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High magnetic field MSssbauer spectroscopy at liquid-helium temperatures is used to characterize the unpaired 
electrons in five iron complexes with o-quinone-derived ligands. The question addressed is whether the residual 
unpaired electrons resultant after strong antiferromagnetic exchange interactions between paramagnetic ligands 
and the iron ion are largely metal based or are delocalized throughout the complex. An internal 57Fe hyperfine field 
of -495 kG was determined from spectra taken in 60- and 51-kG fields for the S = 5/2 complex [Fe(saloph)(catH)], 
where saloph2- is N,N'-phenylenebis(salicylideneaminat0) and catH- is the monoprotonated direduced form (i.e., 
catecholate) of o-benzoquinone. This clearly establishes this saloph complex as a high-spin FeIIl complex with 
diamagnetic ligands. The complex [ Fe(salen)(3,5-DBSQ)], where sale+ is N,N'-ethylenebis(salicylideneaminat0) 
and 3,5-DBSQ is the semiquinonate form (S = I/2) of 3,5-di-tert-butyl-o-benzoquinone, has been reported to have 
an S = 2 ground state as the result of an exchange interaction between the one S = l / 2  ligand and a high-spin Fell1 
ion. An internal 57Fe hyperfine field of -455 kG was determined for this complex; this is consistent with four 
unpaired electrons localized on the Fell1 ion. An internal 57Fe hyperfine field of -440 kG was determined for 
[ Fe(phenSQ)(phenCAT)(bpy)].0.5phenQ, which verifies that this complex has an S = 2 ground state resultant from 
a relatively strong antiferromagnetic exchange interaction between one semiquinonate ligand and a high-spin Fell1 
ion. The ligands in this third complex are 2.2'-bipyridine (bpy) and the semiquinonate (phenSQ-) and catecholate 
(phenCAT2-) forms of 9,lO-phenanthrenequinone (phenQ). The internal 57Fe hyperfine fields of -365 and 13 101 
kG for [Fe(3,5-DBSQ),] and [Fe(phenSQ)J*phenQ, respectively, clearly indicate S = 1 ground states that result 
from a relatively strong antiferromagnetic exchange interaction between three S = /2  semiquinonate ligands and 
a high-spin Fell1 ion. The two unpaired electrons in the S = 1 complex Fe(3,5-DBSQ)3 are localized on the Fell' 
ion. A long-range intermolecular antiferromagnetic exchange interaction is present in [Fe(phenSQ)~].phenQ. This 
compound shows a six-line magnetic field pattern in its MSssbauer spectrum in the absence of an external magnetic 
field. The above results indicate that all of the complexes have relatively localized bonding between a high-spin 
Fell1 ion and semiquinonate ligands. 

Introduction 

The electronic structure of transition metal complexes with 
noninnocent ligands has been of continuing interest. Redox 
activity, the characteristic of noninnocent ligands, is found for 
nitrosyl: 1,2-dithi0lene,~ diimine: quinone,' and porphyrin 
ligands. When complexes of these ligands areoxidized or reduced, 
it is frequently difficult to determine whether the electron is 
removed from or added to an orbital which is largely metal or 
ligand in composition. In complexes where there is appreciable 
covalency in the ligand-metal interaction, the redox-active 
rnolecular orbital is, of course, delocalized. There are significant 
contributions from both ligand and metal atomic orbitals. Such 
is the case in 1,Zdithiolene complexes. 

Initially, it was concluded that oxidation by one electron of 
high-spin, five-coordinate iron(II1) porphyrin complexes gave 
iron(1V) complexes;6 however, it is now accepted that these 
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complexes are iron(II1) complexes with porphyrin *-cation 
l i gand~ .~  An intramolecular magnetic exchange interaction 
between the single unpaired electron of the porphyrin *-cation 
ligand and the five unpaired electrons of the high-spin iron( 111) 
ion is present. In certain porphyrin ?r-cation complexes, such as 
Fe(OC103)2(TPP'), the intramolecular magnetic exchange in- 
teraction is ferromagnetic.10 In others, such as [FeCl(TPP')]+, 
there is a strong intramolecular antiferromagnetic exchange 
interaction between the porphyrin unpaired electron and the 
unpaired electrons of the high-spin iron(II1) ion.I0 An S = 2 
ground state is found for [FeCl(TPP')] +. Differences in molecular 
structures, more specifically out-of-plane distances of the iron 
ion, lead to these dramatic differences in magnitude of exchange 
interactions. It is interesting to note that Lang and GrovesII 
recently found a ferromagnetic exchange interaction between a 
porphyrin *-cation radical and an iron(1V) ion when an iron(II1) 
porphyrin was oxidized by two electrons. Mijssbauer spectroscopy, 
both with and without an external field, played a crucial role in 
all of the above characterizations. 

