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Mossbauer spectra of a polycrystalline form of oxidized chloro-S, 10, 15,20-tetra(mesityl)porphyrin­
atoiron(lIl) [Fe(TMP)Cl], compound A, were recorded over a range of temperatures (4,2-195 K) and 
magnetic fields (0-6 T), These spectra of compound A exhibit magnetic features which are markedly different 
from those of the analogous protein complexes, horse radish peroxidase compound I (HRP-I) and compound 
ES of cytochrome c peroxidase, even though chemical evidence and optical spectroscopy indicate that 
compound A is similar to the others in comprising a Fe(IY) complex within a porphyrin cation radicaL We 
interpret the data by employing a spin Hamiltonian model in which the central Fe(IY) complex, with S = 1, is 
tightly coupled to a S = 1/2 system of the oxidized porphyrin to yield a net S = 3/2 system as suggested by 
the susceptibility measurements. The theoretical treatment yields information on the d -electron energies 
which is similar to that more directly available in the peroxidase spectra. The strength of the axial crystal field 
is found to increase progressively in the series HRP-I, ES, compound A, while the spin coupling in A is the 
strongest of the three by several orders of magnitude. The good fits to experimental data confirm the efficacy 
of the theoretical treatment which may be applicable to a variety of other coupled systems. 

INTRODUCTION 

The catalytic cycles of a number of heme proteins in­
volve high valence states of iron. 1 In some cases these 
are accompanied by a second paramagnetic site pro­
duced by the removal of an electron from the adjacent 
structure. The observation of intramolecular spin cou­
pIing in some of these enhances their technical inter­
est. At the same time the growing number of heme and 
nonheme proteins which exhibit spin coupling makes 
worthwhile the development and testing of methods to 
recognize these interactions and to interpret the re­
sulting Mossbauer spectra. 

The two-electron oxidation of cytochrome c peroxidase 
to compound ES by hydrogen peroxide results in the con­
version of Fe(lII) to Fe(N), while the second electron is 
apparently removed from a site remote from the iron. 2 

The extremely weak coupling between the iron and the 
free radical has led to the suggestion that the latter is 
located on the protein, possibly methionine 171, rather 
than on the porphyrin. 3 By contrast, spin coupling of a 
few cm-1 has been detected by EPR, Mossbauer, and 
ENDOR measurements4,5 in horseradish peroxidase 
compound I (HRP-I). Further, the NMR hyperfine shifts 
observed for this species and for the HRP-I reconsti­
tuted with deuterohemin were consistent with 1T spin 
denSity on the porphyrin. 6 Thus a porphyrin 1T-cation 
radical, as originally inferred from the visible spec­
trum,7 is the most likely structure of HRP-I. Several 
lines of evidence have suggested that the active oxygen 
species of cytochrome P-450 is also an oxyferryl spe­
cies related to HRP- I although no such intermediate has 

been detected spectroscopically. 8,9 

It has recently become possible to synthesize simple 
oxidized iron-porphyrin complexes. The low temper.1-
ture oxygenation of synthetic iron(II) porphyrins has led 
to the generation of iron (IV) porphyrin complexes of the 
same oxidation state as HRP compound II. 10 Mossbauer 
measurements on these species indicate a centrJ.I iron 
atom very similar to that of ES. 11 The first synthetic 
porphyrin complex with spectral properties similJ.r to 
those of HRP-I has recently been reported. 12 Oxidation 
of the sterically protected chloro-5, 10, 15, 20-tetra­
(mesityl) porphyrinatoiron(III) (Fe(TMP)Cli with 111-

chlm-operoxybenzoic acid produced a green species, 
compound A, with a visible spectrum characteristic of 
a prophyrin cation radical. Solution magnetic suscep­
tibility measurements gave !lelf ,~4. 2 !lB' very near to 
that predicted for a free spin 3/2 system. The Moss­
bauer spectra of compound A show an isomer shift ,mel 
quadrupole splitting similar to the iron(IV) of compound 
ES. Further, compound A was observed to react with 
olefins at low temperatures to yield epoxides and to re­
generate the starting Fe(TMP)Cl. 

