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Summary — We have applied Méssbauer- and EPR spectroscopy to [(C1)Fe(IV)=O(TMP)®] which is a synthetic analog
for compound I of the heme peroxidases. The temperature- and field-dependent Mdéssbauer- and EPR spectra were analyzed
within the spin-Hamiltonian formalism. Spectral simulations with a unique parameter set are prohibited due to the fact that
several of the spin-Hamiltonian parameters cannot be determined independently and, therefore, are covariant. Theoretical
considerations are discussed to reduce the allowed parameter space.

Méssbauer spectroscopy / EPR spectroscopy / oxoferryl porphyrin radical cation system / exchange coupling

Résumé — Etudes théoriques par spectroscopie Mossbauer et RPE des interactions d’échange dans le systéme
radical cation d’une oxyferrylporphyrine. Nous avons appliqué les spectroscopies Mdssbauer et RPE o [U'étude de
[(COFe(IV)=0O(TMP)*)] un analogue synthétique du composé I des peroxydases du héme. Les spectres Méssbauer et RPE
en fonction de la température et du champ ont été analysés avec un formalisme d’hamiltonien de spin. Les simulations de
spectres avec un ensemble unique de paramétres sont interdites en raison du fait que plusieurs parameétres de "hamiltonien
de spin ne peuvent étre déterminés de maniére indépendante et sont donc covariants. Des considérations théoriques sont
discutées pour réduire l’espace paramétrique permis.

spectroscopie Mdssbauer / spectroscopie RPE / systéme radical cation d’une oxyferryl-porphyrine / interactions

d’échange

Introduction

Investigations of the electronic structure of transition
metal compounds, of the coordination geometry of the
metal center, and of the nature of the metal ligand
bonds have to rely on spectroscopic techniques if these
compounds cannot be crystallized and X-ray structure
studies cannot be performed. This is especially true for
transient intermediates of catalytic reactions such as
compound I of the heme peroxidases and their syn-
thetic analogs. Mdssbauer spectroscopy plays a ma-
jor role in this achievement when the transition metal
is ®"Fe. This method has the advantage that all iron
species in a sample are observable, irrespective of their
valence or spin state. The full power of the method is
obtained if, besides isomer shifts and quadrupole split-
tings, the magnetic hyperfine interactions are derived
from temperature- and field-dependent measurements.
Since the magnetic hyperfine interactions owe their ori-
gin firstly to the magnetic moments of unpaired valence
electrons (spin-expectation values) and secondly to the
mediation of the resulting field to the nucleus (hyper-
fine coupling tensor), the need arises for complemen-
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tary and independent data. Electron paramagnetic res-
onance (EPR) is a very useful tool in this respect. As it
directly detects energy splittings of the electronic spin
system, the signals depend on the spin multiplicity, and
on the zero-field and exchange interactions. It has been
shown that the combination of Méssbauer and EPR
spectroscopy provides valuable insight into the elec-
tronic structure of paramagnetic iron species [1], and
also of compound I of heme peroxidases and their syn-
thetic analogs [2-8]. The data analysis is usually based
on the spin-Hamiltonian formalism. The aspect cov-
ered by the present contribution concerns problems with
deriving unique spin-Hamiltonian parameters due to co-
variances of some of the parameters in the temperature-
and field-dependent measurements. One of the key
parameters for the electronic structure of oxoferryl por-
phyrin cation radical complexes appeared to be the ex-
change interaction of iron(IV) (S = 1) and porphyrin
radical (S = 1/2). The competition of moderately
strong exchange coupling (J) and moderately strong
zero-field interaction (D) influences spin-expectation
values and effective EPR g-values significantly. Quanti-
tations of this effect are obscured by the correlation of
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local g-values and D for iron(IV), and by the unknown
anisotropy contribution to the exchange interaction.
Here we want to present some aspects of the theoretical
and practical problems within the spin-Hamiltonian for-
malism in the study of the heme-peroxidase compound I
analog [(Cl)Fe(IV)=0O(TMP)*], (TMP = tetramesityl-
porphyrin).