(9) (a) Gans, P.; Marchon, J.-C.; Reed, C. A.; Regnard, J.-R. Nouu. J .  
Chim. 1981,203. (b) Phillippi, M. A.; Goff, H. M. J .  Am. Chem. SOC. 
1982, 104, 6026. 

(10) (a) Scholz, W. F.; Reed, C. A.; Lee, Y .  J.; Scheidt, W. R.; Lang, G. J .  
Am. Chem. SOC. 1982,104,6791. (b) Buisson, G.; Deronzier, A.; Du&, 
E.; Gans, P.; Marchon, J.-C.; Regnard, J.-R. J .  Am. Chem. SOC. 1982, 
104, 6793. (c) Gans, P.; Buisson, G.; Duk ,  E.; Marchon, J.-C.; Erler, 
B. S.; Scholz, W. F.; Reed, C. A. J .  Am. Chem. SOC. 1986,108, 1223. 

(1 1) Boso, B.; Lang, G.; McMurray, T. J.;Groves, J .  T. J .  Chem. Phys. 1983, 
79. 1122. 

0020-1669/92/ 133 1-5028%03.00/0 I ,  , 0 1992 American Chemical Society 



Iron Complexes with o-Quinone-Derived Ligands 

Miissbauer spectroscopy has also been important in charac- 
terizing iron complexes which have ligands derived from 
o-quinones.12-16 Mbsbauer spectra taken in zero field indicate 
that all of these complexes have high-spin iron(II1) ions. Fel[I- 
(semiquinonate)3 complexes have been determined from magnetic 
susceptibility measurements to have S = 1 ground states which 
result from a strong intramolecular antiferromagnetic exchange 
interaction between the three S = l/2 semiquinonate ligands and 
the five iron(II1) d electrons. An S = 2 ground state was found 
for iron( 111) complexes with a single semiquinonate ligand, 
including a complex formulated as [ Fe(phenSQ)(phenCAT)- 
(bpy)],15 where bpy is 2,2’-bipyridine and phenSQ- and 
phenCAT2- are the semiquinonate and catecholate forms of 9,lO- 
phenanthrenequinone. Unfortunately, for these even-spin systems 
the detailed nature of the electronic state cannot be determined 
by EPR spectroscopy. In the present work, the localization of 
the unpaired-electron-spin density is examined for five o-quinone- 
based complexes by determining the magnitude and nature of 
their S7Fe paramagnetic hyperfine interaction in large magnetic 
fields. For the coupled spin systems (S = 2 andS = 1) the overall 
spectral splitting (Herr) should proportionately reflect the reduced 
number of unpaired electrons when compared with those of high- 
spin ferric (S = s/z) species. Moreover, if these spin-coupled 
complexes can be properly described as containing high-spin ferric 
ions and formally reduced ligands (implying that there is no 
significant covalency between the metal and the ligand), then the 
unpaired electrons should be basically localized on the iron ion. 
The magnitude and sign of the internal field (fIint) will reflect 
the nature of the orbitals containing the unpaired electrons. We 
have determined an Hint for each complex from the effective field 
and by assuming isotropic spin coupling between the radical anion 
ligand and the iron ion. The values of hyperfine field have been 
related to that expected for high-spin ferric complexes. 

Experimental Section 
57Fe MBssbauer spectra were collected in vertical transmissiongeometry 

using a constant-acceleration spectrometer previously described.I7 The 
applied field was parallel to the y-ray direction of all spectra. 

Variable-field magnetic susceptibility measurements were carried out 
using a Series 800 VTS-50 SQUID susceptometer (SHE Corp.). 
Diamagnetic corrections, estimated from Pascal’s constants, were used 
when calculating the molar paramagnetic susceptibilities. 