We present here further Mossbauer studies on com­
pound A in frozen toluene solution and show that the pa­
ran1<lgnetic features of the spectr" differ ])l,lrkedly from 
those of ES ,md HRP-I. Det<liled interpretJ.tion COlJ­

firms the theoretical method, reveals the presence of 
a spin 3/2 system, indicates that the spin coupling is 
the principal cause of the Mossbauer spectral differ­
ences, and shows that the central ferry I complex is in­
deed very simitn to those of the proteins. 
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EXPERIMENTAL 

Sample preparation 

5,10, 15, 20-Tetra(mesityl)porphyrin (TMPH2) was 
prepared according to the method of Badger13 with im­
provements we have described elsewhere. 14 TMPH2 

was metallated with 57FeBr2 (80% enriched) in THF at 
room temperature. 15 The crude metalloporphyrin was 
treated with sodium hydroxide, and eluted with methylene 
chloride from Merck basic alumina (activity IV). The 
resulting iron(III) hydroxide [Fe(TMP)OH]16,12 was COn­
verted to chloro-5, 10,15, 20-tetra(mesityl) porphyrin­
atoiron(III) [Fe(TMP)CI] with concentrated hydrochloric 
acid. The purity of the resulting Fe(TMP)CI was con­
firmed by noting the presence of a single pair of sharp 
resonances in the room temperature lH-NMR spectrum 
at {j 14.3 and 16.0 due to the metahydrogens and a broad 
symmetrical resonance at {j 80.6 due to the (:l-pyrrole 
hydrogens. 

The OXidation of Fe(TMP)CI was carried out in toluene­
da at - 90 °C by the addition of 2.75 eq of m-chloroper­
oxybenzoic acid in methanol-d4 • The lH-NMR spectra 
of the green solutions produced in this manner showed 
the characteristic resonances we have ascribed to the 
iron(IV) porphyrin cation radical species, compound 
A, 12 and no resonances due to the starting iron(III) 
chloride. This solution was cooled to - 98 °C, trans­
ferred into an 1/8 inch polyethylene Mossbauer cell, 
and immediately frozen at 77 K. 
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FIG. 1. Mossbauer spectra of compound A in zero applied mag­
netic field and a small transverse magnetic field. The 77 K 
spectrum is fit with two Lorentzians, whUe the calculation of 
the 4.2 K spectra is baaed on the S =3/2 spin Hamiltonian of 
Eqs. (1) and (2). The bars at the right indicate 1% resonant 
absorption. 
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FIG. 2. Mossbauer spectra of compound A in a transverse mag­
netic field of 4 T at temperatures indicated. The solid lines 
are calculations based on the S =3/2 spin Hamiltonian of Eqs. 
(1) and (2). The bars at the right indicate 1% resonant absorp­
tion. 

Mossbauer measurements 

Mossbauer spectra were recorded in horizontal trans­
miSSion geometry using a constant acceleration spec­
trometer operated in synchronization with a 256 channel 
analyzer in the time scale mode. The source of gamma 
radiation was approximately 25 mCi of 57CO diffused in 
rhodium and was kept at room temperature for all ex­
periments. The velocity scale of the spectrometer was 
calibrated with an iron foil at room temperature and the 
centroid of the iron spectrum is taken as the zero of 
velOCity for all data reported herein. Typical calibra­
tion linewidths were 0.23 mm/s, to be compared with the 
natural width of 0.19 mm/s. Linearity of the velocity 
scale was better than 0.1 %, and calibrations were sta­
ble to 0.2% over periods of order one week. Permanent 
magnets were used to supply small magnetic fields 
(0.043 T) in a direction transverse to the gamma beam. 
High magnetic field spectra were obtained using a split­
coil superconducting magnet with the gamma beam di­
rected normal to the field. A spectrum typically took 
10 h to collect. For measurements at temperatures 
above liquid helium temperature, the sample was placed 
in a small counter Dewar on a heated copper finger, with 
silicone grease to ensure good thermal contact. The 
temperature, measured with a gold iron-chromel 
thermocouple, has an estimated uncertainty of 3%. 

RESULTS AND ANALYSIS 

We recorded Mossbauer spectra of compound A under 
a variety of temperature and magnetic field conditions. 
The data are shown in Figs. 1, 2, and 3 along with simu-
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shown in the bottom spectrum of Fig. 1. 
The Mossbauer spectra in the absence of an applied 

magnetic field suggest that the integer spin Fe(IV) is 
coupled to a half-integer spin. Previous magnetic sus­
ceptibility measurements12 indicate a moment of 4.2 IL B , 

or slightly larger than that expected for an S = 3/2 sys­
tem. Thus it appears that the iron 5 = 1 is tightly cou­
pled to a radical 5 ~ 1/2. In order to test this hypothesis 
and to quantify the magnetic interaction we fitted18 the 
Mossbauer spectra using a spin Hamiltonian of the form: 

,1('eI· fl. I+S' A' I-gNPNH· I+S· b· S+pH·.~· I, 
(1 ) 

where the first two terms are the electric and magnetic 
hyperfine interactions, respectively. The third term is 
the nuclear Zeeman interaction and the last two terms 
are the electronic zero field and Zeeman interactions. 
The model assumes that the hyperfine interactions and 
the electronic zero field splitting all share the same 
principal axis frame and with it we calculate Moss­
bauer spectra for either the fast or slow electronic re­
laxation regime. 

