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Magnetic Circular Dichroism of Tetrahedral Complexes of Iron(III)
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Abstract

The magnetic circular dichroism spectra for the
spin-forbidden d—d transitions of FeX, (X =Cl and
Br) were obtained and revealed to have large Faraday
C term contribution. Comparison of the MCD results
with those of previously proposed theoretical ones
clarified the electronic origins and revealed that the
first and second spin-forbidden bands are due to the
“T(G) « °A, transitions. The MCD analysis for
bis(o-xylyl-a,o'-dithiolato)ferrate(Ill) ion indicated
that the transitions around 15000 cm™ consist of
at least two components, *T;(G) < %A, and *T,(G) «
Ay

Introduction

In recent years, iron sulfur complexes have been
extensively investigated as models for iron sulfur
proteins [1-5]. Lane and co-workers prepared bis-
(0-xylyl-a,o -dithiolato)ferrate(III) anion ([Fe(S;-o-
xyl)2]7) as a model for oxidized rubredoxin which
has one iron tetrahedral core structure [6]. A recent
fluorescence X-ray absorption and X-ray analysis
show that the geometry around the iron(IIl) core
in the oxidized rubredoxin is nearly tetrahedral [7,
8]. Eaton and co-workers measured the near infrared
(near IR) spectra for oxidized and reduced rubre-
doxin, and found several low intensity absorption
bands [9]. One of the bands in the near IR region for
oxidized rubredoxin, ie., the peak at 13400 cm™*,
had been assigned to the sulfur ~ iron charge-transfer
transition, by comparison of circular dichroism
(CD) with absorption spectra. Later this assignment
was revised to the spin-forbidden d—d transition,
based on the energy separation between S—*G for
the free iron(Ill) ion [10]. On the other hand, the
energy levels for the tetrahedral Fe(Il1)S, core, cal-
culated by using an ab initio molecular orbital theory
[11] or ligand field parameters [12], revealed that
the bands below 17000 cm™ were attributable to
the components of spin-forbidden transitions. Thus,
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the assignment of this band remains uncertain for
lack of conclusive evidence.

Tetrahalogeno complexes, [FeX4]™, seem to have
the same tetrahedral symmetry around the iron atom
as that of rubredoxin or the [Fe(S,-0-xyl),]™ ion,
which has been well characterized crystallographi-
cally [3]. Lauer and Ibers have indicated that the
[FeCly]” ion has a slightly distorted tetrahedral
structure from X-ray analysis [13]. The electronic
transitions for these complexes have been studied
independently by many investigators [14-—-20].
Although several assignments have been proposed
based on many experimental techniques, the assign-
ments have not yet been established.

Magnetic circular dichroism (MCD) spectroscopy
is a powerful technique for exploring the electronic
structures for metal complexes and organic mole-
cules [21—24]. Rivoal and co-workers have measured
the MCD spectra for the tetrahedral iron(IIl) com-
plexes, such as [FeCly]”, [FeBrs]™ and oxidized
rubredoxin, and have provided significant informa-
tion on the assignments of the charge-transfer transi-
tions [25, 26]. The [MnX,4]*" ions with the same d°
configuration as that of [FeX,;]™ ions were studied
by the MCD, and MCD signs observed experimentallly
showed fundamenta] agreement with those predicted
theoretically [27-29].

We have reported previously that the [Fe(S;-0-
xyl),]” ion gives an MCD spectrum which closely
resembles that of rubredoxin, although no spectro-
scopic assignment of the lowest energy bands was
discussed [30]. We present here the MCD spectra
for the spin-forbidden d—d transition bands of tetra-
hedral ferric complexes, and discuss the assignments
of [FeX4]™ (X =Cl and Br) ions based on the MCD
analysis. Furthermore, the MCD bands of the lower
transitions for the [Fe(S,-0-xyl),]™ ion are character-
ized in this paper.

Experimental

(Et4N)[FeX4] (X =Cl and Br) and (Et4N)[Fe(S,-
o-xyl),] were prepared according to the method of
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Gill [31] and Lane et al (3], respectively. MCD
spectra were recorded on a JASCO J20A circular
dichroism spectrometer using a JASCO electro-
magnet with 1.14 T at the sample. Electronic absorp-
tion spectra were measured with Hitachi model EPS-
3T and model 200-10 spectrophotometer. The values
of molar extinction coefficients € in absorption
spectra and magnetic molar ellipticities [68]y in MCD
were in unit of dm® mol™ ¢m™ and deg dm* mol™
cm™ gauss ™} respectively.

