3, larger values of Aoh and 6' 
result in a larger value of D, and hence a higher temperature T,. 
In addition, the larger (J donation increases the effective 
population N(dx2 - y ~ ) ,  and leads to a larger value Of AEQ through 
equations (6), (3) and (2). Evidence in support of the increased 
0 donation in the case of R = OMe is provided by the smaller 
values of 6; for the complexes with R = OMe than those for 
R = H. The 6i values suggest substantial (T donation from 
the R = OMe ligand into the iron 4s orbital and increased 
s-electron density at the "Fe nucleus. 

The values of both T, and AEQ for [FeL(I)] (R = OMe) 
deviate from those expected from their dependence on X: they 
should be larger than those for X = Br, if the bond between 
the iron and X were purely ionic. The deviation is probably 
caused by the increased (T donation. Stronger porphyrin-to-iron 
donation depresses the effective positive charge on the iron, and 
hence weakens the ionic bond to an axial ligand. Accordingly, 
the fraction of covalency in the bond increases. On the other 
hand, iodide has the largest covalency of the three halide ions 
studied here (see above). Thus, the fraction of,covalency in the 
bond between the iron and the iodide ions when R = OMe 
is believed to be considerably high. The high covalency of the 
axial ligand elevates the iron d,Z orbital and increases the 
effective population of this orbital; the decreased value of 6' 
makes the value of T, smaller, and the increased N(d,2) results 
in a smaller qval [equation (6)] and AEQ. 

For the complexes with electron-withdrawing substituents F 
and C1 the values of AEQ are larger than those for those with 
R = H, whereas the values of T, remain essentially unaltered. 
This result is not simply explained. A tpp ligand with an 
electron-withdrawing substituent at each para position is 

weaker both as a 0 and n donor to the central iron than is 
unsubstituted tpp. The increase in AEQ is probably attributed 
to decreases in N(d,,) and N(d,,), arising from the weaker 
porphyrin-to-iron x donation. However, the differences in 
iron-porphyrin n bonding must make 6 and hence T, smaller 
in the complexes with electron-withdrawing substituents, and 
some other mechanism is needed to account for the unchanged 

It is known 1 4 3 2 4 p 2 6  that porphyrins act as 'electron sinks' or 
'electron buffers', that is they are able to modify both their (T- 

and x-bonding characteristics towards iron in such a way that 
they maintain the effective number of electrons around the iron 
nearly constant. The virtually substituent-independent values 
of T, make it seem likely that a decrease in porphyrin-to-iron 7c 

donation is accompanied by an increase in porphyrin-to-iron (T 

donation. This makes both Aoh and 6' larger, and so a slight 
increase in the (T donation is sufficient to keep T, practically 
constant. An increase in the o donation makes N(dxz-,2) larger, 
which further increases AEQ in addition to the direct effect of 
the decrease in n donation. 

It is probably the case that the porphyrin with R = OMe also 
acts as an 'electron sink': an increase in porphyrin-to-iron (J 

donation discussed is believed to be accompanied by a decrease 
in porphyrin-to-iron n: donation. This second-order effect 
makes N(d,,), N(d,,) and 6 smaller. The first-order effect of the 
increase in N(d,Z-,,Z) on AEQ is amplified by the decrease in 
N(d,,) and N(d,,): the second-order effect leads to a larger AEQ. 
The smaller 6 as a result of the second-order effect counteracts 
the first-order effect of increased Aoh and 6' on T,: the values of 
T, are diminished as compared to those in the absence of the 
second-order effect. The conclusions inferred here for R = 
OMe are consistent with the results in Table 1. 

Tr- 

Conclusions 
In order to investigate the effects of axial ligands and phenyl 
substituents on the electronic properties of iron porphyrin 
complexes, the values of the temperature T, at which 
asymmetry reversal occurs and the quadrupole splitting AEQ of 
the Mossbauer spectra have been determined for a series of 
high-spin iron(Ir1) complexes [FeL(X)]. Both T, and AEQ were 
found to increase with the atomic number of the halide axial 
ligand. This indicates that the bond between the central iron 
and the axial ligand is predominantly ionic, and is explained on 
the basis of a point-charge model in the framework of a crystal- 
field treatment. The values of T, and AEQ show two kinds 
of dependence on R. Derivatives with the electron-releasing 
methoxy group have larger values of T, and AEQ than those for 
R = H. The result is attributed to increased (T donation to the 
iron for the porphyrin with R = OMe, probably accompanied 
by a decrease in n donation. On the other hand, complexes with 
electron-withdrawing substituents R have larger values of AEQ 
but essentially unaltered values of T, as compared to those for 
R = H. The result is explained by considering the 'electron- 
sink' capability of porphyrin macrocycles, whereby they are 
able to modify both their (J- and n-bonding characteristics 
towards iron in such a way that the effective number of 
electrons around the iron is maintained nearly constant. Such 
behaviour may well be responsible in part for the diverse 
functions in which metalloporphyrins participate in biological 
systems. 

Experimental 
The complexes [FeL(X)] were prepared as described 
previously. O0 Powder samples were used for the Mossbauer 
measurements. A Toyo Research FGX-1 00s Mossbauer 
spectrometer was operated in conventional constant-acceler- 
ation mode with a source of 1.85 GBq "Co/Rh (Amersham). 
Isomer shifts, 6i,  are given relative to metallic iron (a-Fe) at 
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room temperature. An Air Products LT-3-110 refrigerator was 
used to maintain the samples a t  temperatures in the liquid- 
helium region. 
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