FIG. 3. Mossbauer spectra of compound A in a transverse mag­
netic field of 6 T at temperatures indicated. The solid lines are 
calculations based on the S '= 3/2 spin Hamiltonian of Eqs. (1) 

For applied magnetic fields above - 100 G the elec­
trons are effectively decoupled from the nucleus. We 
may then diagonalize the electronic Hamiltonian [the 

and (2), The bars at the right indicate 1% resonant absorption. 

lations (solid lines) described below. The top two spec­
tra of Fig. 1 were taken in the absence of an applied 
magnetic field. Both spectra show evidence for mag­
netic interactions. The 77 K zero field spectrum con­
sists of a single asymmetric quadrupole pair. We fitted 
this with two Lorentzians, allowing the pOSitions, inten­
sities, and half-widths to vary in order to minimize the 
sum of the squared residuals. The fits yielded 15, the 
isomer shift with respect to metallic iron, 0.06 mm/s 
and AEQ , the quadrupole splitting, 1. 62 mm/s, suggest­
ing that the iron in compound A is Fe(IV), as in HRP-I 
and compound ES (see Table I). The large linewidth 
r - 0.50 mm/ s, and the asymmetry of the 77 K spectrum 
shows that even at this temperature the electron spin re­
laxation rate is not fast enough to wash out the magnetic 
interaction. The 4.2 K spectrum has two components, 
a fast relaxing quadrupole doublet with splitting and iso­
mer shift approximately the same as the 77 K spectrum, 
and a broad diffuse spectrum characteristic of a slowly 
relaxing half-integer spin system. 17 The application of 
a small magnetic field (Happ ~ 0.043 T) at 4.2 K, however, 
is enough to decouple the electron and nuclear spins as 

last two terms of Eq. (1)1 separately and solve for the 
spin expectation values of the electronic states. In the 
fast relaxation limit the thermal average of these spin 
expectation values is then substituted in the nuclear 
Hamiltonian [the first three terms of Eq. (1) J and the 
Mossbauer spectrum is calculated. In the slow relaxa­
tion limit. a Miissbauer spectrum is calculated using 
the spin expectation value of each of the electronic states 
and an appropriate Boltzmann average of these spectra 
is taken. In the absence of an applied field the complete 
nuclear plus electronic Hamiltonian [first, second. and 
fourth terms of Eq. (1)J must be diagonalized. 

The iron S ~ 1 spin could couple to the radical S = 1/2 
spin to form a total spin of either 3/2 or 1/2. We at­
tempted to fit the data using the above Hamiltonian for 
both cases, and found S ~ 3/2 to be clearly the better 
choice. Our experience with other porphyrin model 
compounds and a large number of simulations lead us 
to the conclusion that the iron in compound A occupies 
a site of nearly axial symmetry, thus we set the electric 
field gradient asymmetry parameter 1) and the electronic 
zero field parameter E/D both equal to zero. A further 
assumption of an isotropic g = 2 simplifies the Hamil­
tonian thus 

TAB. 1. Comparison of the S =1 spin Hamiltonian and Mossbauer parameters of various compounds. 

Compound 

A 

ES 

HRP(I) 

Theory 
(A=7C) 

Ai (mm/s)a 

1. 50 

1. 27 

1.15 

1. 39 

A; (mm/s) D (cm-1) 

0.67 18.6 

0.44 19.2 

0.47 22.2 

0.42 16.2 

ABo (mm/s) 6Ye (mm/s) Reference 

1.62 0.06 Present work 

1.55 0.05 19, 20 

1.25 0.08 4 

19 

aNote that A * refers to coupling with 57Fe , and that 1. 00 mmls corresponds to a magnetic field of (S) (-14. 76T) 

at the nucleus. 
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::Ie = (1/4) eQ Vu {I! - (15/4)}+S . A . 1- gNi3N H . I 

+D{S~ - (5/4)}+gi3H. S . (2) 

All of the spectra in Figs. 1, 2, and 3 except for the 
77 K, H = 0 spectrum were fitted with this Hamiltonian 
uSing the values: S = 3/2, ~EQ = + 1. 62 mm/ s, Ii = O. 06 
mm/s, r=0.50 mm/s, At=1.00 mm/s, A;=0.45 mm/ 
s. The asterisk (*) indicates that the magnetic hyper­
fine parameters relate to the excited nuclear state of 
57Fe. 