Simulation of EPR- and Mdssbauer spectra
within a multidimensional spin-Hamiltonian
parameter space

In an 5“Fe Mdssbauer experiment the information about
the electronic environment of the *’Fe nucleus is acces-
sible via the hyperfine interactions between the nucleus
and its surrounding electrons. The Hamiltonian which
adequately describes these interactions is given by [1]:

Hy=(S)y-A T —fugaB-1 +Hg +6 (1)

The first term in (1) describes the magnetic hyperfine
interaction, the second the nuclear Zeeman interaction,
the third the electric quadrupole interaction and the

fourth the isomer shift. I is the nuclear spin of 37 Fe, B
the applied field and A the hyperfine coupling tensor.

(S) represents the spin-expectation values of the iron
valence-electron shell.

In an oxoiron(IV) (S = 1) porphyrin cation radical
(S = 1/2) system the paramagnetic iron is part of an

exchange-coupled pair; therefore (S) can only be de-
rived from diagonalization of an electronic spin Hamil-
tonian which includes iron-radical spin coupling [1]:

1 E
- 2 _ - 2 _ o2
H,=D |5z 3S(S+1)-|—D(Sm S,)

—_ —_ —t —_—
+ﬁ S ‘gFe‘ B +ﬁgradical S -B—
[
In this expression S and S are the spin operators
of the ferryl iron and the cation radical, respectively. D
and £ are the zero-field splitting and rhombicity param-

eters of the ferryl iron, B is the applied field, and J is the
spin-coupling tensor. The latter can be decomposed into
an isotropic part 1J,, and an anisotropic part Jd, orig-
inating from the exchange interaction and spin-dipolar
interaction, respectively, between iron and the cation
radical. The g-factors of the ferryl iron are related to
D and E depending on orbital energy differences (vide
infra), while for the g-factor of the cation radical the
free-electron value g, = 2.0023 is appropriate. The var-

ious tensors (3, A, electric field gradient, D) involved
in Hy, (1) and H, (2) are assumed to be collinear, be-
cause of the stereochemistry of the system and because
we found that larger rotations (> 10°) of tensor axes
do not result in acceptable simulations. Even then it is
by no means a simple exercise to derive a consistent set
of H,- and H.-parameters, which allow us to simulate
temperature-dependent EPR spectra and temperature-
and field-dependent Mdéssbauer spectra, in agreement
with the measured data. Since several of these parame-
ters are strongly covariant and, hence, cannot be varied

independently, we have used experimental and theoret-
ical criteria to classify ranges of parameter values as
acceptable or as unrealistic. Taking as an example the
compound I analog [(Cl)Fe(IV)=O(TMP)*] [8], we de-
scribe in the following, step by step, how parameter
values are derived and fine tuned or discarded.

Local g-factors of ferryl iron in compound I
analogs

The one-electron orbital occupancy of ferryl iron in
perturbed octahedral symmetry as shown in figure la
defines as possible electronic ground state d2 dl.d)_,
which is a spin-triplet state with spin degeneracy 25+1,
(§ = 1). This ground state may interact, via spin-
orbit coupling, with the excited spin-triplet states, eg
dy,d2,d,, and d} dl d2 , and with spin-singlet and
spin-quartet states with the result that spin degener-
acy is lifted. In a perturbation treatment of the orbital-
ground state d2 dl.zdyz with ligand field splitting Ay
(which is large in comparison to the one-electron spin-
orbit coupling-constant ) the spin states are repre-
sented by their magnetic quantum numbers mg = 0,
+1 and their energy spacings D and E (fig 1b). Within
this perturbation treatment D, E and the g-factors of
the ferryl ion are given in terms of orbital energy dif-
ferences A; and V, and the spin-orbital coupling con-
stant ¢ with the latter ranging from 350 to 400 cm ™! for
Fe(IV), depending on the amount of covalency of the 3d
orbitals [9]:

(a) Fe 3d one-electron orbitals

free ion octahedral rhombic

d,?_ya

A,
(b) electronic ground state of Fe(IV) (S=1)
one-electron many-electron zero-field
orbitals term splitting
dy. __}_
ms = +1
d;: -—f—— 4, 128
D
ms =10