[ Fe(phenSQ)+phenQ was prepared usinga slightly modified literature 
procedure.I2 A refluxing benzene solution containing Fe(C0)5 and a 
10% molar excess of 9,lO-phenanthrenequinone (Aldrich, Gold Label) 
was irradiated for 4 h. The dark-green microcrystalline product was 
washed with dry hexanes. All manipulations were done in Schlenkware 
under argon. Anal. Calcd for FeCs.&208: Fe, 6.28; C, 75.68; H, 3.63. 
Found: Fe, 6.15; C, 75.01; H, 3.74. 

Samples of three of the other four complexes were available from 
previous s t u d i e ~ . ~ ~ - ~ ~ J ~  A sample of the compound [Fe(3,5-DBSQ)3], 
where 3,5-DBSQ is 3,5-di-rerr-butyl- 1,2-benzosemiquinonate, was pre- 
pared as reported previously.I2 All physical measurements were made 
on polycrystalline samples. 

Theoretical Background. For high-spin ferric ions (d5, S = 5 / 2 ) ,  a 
Hamiltonian containing only second-order fine structure terms and an 
isotropic g tensor has been found to be adequate in most cases. The spin 
Hamiltonian in eq 1 incorporates theseapproximations and is parametrized 
in theusual way.I8J9 In order todescribe the magnetic exchangecoupling 
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H5/2  D[3: - S(S  + 1)/3] + E(3: - 3;) + flg3-H + 3.A.P- 
g,Bni.h + i.P.1 ( 1 ) 

effects of the semiquinone radical anions interacting with the Fell1 ion, 
terms of the form 

H, = (g@e.3i.A - W3,.3,) 
i=2(3,4) 

need to be added to the &/2  Hamiltonian.20 The term -US& is the 
isotropic magnetic exchange Hamiltonian which gauges the spin-spin 
interaction of SI and&. The magnetic exchange parameter, -J, has been 
estimated from previous magnetic studics to be greater than 100 cm-1 
for all of the coupled c o m p l e ~ e s . ~ ~ - ~ ~  It is therefore valid to assume for 
our studies that the exchange term doninates the entire Hamiltonian 
Ej/2 + A,, and since -2J >> kT for our experiments, we can define an 
effective Hamiltonian for the ground state of the semiquinonate complexes 
identical in form to eq 1, where S now represents the coupled spin state 
(S = 1 or S = 2). 

The Hamiltonian can be further simplified in external magnetic fields 
greater than - 100G,sincctheelectronicterms willdefinethequantization 
axis, and then using the first two terms of eq 1 we can calculate the 
expectation value (for each direction) of the electronic spin, (S). The 
MBssbauer spectrum can now be described with the spin Hamiltonian in 
eq 3. 

(3) 

In the limit of high magnetic fields, low temperatures, and small zero- 
field splitting values, the spin expectation value, (S), will be close to its 
saturation value; Le., it will be nearly equivalent to the value of the most 
negative Ms eigenstate in at  least one principal direction.21.22 

Often an effective magnetic field is defined as Herr = Hex, + Hint,17 
and from eq 3 

(4) 

When the quadrupolar term is small in comparison with the magnetic 
field term, the overall spectral splitting can be directly equated with 
Heff.23*24 A is typically parametrized into three components: the orbital, 
dipolar, and Fermi contact terms. Even for distorted high-spin FeIl1 
complexes, the isotropic Fermi contact term will generally d0minate~5.26 
with a value within *20% of -220 kG per unit spin as long as there is 
no significant covalency. 

The values of Hi,, determined experimentally are for the (S = 2 or S 
= 1) ground state of the semiquinonate complex. With the Wigner- 
Eckart theorem, we can relate these Hint values for the coupled states to 
the expectation value for the Felt’ ion in the complex. The proportionality 
constant C relating the Hi,, value to the contribution from the Fell1 ion 
is given in eq 5 .  In this equation 31, is the z component of the spin on 

(SW1,GSM) (Sllr(3-3,)GSM’M,, 
(WS,GSM) S(S+ 1) ( 5 )  = C =  

the Fell1 ion and 3, is the z component of the spin of the ground state. 
For a FelI1 complex with one semiquinonate ligand, the ground state has 
S = 2. In this case, the value of 31.3 is obtained from eq 6, where S2 

3f3 = 1/2(3,2 + s2 - 3 3  

= l / 2  is the spin on the single semiquinonate ligand. Thus, for this S = 
2 complex, C = l/6. The saturation field in the spin 2 coupled system 
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is then expected to be 

Cohn et al. 

