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In an earlier communication1 we reported the observation of electron spin res-
onance (ESR) in spinach ferredoxin, a nonheme iron protein isolated from spinach.
An ESR signal centered on g = 1.94 was observed after reducing the protein with
sodium dithionite; this signal was just visible as a broad line at 150'K, while on
cooling to 90'K the line intensified and structure appeared on the wings. We now
wish to report the behavior of this spectrum at temperatures down to 20K, to
discuss the model recently put forward by Brintzinger, Palmer, and Sands,2 and to
suggest an alternative explanation of the spectrum.
The experimental procedures used were essentially those described by Hall,

Gibson, and Whatley,' who followed the method of Hill and Bendall to prepare the
spinach (Spinacea oleracea) ferredoxin. For ESR experiments at liquid hydrogen
and liquid helium temperatures, the samples were placed in silica tubes 2 cm long
with narrow neck and containing a little sodium dithionite to reduce the ferredoxin.
The tubes were quickly plugged with silicone grease, shaken, and then frozen. The
very low temperature experiments were performed on a transmission X-band
spectrometer of conventional design.
Our low temperature data show that the spectra previously observed at 900K1

and 40'K2 remain essentially the same down to 20K, and can be attributed to a
ground state doublet with g9 = 1.88, g, = 1.94, and g, = 2.04. We have observed
that at the lowest temperatures the spectrum is easily saturated, implying that
some strongly temperature-dependent relaxation mechanism operates. In this
connection, it would be most interesting to measure the temperature dependence of
the relaxation process, for, if it were due predominantly to the so-called two-
phonon resonant mechanism,3 valuable information about the energy levels of the
complex might be obtained. We shall come back to this point later, as the relaxa-
tion behavior supports our model.

Brintzinger et al.2 have recently postulated that the iron in reduced spinach
ferredoxin is low-spin ferric in a tetrahedral environment. However, their model
has some features that are not too satisfactory. First, a very large tetrahe-
dral ligand field splitting (of order at least 20,000 cm-') is required to cause spin-
pairing, and also to give the positive g,-shift observed; this is much larger than is
observed in a wide variety4 of complexes (2000-5000 cm-'). Further, such a
strong tetrahedral field with spin-pairing might be expected to cause a much more
intense optical spectrum than is in fact observed, as both spin-allowed and Laporte-
allowed transitions are likely to occur.
We wish to suggest that the two iron atoms in the spinach ferredoxin molecule

strongly interact with one another through one or more ligands, which in this case
are likely to be sulfur. If the reduced complex is of the schematic type

Fe3+(d5, S = 5/2) - sulfur ligand(s) - Fe2+(d6, S = 2),
then an antiferromagnetic exchange interaction between the two spins will couple
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them5 to give a total spin of 1/2 in the ground state. If spin S, with g-value g, is
coupled to spin S2 with g-value g2, it can be shown that the effective g-value g of the
coupled state with spin S is given by

g1+g92 (g1-g92)
9 = 1 2 2(S(8+ 1 [SI(S, + 1) -S2(S2 + 1)1. (1)

For anisotropic g-values, this expression will hold for the separate components of g,
provided that the principal axes of g, and 92 are the same. In our case we take
S1 = 5/2, S2 = 2, and S = 1/2, obtaining

g = (7g, - 4g2)/3. (2)

To fit the g-values in detail, an orbital energy-level scheme must be chosen. It is
to be emphasized that there are several ways of obtaining the experimental g-values
with various energy-level schemes and ligand fields (both octahedral and tetra-
hedral). We shall content ourselves with giving the scheme which at this time
seems most acceptable and most in accord with other properties of spinach fer-
redoxin. In order to simplify the analysis, it will be assumed that any crystal
field splittings of the spin degeneracies (6 and 5) of the ground states (S, = 5/2 and
S2 = 2) are small compared with the exchange interaction, although this approxima-
tion is by no means essential.