Results and Discussion

The Tanabe—Sugano energy diagram [32] predicts
that the low intensity transition observed in the
region 10000—23 000 cm™} is ®T" « %A, or T « %A,
in tetrahedral symmetry, which we took as a first
approximation in this paper. The above prediction
is consistent with the following assignments in that
these bands are derived from spin-forbidden transi-
tions. Because the transition 2I" < A can gain inten-
sity only at very low temperature [16], and no new
bands appeared in the electronic absorption spectra
with a decrease of temperature to 220 K, the *T" «
€A, transition can be neglected in the following
treatment. Since the magnitude of the MCD band
increases in proportion to the reciprocals of the abso-
lute temperature with little change in intensity of the
absorption band, the MCD bands in this region are
ascribable to ‘so-called” Faraday C terms. Ligand
field theory, including the spin—orbit interaction,
tells us that the Faraday C terms are predominant
for the transition *T" < ¢A,; [28]. Only the *A, <«
A, transition gives no Faraday C term because there
is no transition moment even after inclusion of the
spin—orbit interaction.

[FeCly " and [ FeBr,]™ Ions

Although the absorption spectra of [FeClg]™
ion have been studied by many investigators, several
unresolved problems remain, mainly in the assign-
ment of the spin-forbidden transitions. This problem
is due to the following two factors: (1) the bands for
respective multiplets overlap with each other, and (2)
the band splittings in respective multiplets are very
large. To overcome these difficulties, low tempera-
turc polarized spectra have recently been applied
and provided some important information to settle
the assignments [18]. The MCD technique is antici-
pated to give further insight because of better resolu-
tion, owing to the fact that the MCD spectra can be
either positive or negative in sign for respective
multiplets. Vala and co-workers have calculated
the Faraday C terms for the tetrahedral d° configu-
ration with a crystal field approximation includ-
ing spin—orbit interactions [28]. Table I gives their
results.
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TABLE I, ¢/D? for 1 « ®A, Transitions Calculated by Vala
eral. [28]

4r *Aq ‘A, “E 1, 41,

Cc/D -7 +7/2 +7/2 -7/2

2A positive C/D gives negative MCD, where C and D are
Faraday C term and dipole strength in unit of reduced matrix
elements.

The Tanabe—Sugano energy diagram predicts
that the lowest spin-forbidden d—d transition is
assigned to *Ty(G) < ®A;, which theoretically gives
a negative MCD. The observed sign of the first MCD
band is consistent with the theoretical one. How-
ever, the second MCD band around 14600 em™!
shows a sign different from the theoretical predic-
tion, because the MCD for the next higher *T,(G) <
%A, transition is positive, as shown in Table I. The
second band has been variously assigned as the
transition to *T;(G) or *T,(G) of the spin—orbit
component of *T;(G) [14-20]. The energy dif-
ference between the first and second MCD band is
600 cm™, which is too Jarge to attribute to the spin—
orbit splittings, because they have been estimated
to be 260 cm™! by Vala and McCarthy [18]. The
energy difference between *T;(G) and the next higher
*T(G) states is estimated to be ca. 3000 cm™
[32], which is too large relative to the observed one,
Therefore, we assign both of the negative MCD bands
to *T,(G) <« ®A, transitions, while the positive MCD
observed in the region 16000 to 17000 cm™ ' is
assigned to the *T,(G) « A, transition.

The absorption spectrum in the region 17000 to
20000 c¢cm™' gives a rather sharp band with no
band splitting. The narrow width of the absorption
band is known to be derived from the transition to
the field independent state, because the energy level is
independent of small variations of the tigand field
associated with molecular vibrations [32]. Jprgensen
et al. have assigned this band to *E(G) < ®A, because
only the *E(G) and *E(D) states are independent of
the ligand field [16a]. However, it is difficult to
assign the band around 18800 cm™ to the transi-
tion to *E(G) or *E(D), because the negative MCD
expected theoretically is not found in this region.
Balt has pointed out that according to ligand field
theory, including the spin—orbit interaction, the
dipole strength is large for *E(D) < ®A, but rather
small for *E(G) <« ®A, transition [16b]. Since the
small MCD with the negative sign which originated
from the *E(G) < ®A, transition seems to be buried
in large MCD of positive sign in the vicinity, the posi-
tive MCD band around 18 800 cm™" could be assigned
to the transition to *T,(D), which is the higher energy
state next to *E(D).
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Around 22000 cm™, a couple of positive and
negative MCD are observed. The energy diagram indi-
cates that the negative MCD is derived from the
transition to *E(D) or *T,(P), but no positive sign of
the MCD is expected theoretically. Therefore, we
assign the negative MCD band to the transition to
the ?E(D) state, which is the next higher energy
level above *T,(D). The positive band at 21 900 cm™
seems to arise from overlap of the negative MCD at
22400 cm™ with a major charge-transfer band with
a positive sign.