For an isolated Fell1 ion it is 

The ratio of uncoupled to coupled values of Hinl is 5 / 2  + '/3 = 13/14. For 
a S = 2 complex, the contribution from the Fell1 ion is calculated as 
I5/14th of the coupled Hinl value. 

For a Fell1 complex with three semiquinonate ligands, the ground state 
has S = 1. By use of the Kambe coupling approach2* with 34 = $2 + 
33 + 34 for the three semiquinonates, it can be found that 

3,.S = 1/2(3,2 + s2 - S,2) (9) 
The S = 1 ground state is found when Sa = 3/2,  which gives for the 
proportionality constant C = '/4. In this case, the ratio of uncoupled to 
coupled values of Hinl is 5 / 2  + 7/4 = lo/,. 

Results and Discussion 
An S = 5/2  Ground-State Complex. A schematic drawing of 

the molecular structure of the compound [Fe(saloph)(catH)] 
(l), where saloph2- is N,N'-phenylenebis(salicylideneaminat0) 
and catH- is the monoprotonated direduced form of o-benzo- 
quinone (Le., monoprotonated catecholate), is shown as follows: 

w. 
This was selected as a good model for a high-spin ferric, S = s/2 
complex on the basis of previous structural, magnetic, and 
spectroscopic characterizations. [Fe(saloph)(catH)] has been 
shown to cry~tallize3~ with a square-pyramidal geometry about 
the iron ion where the monoprotonated catecholate ligand is 
coordinated in a monodentate fashion in the axial coordination 
site. Magnetic susceptibility measurement31 showed a magnetic 
moment of 5.92 f 0.3 p~ over the entire temperature range of 
4.2-300 K; this is consistent with a high-spin ferric ion with small 
zero-field splitting. There was, however, a small positive Curie- 
Weiss constant of 1.1 f 0.1 K noted. A Mhsbauer spectrumI6 
taken in zero magnetic field at 11 K showed ~ E Q  = 0.539 mm/s 
and isomer shift of 6 = 0.462 mm/s, which are typical of a high- 
spin Fell1 ion. 

The MBssbauer spectrum for compound 1 shown in Figure 1A 
was taken in a 60-kG applied magnetic field. An internal S7Fe 
hyperfine field of -495 kG was determined from the overall 
spectral splitting and the external field (see Table I). A spectrum 
taken at a slightly reduced field (51 kG) confirmed that the 
principal component of the hyperfine interaction is negative. The 
magnitudes of the hyperfine splitting were determined in this 
work by simply fitting the spectral features to Lorentzian line 
shapes. To obtain more accurate evaluations of the hyperfine 
splittings, the spectra should be simulated as powder spectra. 
However, fitting the spectrum for compound 1 as a powder average 
showed us that for the purposes of the present correlation the 
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Figure 1. MBssbauer spectra taken in a 60-kG parallel field of 
polycrystalline samples: (A) [Fe(saloph)(catH)] (l), S = 5 / 2 ,  T = 4.5 
K; (B) [Fe(salen)(3,S-DBSQ)] (2), S = 2, T = 4.8 K; (C) [Fe(3,S- 
DBSQ)3] (4), S = 1, T = 1.8 K. Spectra were fit with Lorentzian line 
shape only to determine peak positions. 

magnetic fields determined by Lorentzian line shape analysis are 
sufficiently accurate. The relatively sharp, essentially four-line 
pattern (peaks 2 and 5 areabsent from a six-linemagnetic pattern) 
is consistent with a ground electronic state whose spin expectation 
value and direction are determined by the parallel external field. 
A primarily Fermi contact interaction between the five unpaired 
d electrons and the 37Fe nucleus fits the above experimental 
observations. 