Fig 1. (a) Fe 3d one-electron orbitals and (b) electronic
ground state of Fe(IV).
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Fig 2. D-dependence of local g -factors of ferryl iron (g1 = [gz + gy]/2), derived from the perturbation treatment of eq (3)
(curve A) and from exact calculations with the following Fe 3d orbital energies: (i) Az = Az = oo, restricted to S = 1; (ii)
A2 = Az = oo, including also spin-singlet states; (iii) A2 = 70¢; Az = 44¢; (iv) Az = 250¢; Az = 100¢. Both (iii) and (iv)
include, besides triplet-states, spin-singlet and spin-quartet states. ¢ was taken as 350 cm ™',

D = A¢%/(4A2 - V?)
E=((-V)/2,]D

9z =2+ [C/(Al—

IR

V)] + 2 (Al_gvﬂ
v ()]« e (o )

9: =2~ [¢*/(4A] - V?)] (3)

In figure 2 we compare the D-dependence (E = 0) of
g-factors as derived from the perturbation treatment of
d2,dk.d}, according to (3) with corresponding results
derived from a rigorous treatment of spin-orbit cou-
pling within the tgg subspace restricted to S = 1 states
and within the complete (tgyeg)4 space including spin-
singlet and spin-quartet states. The energy difference
between spin-singlet and spin-quartet states is roughly
approximated as 24000 cm~!. For the correct inter-
pretation of the measured effective g-factors of com-
pound I analogs (vide infra), it is important to start
with a realistic guess of local g-factors of Fe(IV); hence
for D ~ 30 cm™!, for example, which is taken as upper
limit, we must select from the various g, -factors offered
in figure 2. (The value for g, will be close to 2 under
this condition.) The g,-factors derived from the per-
turbation calculation of d2,d%_dl, (curve A) deviate to
some extent from those derived %rom the exact calcula-
tion within the t%g subspace restricted to S =1 (curve i)

because for D > 20 cm~! the condition ¢ << 1A; is no
longer valid. Both curves deviate considerably from the

g1 -factors originating from the calculations in the com-
plete (t24¢,)* space (curves ii-iv). Among these calcula-
tions we compare the following three cases, which differ
in one-electron orbital energies Ay and Az of the e,
subspace: (ii) Ay = Ag = oo, (iii) Ag = 70¢; Az = 44¢
(taken from molecular orbital calculations), and (iv)
Ay = 250¢; Az = 100¢ (‘effective’ splittings regard-
ing the large amount of covalency of the e4-orbitals as
derived from molecular orbital calculations [10]). In all
cases the spin-orbit coupling-constant has been chosen
as 350 cm~!. Spin-polarized molecular orbital calcula-
tions have been performed for an oxoiron(IV) porphyrin
system with an Fe-O bond distance of 1.65 A yielding
strong antibonding interaction between Fe d2 and O p,
orbitals and an orbital ordering which corresponds to
cases (iii) and (iv). This implies that g, -factors of com-
pound II analogs are more likely ~ 2.1 and not ~ 2.2
as currently used in the literature [2-7, 9].

Effective g-factors in compound I analogs

We start from oxoiron(IV), corresponding to the com-
pound IT analog, with local g-factors gf¢ = 2.1, gllie =

2.0. Provided that exchange coupling in the compound I
analog between the oxoiron(IV) and the porphyrin

cation radical (gi2dicel — 2) would be strong, the g-

factors corresponding to total spin (S = 3/2) could be
derived from spin-projection technique [1]:

g/ — ggFe + lgradical
3

3 (4a)
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For field orientation L and || to the molecular z-axis
the result is:

g\ = § 2.1+ % 2.0 = 2.067 and gl’I =2.0 (4b)

EPR spectra of the Kramers doublets of the
S = 3/2 multiplet are usually described by effective spin
Seff = 1/2. From the equivalence of matrix elements of
a real operator in real spin-state space, {|S, £1/2 >},
with those of an effective operator in effective spin-state

—eff
space, {| S =1/2,%£1/2 >},

— _aeff

- = 1 1
<S,mlg’ B-S |S, m'>=< 3 m|g®T B-§ |§, m' >
(5)
the effective g-factors, as detected in the EPR experi-

ment, are derived for arbitrary applied field B. For the
EPR-active doublet with m = 1/2, m’ = —1/2, it fol-
lows from (5):