High-spin Fe'+ is expected to have an isotropic g-value, and we take g, = 2.019, as
Title6 observed this value for Fe'+ ions in ZnS where Fe'+ is tetrahedrally coordi-
nated to sulfurs. For the Fe2+ ion, we shall assume that the ligand field has some
tetrahedral character and gives rise to the energy-level scheme below:

dxjj ~~t
dzx t 6000 cm-'
d-z t 3750 cm-'

(3)
dX2_y2 t
d3Z2-r2 t I 0 cm-'

The orbitals dxy and dX2_y2 do not enter the present analysis, and it is not intended
that this diagram represent the real positions of these orbitals. The g-values in this
scheme are easily calculated and are found to be (with S2 = 2)

9 = g9 + 3v/2(Eyz - E322-r2)
gy = g9 + 3r/2(Ezx - EW202) (4)

where go is the free electron g-value, r is the spin-orbit coupling constant for Fel+
and ET is energy of the ith state. If we write g, = g9 + Ag,, then application of
equations (2) and (4) gives

gx = g9 + 7/3 Ag, -2r/(Ez- E3Z2-r2)

gy = g9 + 7/3 A91 - 2;/(Ez- E3Z2_r2) (5)

9z= g + '/3 A91.
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For the free ferrous ion Fe2+, the spin-orbit coupling constant r is 400 cm-' (ref. 7),
and reducing this to allow for the covalency of the complex,8 we choose r = 300
cm-1. Applying equations (5) to the experimental g-values, we find the energy
levels indicated in the diagram (3). In conclusion, let us list the many advantages
of the present model.

(a) The g-values are explained without having to assume that the iron complex
in spinach ferredoxin has any unusual properties which are not found in other
systems.

(b) Integration of the ESR spectrum indicated a smaller number of unpaired
spins than there are iron atoms.9

(c) ESR is not observed in the oxidized state because of the strong interaction
of the two magnetic ions. (We assume here that the ESR signal in spinach fer-
redoxin at g = 4.271 may be due to an impurity.)

(d) The proximity of the two iron atoms suggests a reason why, on reduction,
the molecule only accepts a single electron. 10 The extra electron of the ferrous com-
plex will be in a molecular orbital which will take it onto the ferric complex, reduc-
ing the electron affinity of the ferric complex," and thus preventing it from also
accepting an electron.

(e) The anomalous temperature dependence of the spectrum may be explained
in terms of a two-phonon relaxation process,3 in this case occurring via the low-
lying states of higher total spin, e.g., S = 3/2, 5/2, etc.

This model has the virtue of explaining much experimental data in a reasonable
way, but then there are other possible models which will also do this. It is known,
for example, that [Ru(NH3)6]3+ 4dM (low spin) has g-values of 1.80, 1.90, and 2.06.12
If a low-spin ferric ion placed next to a diamagnetic ferrous ion showed similar
behavior, a model of this type would have all the advantages (a)-(e) listed above.
Another plausible model can be constructed by assuming a very strong interaction
between two iron atoms (our model might in these terms be described as a weak
interaction case). The final choice between the various possible models must be
made by further experimentation.
Of course, it is possible that similar models in which an electron is "shared" be-

tween two or more iron atoms are applicable to other ferredoxins. Indeed, it is
entertaining to speculate about possible evolutionary relationships between such
ferredoxins. Clostridial ferredoxin has 5-6 irons and may possibly have two
groupings of iron, each of which is similar to the spinach ferredoxin. This type of
ferredoxin is thus able to accept two electrons;"3 this is important since it is pri-
marily concerned with pyruvate metabolism which involves 2-electron transport.
However, in higher plants it is possible for only one electron at a time to be ac-
cepted in the photoact (system 1), and thus only one grouping of iron atoms is
necessary.

It would be interesting to measure the susceptibility of spinach ferredoxin at
different temperatures, since this information could support one or other of the
models mentioned. Our model suggests that at 3000K the susceptibility would be
about 1250 X 10-6 emu/mole if the ground state (S = 1/2) only were populated. A
susceptibility in excess of this would be expected if the higher excited states (S =
3/2, 5/2, etc.) were partially populated at 300°K.
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