The average hyperfine field obtained for complex 1 is 
comparable with values obtained for other well-characterized 
high-spin ferric complexes of both the five- and the six-coordinate 
type. For example, the tris(catecho1ate) complex (C5H12N)3- 
[Fe111(catecholate)3]*H2032 has a hyperfine field value of 15021 
kg,33 while [Fe(H20)63+]23 shows 15801 kG33 for a Fe06octahedral 
site. The internal field found for some pentacoordinate porphyrin 
comple~es,'~ e.g., (methoxy)FerI1(octaethy1porphyrin), range from 
-490 to -51 1 kG. Heme-containing proteins such as metmyo- 
globin hydrate have saturation field values from -450 to -550 
kG.26,35 Iron-sulfur proteins, which have tetrahedral sulfur 
coordination about the high-spin FelI1 sites, have internal field 
values ranging from -360 to -375 kG and are assumed to have 
a high degree of c0valency.3~3~~ It is clear that compound 1 has 
an internal field value appropriate for a high-spin ferric (S = 5 / 2 )  

state with little covalency (i.e., there is little leakage of the unpaired 
spin density out onto the ligands). 
S= 2 Ground-StateComplexe. High-field MBssbauer spectra 

were obtained for the two compounds which have a single 
semiquinonate ligand. The compound [Fe(salen)(3,5-DBSQ)] 
(2), where salen is N,N'-ethylenebis(salicy1ideneaminato) and 
3,S-DBSQ- is the semiquinonate form of 3,S-di-tert-butyl-o- 
benzoquinone, has been previously reportedl3 to have an effective 
magnetic moment of 4.87 at 286 K and to exhibit little 
temperature dependence in perf essentially down to liquid helium 
temperature, again indicating negligible zero-field splitting values. 
This magnetic moment, which is very near the spin-only value 
for four unpaired electrons, is a clear indication of the presence 
of an intramolecular antiferromagnetic exchange interaction 
between the single semiquinonate radical ligand and the five 
unpaired electrons of the high-spin ferric ion. The nearly 
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Table I. 57Fe Hyperfine Values for Iron Complexes with o-Quinone-Derived Ligands 
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compound T (K) tot. spin" Herr (kG)b Hint Hs/z 
-435 -495 
-395 - 4 5 5  -487 

[Fe(phenSQ)(phenCAT)(bpy)]-OSphenQ (3) 4.8 2 -380 -440 4 7  1 

[Fe(phenSQ)31.~henQ (5) 4.5 1 13101 13 101 -442 

Determined by magnetic susceptibility studies. Magnitude obtained from the overall spectral splitting. The sign of the major component of the 
total field was determined by varying the external field for compounds 1-4. Compound 5 antiferromagnetically orders, so this determination was not 
possible. e Calculated from Herr = Hint + Hex,, where He,, = 60 kG for compounds 1-4 and He,, = 0 for compound 5. Internal field relative to S = 
5/2. Tabulated for comparison with compound 1. 

[Fe(saloph)(catH)] (1) 4.5 512 
[Fe(salen)(3,5-DBSQ)] (2) 4.5 2 

[Fe(3,5-DBSQhl (4) 1.8 1 -305 -365 -521 

temperature-independent behavior of peff indicates the exchange 
interaction is quite strong. The susceptibility data have been 
least-squares-fitted to an isotropic exchange Hamiltonian of the 
form -2JS1& where SI = I / 2  and SZ = 5 / ~ ,  to give -J > 600 
cm-I, and therefore the S = 2 state is the ground electronic state.13 
A compound with very similar magnetic properties,l3 [ Fe(sa1en)- 
(phenSQ)] (where phenSQ is the semiquinonate form of 9,lO- 
phenanthrenequinone), has recently been structurally charac- 
terized.38 The salen ligand in this compound has been forced to 
assume a nonplanar, "fold-back" to accommodate 
the chelating semiquinonate ligand. The semiquinonate formu- 
lation of the chelating ligand was confirmed by C-O and C-C 
bond distances. In analogy with these results, the molecular 
structure of 2 is likely to have a distorted octahedral coordination 
geometry as indicated in the following diagram: 

0- a 
This is in agreement with earlier suggestions.13 The zero-field 
MBssbauer parameters obtained for complex 2 (MQ = 0.901 
mm/s, 6 = 0.523 mm/s) are reasonable for a distorted high- 
spin FelI1 ion. 

Spectrum B in Figure 1 is the 60-kG-applied-field Mhsbauer 
spectrum of 2. In comparison to the spectrum for compound 1, 
themost noticeablechangeis thereduction in the overall splitting, 
while the spectral appearance (Le., essentially a four-line pattern) 
is the same. The reduced internal field value (see Table I) is a 
direct reflection of the smaller spin value for the ground state of 
this compound. A value of Hi,, = 455 kG is obtained from the 
spectrum for complex 2. The values of Hint contributed by the 
FelII ion in complex 2 is calculated to be 15/14(455 kG) = 4 8 7  
kG. This is reasonable for a high-spin Fer[' ion in a distorted 
octahedral N2O4 environment and confirms the hypothesis that 
essentially no rramfer of unpaired electron density has taken 
place from the metal to the ligands; only a magnetic exchange 
interaction is present. 