1 , =2 1 1 1 off T —eff 1 1
_ . L S—=<c = = B. R
<Sﬂ2|g_LB S+ |Ss 2> <272|gj_ S+ |2» 9

Ja— 1 —

Bg'U/S(S+1)+Z=Bgef (6)
’ l _ qeff

91 S+2 =4g]

1
Correspondingly, by considering m = m/ = :+:§, it
follows gﬁﬂ =2

In summary the g’-factors of the compound I ana-
log from above, ¢ = 2.067 and gl'l = 2, corre-

spond to the effective values g§f = 4.135 and gﬁﬁ =

2, provided that ferromagnetic exchange coupling. be-
tween ferryl iron (S = 1) and porphyrin cation rad-
ical (8" = 1/2f2 is strong, ie, J, >> D. In con-
trast to the g{'-value of 4.135, the EPR spectrum
of [(Ch)Fe(IV)=0(TMP)*] (fig 3) yields the g*¥-values
4.230(3), 3.780(3), 1.9998(5), with the first two cor-
responding to the average value ¢ = 4.005(6).
The reason for this discrepancy is the fact that
we are actually not concerned with an ‘infinitely’
strong coupled (J, >> D) iron(IV)-radical sys-
tem. Instead, the exchange coupling constant J, in
[(CYFe(IV)=0O(TMP)*] is of the order of D. This fol-
lows from a full spin-Hamiltonian analysis of the en-
ergetically lowest Kramers doublet (3/2, £1/2 > for
[(Cl)Fe(IV)=0O(TMP)*]. Taking as parameters S = 1,
S =1/2, D =30 cm~!, E =0, B =20 mT and
Jo =05 D, 10 D, 15 D, ... we diagonalize expres-
sion (2) for each J, value, and thus derive the energy
spacing AE within the EPR-active Kramers doublet.
With the resonance condition

98B = AE (7)

the effective g, -factor is derived in terms of J,. In
figure 4 we have plotted the g_eLff vs Jo/D relation for
two different D values (20 and 30 ecm~!). This plot
exhibits as important result that the ferromagnetic
exchange-coupling constant J, steeply declines when

the measured gﬁ_ﬁ—factor takes values below 4. Figure 4
further indicates that unrealistic starting values for
local gfe-factors considerably obscure the finding of
realistic values for J,: taking a specific value for D
(eg, 30 em~!) and then comparing solid and dashed
curves, based on different estimates of gie, viz, the
unrealistic case (i) and the realistic case (iv) from above,
respectively, reveals that the measured value g§f ~ 4 for
[(C1)Fe(IV)=0O(TMP)*] may yield quite different J,/D
values, namely 1.2 or 1.7 (see arrows in fig 4).

g-values
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100 200 300 400
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Fig 3. First-derivative EPR spectrum of [(Cl)Fe(IV)=0
(TMP)*] which was least-squares fitted with Gaussians
(solid lines) of inhomogeneous line width, I'; = 4.8 mT,
Iy =78mT, T, = 2.8 mT, yielding the g*7-values 4.230(3),
3.780(3), 1.9998(5).
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Fig 4. Calculated relation ¢ vs J,/D for D = 30 and

20 ecm™!. Starting values gi° are derived from a pertuba-
tion treatment (solid lines) and from the realistic case (iv)
(dashed lines); see text.

Zero-field splitting D

Diagonalization of the spin-Hamiltonian (2) for the
simple case /D = 0 and B = 0 provides the energies
£€1,2, €3,4 and €45 of the three Kramers doublets, [3/2,



+1/2>,13/2, £3/2 >, and |1/2, £1/2 >, in analytical
form as a function of D and J,:

1 1
g1,2 = —E(QD —~3J,) - E\/36D2’ + 81J2 + 36DJ,

D J,
€34 = 3 - ? (8)

1
€56 = ——115(2D —3Jo) + E\/Z&GD2 +81J2 4+ 36DJ,

Note that the local g-factors g&e, gﬁe and g;fgjga‘

do not appear in (8) because the applied field B is
taken as zero. With |3/2, £1/2 > being the EPR-
active doublet it is possible to derive information about
D and J, from the temperature dependence of the
doubly integrated first-derivative EPR signal intensity.
Again using [(C1)Fe(IV)=0(TMP)*] as an example,
we have performed a least-square fit of the measured
product ‘intensity x temperature’ with the appropriate
Boltzmann distribution:

I-T ~[1+exp(—Ac'/kT) + exp(—Ae" /ET)]~1 (9)

The energy differences A’ = €34 — €12 and
Ae" = e56 — €12 obtained from this fit (fig 5) are
22(3) em™! and 62(10) cm™! and yield with (8) the
values D = 25(5) em™! and J, = 30(8) cm™!. We note
that these values are only rough estimates because (i)
the value for Ae” cannot be derived more accurately
by measuring temperature-dependent EPR. intensities
(fig 5); (ii) the rhombicity E is set equal to zero, whereas
the measured difference Ag = g, — g, = 0.45 (fig 3)
yields according to (3) a non-zero E value; and (iii) the
exchange interaction is represented by an isotropic value
Jo, only, however, in general anisotropy contributions Jy
are to be expected due to spin-dipolar effects.

A" =22cm’!

o 300 Ae" = 62(10)em!
E
)
5
£ 250
200+ v

0 10 20 30 40 50 60
Temperature (K)

Fig 5. Temperature dependence of the doubly integrated
first-derivative EPR signal of of [(Cl)Fe(IV)=0O(TMP)*]
with a fit (solid line) of the Boltzmann population of
Kramers doublets [3/2, +1/2 >, |3/2, £3/2 > and |1/2,
+1/2 >, yielding Ae’ = 22 ecm™?! and Ae” = 62 cm . The
dashed lines indicate the solution for Ac” = (624+10) cm™?.

Thus additional spectroscopic information is re-
quired to further adjust D, E, J, and J4. In principle
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such information could be provided by temperature-
dependent magnetic susceptibility measurements on
[(Cl)Fe(IV)=0O(TMP)*], however, it was practically im-
possible to synthesize compound I analogs with 100%
yield (fig 6); therefore the measured signal is obscured
by the additional paramagnetism of ferric precursors
and/or ferryl contaminations. Because of this prepara-
tional problem it is more suitable to apply experimental
methods, such as EPR- and Maossbauer spectroscopy,
which are oxidation- and spin-state specific, as well as
theoretical considerations.
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Fig 6. Mossbauer spectra of [(Cl)Fe(IV)=0(TMP)*®]. (A)
Measured at 77 K and B = 0; the solid line is a least-squares
fit using Lorentzians. (B) Measured at 4.2 K and applied
field; the solid lines represent spin-Hamiltonian simulations
using the parameter set of table I. The subspectra (a)
represent the compound I analog and (b) traces of the
compound IT analog.
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Anisotropy contribution Jy

An estimate for the (spin-dipolar) anisotropy contribu-
tion, ie, the expectation value

Ji=0% < U|05,|T > (10)

with the fine-structure constant o = 1/137 and the
tensor operator

~ Sy (3127l — 1) S

O19 = 11
12 T?Q ( )
where T719=71 — g and 7 =71 /7, can be derived

under the assumption that the interaction takes place
between two magnetic orbitals, ¥, (7 ) and 1,(7 ), which
are located predominantly within the porphyrin core
(tp) and at the iron (1,), respectively. Both molecular
orbitals (MOs) are represented as linear combination of
atomic orbitals (AOs):

Up(T) = Campbam(T) + D ipdi(T — R)
" i T
wo(?) = chm,o¢dm(F) + ZCi7o¢i(? - Rl)

The m-summation extends over the five 3d-orbitals
of iron while the second term contains the other atomic
orbitals of the system. The matrix element (10) eval-
uated with respect to a Slater determinant built from
the two MOs (12) has the following structure:

Ja = a® < (1 )%o(12)[012tp(T 1)0s(T2) > (13)

An appreciable anisotropy might be expected if the
integral (13) contains a sufficiently large one-center
contribution due to an admixture of Fe(3d) orbitals to
the magnetic porphyrin orbital, ie, if ¢gmp is not too
small. The respective one-center integral at the iron site
has the form