The MCD spectrum for the [FeBry]™ ion demon-
strates an MCD spectral feature with similar signs to
that of the [FeCly]™ ion. Differences between them
exist only in the region of the higher wave numbers.
These differences may be attributed to the effect
of the close proximity of the charge-transfer bands.
Except for this region, the MCD spectrum of the
[FeBry]™ ion indicates that this ion should have
energy states similar to those of the [FeCl4]™ ion.
Table II gives the plausible assignment of the bands

TABLE II. Observed MCD Signs and their Possible Assign-
ments for [FeBra]™ and [FeBra]™ Ions.
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[FeCla]™ (Fig. 1)

[FeBrg] ™ (Fig. 2)

Observed Assignment Observed Assignment

MCD MCD

Fx107°3 x1073

(em™h (cm™

~14.0 4 ~11.9 4

-14.6 T (©) -12.8 i@

+16.7 *T,(G) +13.5 T (G)
+14.1
+14.4

+18.8 4 +15.7 1,(D)

+19.0 T2(D)

+21.9

224 (D) ~16.0 ‘E(D)
+16.2 ‘
~16.4 T,P)

for the [FeBry]™ ion from the comparison with
that for [FeCly]™ ion, together with an indication
of the Vala—McCarthy energy diagram and assign-
ment [19].

[Fe(S,-0-xyl), ]~ Ion

Figure 3 shows the MCD and absorption spectra
for the [Fe(S;-0-xyl),]” ion. The absorption spec-
trum above 17 400 cm™ has been assigned to the
charge-transfer transitions because of the large extinc-
tion coefficients and high transition energies [3, 11,
33]. Although the characteristically broad band
around 15000 cm™ has lower magnitude of absorp-
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Fig. 1. MCD (upper) and absorption (lower) spectra for

(Et4N)[FeCly] in dimethylformamide (DMF) solution con-
taining 0.1 M (C,Hs)4NCl at room temperature.
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Iig. 2. MCD (upper) and absorption (lower) spectra for
(Et4N)[IF'eBr4] in DMF solution containing 0.1 M (C,Hg)4-
NBr at room temperature,
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Fig. 3. MCD (upper) and absorption (lower) spectra for
(Et4N)[Fe(S;-0-xyl), ] in DMF at room temperature.

tion than the other bands, the assignment of this
band is uncertain because of the complexity of the
band shape.

Figure 3 shows that the lowest MCD of the [Fe-
(S,-0-xyl),]|” ion gives a negative sign. This experi-
mental result is in conflict with the assignment of
the band around 15000 cm™ as a charge-transfer
transition, since the MCD spectra for complexes with
a tetrahedral iron(Ill) ion, such as [FeCly],
[FeBr,]™ and oxidized rubredoxin, are positive for
the lowest energy band of the charge-transfer transi-
tion [10, 25, 26]. From these facts, we propose that
the lowest energy band is probably attributable to
the d—d transition for the iron(IIl) ion, *T{(G) «
SA, or *E(D) « ®A,, with a negative sign of MCD,
as shown in Table 1. Since the transition energy of this
band seems too small to assign the band to *E « ®A,
[32], we assign this band as the transition *T;(G)
< ®A,. This assignment is consistent with the follow-
ing theoretical considerations. The energy of the
transition has been estimated to be about 13 500
15000 cm™ by Rawlings et al., based on ligand field
parameters such as —10Dg =6~ 8 X10® cm™, B=
600 cm™ and C/D=4.5 [12]. From the calculation
of molecular orbitals for the Fe(IIl)S, core, Bair and
Goddard [11] have obtained a transition energy
for the spin-forbidden band similar to that of
Rawlings e al. On the basis of these facts, we assign

T. Muraoka et al,

the band with negative MCD around 13 500 cm™ to
the *T,(G) < ®A, transition.

The MCD in the higher energy level next to the
*Ty(G) « °A, ftransition has a positive sign. Since
the absorption band corresponding to this MCD is
of the same magnitude as that of the *T (G) « °A,
transition, the second MCD band seems to be assign-
ed to the d—d transition. The energy diagram
indicates that the level next to the *T;(G) is *T,(G),
which is located at about 2500 cm™ in the higher
energy side. Since the MCD of *Ty(G) « °A, for the
[FeX4]™ ion exhibited a positive sign, the most
probable assignment of the band around 16000
cm™ might be the *T,(G) < °A,; transition.

Conclusion

The MCD results of the tetrahedral iron(lII) ion
gave valuable information about spin-forbidden d—d
transitions. The MCD bands for the [FeX4]™ ion
assigned to *T;(G) < %A, and *T,(G) « ®A, transi-
tions showed negative and positive signs, respectively,
which agreed with the theoretical prediction. The
MCD analysis for the [Fe(S;-0-xyl);]™ ion leads us
to conclude that the broad absorption bands around
15000 cm™ are attributable to the d—d transitions.
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