The other S = 2 ground-state compound studied which has a 
single semiquinonate ligand is the interesting mixed-valence 
complex [ Fe(phenSQ) (phenCAT) (bpy)] -0. SphenQ (3), where 
phenSQ, phenCAT, and phenQ are the semiquinonate, cate- 
cholate, and quinone forms of 9,10-phenanthrenequinone, re- 
spectively, and bpy is 2,2'-bipyridine.I5 The magnetic moment 
at 245 K for this compound is 4.90 a value that stays nearly 
temperature-independent down to 4.2 K, where the moment is 
5.00 p ~ .  The description of this compound as having an FelI1 ion 
(S = 5/z) with ones  = l/2semiquinonateligand which is strongly 
antiferromagnetically interacting with the Fell1 ion gives a ground 
state (S = 2) which is consistent with the susceptibility data. The 

limiting descriptions (Le., either all weak or all strong magnetic 
exchange interactions) of other possible formulations, e.g., [ Fe"- 
(semiquinonate)2(nitrogen base)] or [ FeIII(semiquinonate)Z- 
(nitrogen base radical anion)], are not in agreement with the 
susceptibility data. Zero-field MBssbauer spectra (MQ = 1.284 
(7) mm/s, IS = 0.577 mm/s at 4.2 K) are also consistent with 
a high-spin ferric ion formulation. 

The 4.8 K, 60-kG Mhsbauer spectrum for compound 3 is 
similar in appearance to spectrum B for compound 2 in Figure 
1. As can be seen from Table I, the internal field value for this 
compound, 4 4 0  kG, is very close to the value for compound 2. 
The internal field calculated for the component high-spin ferric 
ion, 4 7 1  kG, is also quite reasonable for this N2O4 distorted 
octahedral environment. Thus, complex 3 is also best described 
as a complex of a high-spin FelI1 S = 5/2 ion strongly and 
antiferromagnetically interacting with a single S = semi- 
quinonate ligand. 
S= 1 Ground-State Complexes. Complex 4, [Fe(3,5-DBSQ)3], 

has a magnetic moment of 2.95 g~~~ at 285 K, which remains 
relatively unchanged (2.64 p~ at 4.2 K) throughout the tem- 
perature range studied. This is indicative of an S = 1 ground 
state arising from a strong intramolecular antiferromagnetic 
exchangeinteraction between three S = I/2 semiquinonate radical 
ligands and an S = 5/2 FelI1 ion. The magnetic susceptibility 
data were fitted14 to a theoretical expression containing a single 
exchange parameter characterizing the FeIbemiquinonate 
interaction. A lower limit of -J = 190 cm-I was determined for 
this complex, characteristic of a strong magnetic exchange 
interaction. Mossbauer data taken in a zero external field gave 
MQ = 0.763 mm/s and 6 = 0.598 mm/s at 4 K. 

Spectrum C in Figure 1, obtained at 1.8 K for complex 4 with 
a 60-kG external magnetic field, has an even smaller Hcff  than 
those of the previous three compounds. This is expected for a 
complex with an S = 1 ground state. Very low temperatures 
were necessary for this compound, as quite efficient relaxation 
mechanisms are in effect even at 4.2 K. It is difficult to speculate 
about the relaxation mechanism leading to this; it seems that the 
bulky ?err-butyl groups should serve to magnetically dilute the 
complexes and slow down spin-spin relaxation. It is possible 
that extended intermolecular interactions are just strong enough 
to help slow the electronic spin flip in the other compounds studied 
and the presence of the bulky groups prevents this. The peak line 
width intensity distribution is still indicative of an electronic state 
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temperature yielded a straight line between the temperatures of 
N 10 and 50 K and a Weiss constant of 8 H -6 K, qualitatively 
indicating the presence of weak antiferromagnetic intermolecular 
interactions. (No broad local maximum was observed in the 
temperature dependence (T > TX(,& of the susceptibility, 
indicating the presence of low dimensionality;43,44 the presence 
of a broad maximum, however, could have been obscured in the 
temperature dependence of the intramolecular exchange inter- 
action.) Since MdiPsbauer measurements will generally only detect 
the 3-dimensional ordering of spin~,41+~2 the appearance of a sharp 
six-line pattern gives us an estimate of the Ne4 temperature. 
This was seen to occur at - 5  K, in reasonable agreement with 
the Tx(max) from susceptibility measurements. The gradual onset 
of the hyperfine interaction and broadening of the spectra from 
15 to - 5 K can be ascribed to relaxation effects, low-dimensional 
ordering, or a distribution of ordering temperatures. 