1
J‘g ) =a? E E Cdm,pCdm’ ,0Cdm’ ,pCdm'" .0

m,m’ m’,m'

< Gam(T1)bam (7 2)|O12|bdm (T 1) bamen (T2) > (14)

The evaluation of this intf(%ral is facilitated by ex-
pressing the operator 37 - 7° — 1 with real spher-
ical harmonics Zym(7) so that, eg, 322 — 1 =
V(@4n/5)[v/3Z23(F) — Z20(7)]. In this case the compo-
nents of the operator Oy, can be factorized by utilizing
the bipolar expansion of the irregular (complex) spher-
ical harmonics [11]:

| ?1 + —TTQ |—L_1YLM(1/‘\1 + 7"\2)
=3 DA EMAYRFO)r s EPIY () (15)
A

The shorthand notations r. and r- stand for the
larger and smaller values of r; and 79, respectively, and

I'su(LM) are expansion coefficients [11]. Retaining only
the first term of this expansion with A = y = 0, which
is usually an order of magnitude larger than the higher
order terms, one obtains for L = 2 the simple expression

| -’F] - ?2 ]_BYQM(?;[ —?2) = T;BYQM(?>) (16)

The matrix element (14) can thus be reduced to
integrals of the type

/ A7 205 (T 2)Pam (7 2)
; (17)

[’"ESYzM(ﬂ») / Paim (T 1) Gam (7 1)d%r1
0
I T Yo (P9 (T 1) Bamn (7 1)1

This expression can be further simplified on the
basis of spin-polarized molecular orbital calculations
for compound I analogs [10], which show that in good
approximation only one Fe(3d) orbital occurs in each
of the magnetic orbitals, namely d, (or dy.) in ¥o(7)
and dzz_},z in ¥,(7), respectiy(_aly, so that m = m” a.nd
m’ = m'. Under this condition only the term with
M = 0 in (16) survives, as follows from the selection
rules for the Clebsch-Gordan coefficients, and therefore

Jg is diagonal. Moreover, assuming a single-zeta radial
part for the Fe(3d)-AO then

7
Riy(r) = Qﬁ%r“e‘w (18)

The square bracket of (17) takes the form:

[] =3 You (72) {1 —em%n Z(Tz)}

6

VEANE <2 g e () (19)

3

Here the abbreviation
DL (2¢ry)t
Yy =y Er)
n 0

has been used, and < r=3 >34 is the expectation value
with respect to the Fe(3d)-AO. Substituting this result
into (17) and performing the remaining integration over
ro yields:

2-m'? 5L 15(3 + i)!
-3
<7 >3d[ 7 (I“ZOW

(20)

3

2 —m? (64 )!
T 2 g
- -3 T (4—m2 —m'2
<r73 >34 224( mé —m ) (21)
Taking into account that m = 2 and |m/| = 1, as

mentioned above, the final result for the one-center
contribution to the anisotropy part of the exchange
coupling is obtained as



Table I. Parameter sets which provide successful spin-Hamiltonian simulations of
Mossbauer- and EPR~spectra (fig 6b and 7).

_ Spin-Hamiltonian parameters
Set  glodical gfre ghe  ge/f gf,ff D (em™') E/D Jo (em™') Japy. (em™t)

X,¥Y 1,2
I 2.003 2.016 2.110 3.780 4.230 25 0.053 42.6
” 1”7 "

14, 1.6, =3.0
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11 " 2.077 " " 57.0 0.5, 0.5, —-1.0
Nuclear parameters (at 4.2 K)
Set Sa—pe (Mms™') AEq (mms™') Ay/Bnga(T) Ay/Bagn(T)
1 0.05 1.24 —25.7 —10
II " " ‘25-0 "
L _ _ 2 -3 11 2 within a parameter space as indicated by the two sets I
Jih=—0? <773 >3q 00—+ Cam.pCdm’ p pace a; Y
d(2) %112 mzm,( Am.pCain o) and II of values in table I and by the covariance of g5
’ (22) and Jy(,) in figure 8. According to our theoretical esti-
Jéa) = J(gg) = - 52)/2 mates from above, ie, gie < 2.1and |Jy| <1 em™L,