The simplified S = 3/2 spin Hamiltonian does a re­
markably good job of fitting the spectra at the tempera­
ture extremes. At 4.2 K in an applied magnetic field 
only the ground state of the S = 3/2 spin quartet is popu­
lated and thus relaxation rate is irrelevant. The simu­
lations for the 30 and 60 K spectra were calculated in 
the fast relaxation limit. The 15 and 20 K spectra show 
features of an intermediate relaxation rate. Since cal­
culations in this regime are quite difficult we have dis­
played fast relaxation simulations for comparison. The 
solid curve plotted over the low temperature zero field 
spectrum of Fig. 1 results from the complete diagonal­
ization of Eq. (1), and is based on the assumption of slow 
electron spin relaxation. It appears to reproduce most 
of the observed features of the spectrum. Evidently a 
Significant part of the sample exhibits intermediate re­
laxation rate, giving rise to a component similar to the 
77 K spectrum. 

DISCUSSION 

We have demonstrated that compound A is fairly well 
described as an axial spin 3/2 system, If we treat this 
as an iron complex of unit spin strongly and isotropically 
coupled to a spin 1/2 free radical we can determine the 
S = 1 spin Hamiltonian parameters of the former and com­
pare it with the ferry I iron of ES and HRP-I. We let 
SI = 1, S2 =1/2, and allow these to combine to form net 
spin S = 3/2. It is an elementary exercise in quantum 
mechanics to show that the spin components are related 
in the following manner: 

A similar relation holds for the y and z components, 
The magnetic hyperfine interaction is proportional to 

(3) 

A . S where of course A and S refer to the same fictitiouE 
spin. Our measurements thus imply magnetic hyperfine 
coupling parameters At' = (3/2) x 1. 00 = 1. 50 mm/s and 
Ai = (3/2) x O. 45 = 0.67 mm/s, relevant to a spin = 1 sys­
tem. The relation between the operators for S! is more 
complex than Eq. (3), but it can be shown that a factor 
of 3 connects the D values. Thus the D relative to an 
S = 1 system is D =(3)X6. 3 = 18. 6 cm- l . In order to fa­
cilitate comparison we have prepared Table I, using 
standard methods19 to recast the compound ES data 20 in 
spin Hamiltonian form. We note that all of the values 
for compound A are reasonably close to those of the 
protein compounds, indicating that the electronic struc­
ture of the ferry I center is similar in all cases. 

The spin Hamiltonian provides a convenient parametri­
zation of the data. It is related to the more fundamental 
crystal field description, 19 in which the energies of the 
various d -electron orbits and the spin oribt coupling con­
stant b are the basic parameters. Spin-orbit mixing of 
the excited orbital levels with the ground level deter­
mines the nature of the ground multiplet and thus the 
constants of the spin Hamiltonian. Thus the parameters 
for ES in the table correspond to a level scheme in which 
the one-electron orbitals Ixz) and Iyz) are at energy ~ 
= 6.0 b above I xy). Our present results fit the crystal 
field model fairly well if we increase the axial field pa­
rameter to ~ = 7.0 b; the resulting calculated param­
eters are shown in the last line of Table I. The poor 
agreement with the theoretical value of A; is not im­
portant in view of the relative insenSitivity of our mea­
surements to that quantity. This is understood in terms 
of the structure of the multiplet: for most directions of 
applied field the effective spin has negligible z compo­
nent. Thus in our measurements of a randomly oriented 
sample only a small fraction of the sample is sensitive 
to A;. It should be noted that, unlike the present case, 
the Ai values of Table I are not independent experimen­
tal results in case of the proteins. Rather, they were 
forced to be consistent with other parameters in a set 
which could be related to the crystal field treatment. 
We must also point out that our fitting procedure em­
ployed isotropic g, while the crystal field theory with 
~=7.0 b implies g=2.14, 2.14, 1.98 (relative to S=I). 
This would have a very small effect on the statistical 
weight assigned to various spin directions and negligible 
effect on the calculated spectrum. 

The Simple crystal field model would imply a quad­
rupole splitting of about + 3 mm/s if only the valence 
electrons contribute to the efg. This is about twice that 
observed, and it points up the difficulty of making de­
pendable ~EQ calculations and the probable importance 
of bonding levels. The disagreement with Simple theory 
is a feature which the present work shares with the 
treatments of the protein complexes. It is fortunate that 
the magnetic properties depend only on the valence elec­
trons so that magnetic features of Mossbauer spectra 
can be interpreted with more confidence. 

Our data and their interpretation indicate that the ba­
sic ferryl complex of compound A is similar to those of 
ES and HRP-I, differing only in having a somewhat 
stronger axial crystal field. The tight coupling with a 
free radical to form a spin = 3/2 system is demonstrated; 
this feature has not been observed in any analogous pro­
tein. 
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