Mhsbauer spectra for complex 5 in applied magnetic fields 
of 10-60 kG at 5 K showed no change in the overall splitting 
(average hyperfine field), only an increase in line width as expected 
for a polycrystalline antiferromagnet in an external field less 
than that necessary to induce a phase t ran~i t ion .~~ This is in 
contrast to the behavior expected for a paramagnet whose spin 
direction will usually be influenced by an external field. In this 
case, the overall splitting, Herr, will be the vector sum of Hi,,, + 
Hcxt, and for a 60-kG field this change corresponds at most to 2.0 
"1s. 

The crystal structure for compound 5 has been reported,i2 and 
intermolecular interactions were found to be significant. There 
are two types of close contacts: four-membered "stacks" consisting 
of two quinone molecules and two ligands and direct overlap of 
ligands on adjacent molecules. Interplanar separations within 
the four-membered stack are 3.4-3.5 A, while the interligand 
separation is 3.35 A. It would appear from crystallographic 
considerations that this compound might have low lattice 
dimensionality; these sorts of predictions are, of course, often 
overly simplistic.& 

It is well-known that the behavior of antiferromagnets in an 
applied ("disordering") field depend on both the lattice and spin- 
dimensionality of the system.43 An attempt was made to learn 
more about the type of antiferromagnetic interactions present in 
this compound by observing the magnetization as function of 
applied field at 4.5 K. The data obtained on a microcrystalline 
sample from 10 to 49 kG showed no evidence of a phase transition. 
The magnetization increases monotonically with constant slope 
to less than 10% of its saturationvalue. This, unfortunately, does 
not exclude any of the nine po~sibilities.~) The variable-field 
Mhsbauer data are in agreement with these results since no 
spin-flop or paramagnetic phase transition is observed up to an 
applied field of 60 kG. For a high-spin Fell1 ion, the expected 
type of spin-dimensionality is described by the Heisenberg model. 
Many models exist for the behavior of susceptibility with 
temperature for Heisenberg our situation is com- 
plicated by additional parameters necessary for the intramolecular 
exchange interaction. 

Regardless of the type of long-range magnetic interaction 
present, the effective field measured is nearly equivalent to the 
Hi,,, for most high-spin ferric compounds.50 Even for our spin- 
coupled cases, we have found that the anisotropy in these 
compounds is small (as evidenced from small D values leading 
to four-line Mbssbauer patterns). The six-line intensity pattern 
for this compound is, of course, due to the random orientation 
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Figure 2. Variable-temperature zero-field Mdssbauer spectra of [ Fe- 
(phenSQ),].phenQ (5), which has an S = 1 ground state. 

which is highly influenced by the external field. This is the 
expected result for a S = 1 ground state whose unpaired electron 
density resides in the orbitals of a high-spin ferric ion. The 
magnitude of Hint, -365 kG, for the exchange-coupled unit can 
be related to its component uncoupled spins as previously 
described. The number calculated for the S = FelI1 ion is 
-521 kG, a reasonable value for an iron coordinated to six oxygen 
atoms in a pseudooctahedral geometry. 