According to the results of spin-polarized molecu-
lar orbital calculations [10] representative values for the
MO-coefficient cqp,,, are about 0.8 indicating that this
MO is not a pure Fe(3d) orbital but has an appreciable
amount of O(2p)-character. The Fe(3d)-coefficient c4m
of the magnetic porphyrin orbital depends strongly on
the distortion of the porphyrin core and may vary be-
tween 0.1 and 0.3. With a value of 0.2 for this coeffi-
cient and of 5 au for < r~3 >3, a quantitative estimate

for Jéa) of —0.15 cm™! is derived. In spite of the ap-

proximations made in this calculation, namely omitting
higher-order terms of the partial wave expansion in (15),

and neglecting nondiagonal matrix elements of Jy, as
well as the restriction to one-center contributions, abso-
lute values for Jy larger than 1 cm™! seem to be unlikely
for the compound I system investigated in this work.

Fine-adjustment of spin-Hamiltonian parame-
ters by simulating Md&ssbauer- and
EPR spectra

Mossbauer measurements in zero field (fig 6a)
yield isomer shift and quadrupole splitting of
[(C)Fe(IV)=O(TMP)*] and further indicate the
amount of possible preparational artefacts (ie, ferric
precursors and/or ferryl contaminations) within the
sample under study. Applying small or strong field, par-
allel or perpendicular to the y-beam, provides electric
and magnetic hyperfine patterns (fig 6b), which are used
for the fine-adjustment of spin-Hamiltonian parameters.
This procedure includes (i) deriving spin-expectation

values <S> from (2), for a specific experimental condi-
tion (eg, temperature and applied field) and for a given
parameter set (D, E/D, S, 5, gf_e, gll‘;e, gradical - 7

.Y,z 7

Jd(z,y,2)); (ii) using <S> in (1) and simulating the
Mossbauer spectrum for this experimental condition;
and (iii) varing D, E/D, J, and Jq until the simulated
and measured spectra coincide.

The simulations of measured Mdossbauer spectra
(solid lines in figure 6b) and of the measured EPR
spectrum (fig 7) of [(Cl)Fe(IV)=0(TMP)*] are achieved

we consider the values summarized in II (table I) as
the parameter set, which provides a consistent view
of the various electronic and magnetic interactions in
the spin-Hamiltonian (2) of the compound I analog
[(C)Fe(IV)=0O(TMP)*]. The agreement between the
simulated and measured Mossbauer spectra is nearly
perfect (fig 6b) while slight deviations remain between
the simulated and measured EPR spectrum (in the
200 mT region, fig 7). Further fine-adjustment of pa-
rameters in order to remove this minor deviation does
not provide a gain in information because of the evident
covariance of parameters.
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Fig 7. First-derivative EPR spectrum of [(Cl)Fe(IV)=0
(TMP)*] simulated with the parameter set of table I.

Conclusion

From the spin-Hamiltonian analysis of measured
Mossbauer- and EPR spectra of the compound I ana-
log [(C)Fe(IV)=0(TMP)*| we conclude that successful
spectral simulations are not possible with a unique pa-
rameter set. Instead, a whole parameter space is avail-
able due to the fact that several of the parameters are
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Fig 8. Covariance of g5 and Ji(z)- The area between the
two solid lines defines the parameter space within which the
spectra in figure 6b and figure 7 can be simulated. I and 11
corresponds to the two parameter sets summarized in table I.

covariant (ie, ¢°, D, Jo, Ja(z)), because they cannot be
determined independently. Therefore theoretical consid-
erations are also used to provide realistic estimates of
g_FLe, D and Jy(,) and thus to reduce the allowed param-
eter space.

When comparing various compound I systems, either
enzymes or their synthetic analogs, it is more important
to derive trends than to obtain correct absolute values.
We therefore suggest using strictly the same Jy(;)-value
for all systems under study; only if this first attempt
to simulate measured Mossbauer- and EPR spectra
fails, should variations of Jq(;) be considered. This was
also the procedure for deriving trends of the isotropic
exchange interaction Jo between ferryl iron (S = 1)
and porphyrin radical (S’ =1/2) when varying the
coordination geometry of synthetic compound I analogs
6, 12].
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