Complex 5, [Fe(phenSQ)s]-phenQ, gave a dramatic result in 
its sero-field 37Fe Mbsbauer spectrum determined at low 
temperature (see Figure 2). A magnetic hyperfine pattern is 
seen at 5 K in zero applied field. The Mhsbauer spectrum 
reported previously12 at 90 K gave the typical high-spin FelI1 
values of AEQ = 0.924 (4) mm/s and 6 = 0.530 (4) mm/s. 
Theoretically, only slow paramagnetic relaxation or long-range 
(3-D) intermolecular magnetic ordering41 can give rise to such 
a large spectral splitting in zero applied field. Previous magnetic 
susceptibility measurementsi2 (measured in a 13-kG field) showed 
a fairly sharp maximum in the susceptibility versus temperature 
plot at - 5  K. The pcff values showed a marked temperature 
dependence ranging from 3.43 pg at 286 K to 1.52 p ~ ,  at 5 K. The 
fact that the high-temperature moment is greater than the spin- 
only value for two unpaired electrons can readily be explained 
in terms of the magnitude of the exchange interaction. If the 
antiferromagnetic coupling between the three radical ligands and 
the high-spin Felt1 ion is relatively weak, then the energy separation 
between the S = 1 and S = 2 states will be within thermal energy 
at  room temperature, the S = 2 excited state will be populated, 
and the magnetic moment will reflect this population of the S = 
2 state. The susceptibility data were least-squares-fitted to a 
theoretical susceptibility expression14 (assuming isotropic spin 
coupling) for temperatures above -200 K to give a value of -J 
> 100 cm-I. The low-temperature data were suggested to be the 
result intermolecular interactions which are antiferromagnetic 
in origin in order to explain the reduced moment (below spin- 
only) at temperatures lower than -60 K. A plot of x-' versus 
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of the effective field and the y-ray direction and is not a reflection 
of any spin anisotropy. 

The Hint value of 4 4 2  kG calculated for the FelI1 component 
complex 5 (see Table I) is somewhat lower than the value observed 
for the other compounds in this study, although it is in a range 
that has been observed for high-spin ferric compounds.25 A 
number of possible explanations exist for the low value. From 
an experimental consideration, 4.5 K may not be a sufficiently 
low temperature to completely order the spins (although spectra 
taken from 5.5 to 4.2 K had nearly the same overall splitting) or 
the zero-field value, D, for this complex may be large and positive, 
so that the ground-state wave function is an admixture and the 
spin-expectation value is consequently smaller. Larger fields 
would then be required to isolate a “puren ground electronic state. 

The molecular aspects of this compound also seem to offer a 
plausible explanation for the slightly reduced hyperfine inter- 
action. EPR spectra show superhyperfine structure for uncoupled 
o-semiquinonates5l which indicate the unpaired electron is 
delocalized throughout the a-network. It seems very likely that 
some of the iron unpaired electron density (probably through the 
same pathway as for the intermolecular exchange interaction) 
has been delocalized onto the ligands; Le., there is some small 
covalency in this compound through the a-network of the three 
highly aromatic ligands. The magnitude of the hyperfine 
interaction, however, clearly indicates that the overwhelming 
majority of the unpaired-electron density is still at the iron atom. 

Conclusions 

The magnetic hyperfine properties of four spin-coupled (o- 
semiquinonat0)iron complexes have been presented and compared 
to those of a closely related high-spin ferric compound. Our 
basic observation, plotted in Figure 3, is that the number of 
unpaired electrons found from magnetic susceptibility studies 
correlates linearly with the hyperfine interaction found at the 
57Fe nucleus. This linear correlation, sign of the hyperfine 
interaction, and isotropic spectral appearance are all indicative 
of a primarily Fermi contact interaction between these electrons 
an the 57Fe nucleus, as expected for a high-spin ferric ion. The 
large magnitude of the hyperfine interaction indicates essentially 
all of the unpaired-electron density is felt at the iron. This is in 

(51) Pasimeni, L.; Brustolon, M.; Corvaja, C. Chem. Phys. Lett. 1975, 30, 
249. 
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Figure 3. Plot of the correlation between the S7Fe hyperfine field measured 
by MGssbauer spectroscopy and the number of unpaired electrons 
determined for each complex by magnetic susceptibility measurements. 

agreement with a theoretical of tris(o-quinone)iron 
complexes which found the unpaired-electron density for Fe- 
(semiquinonate)j to be in primarily metal-based orbitals. 

By using a vector-coupling approach to find the hyperfine 
interaction at the component high-spin ferric ion of each exchange- 
coupled unit, we obtained good agreement of this value with that 
of the S = 5 / 2  compound of this study and with those of high-spin 
ferric ions in similar environments in previous studies. There 
appears to be no significant covalency associated with these 
complexes, and it is clear that they can be best formulated as 
having high-spin ferric ions exchange coupled with semiquinonate 
ligands. 
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