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High-field electron paramagnetic resonance spectra have
been measured for frozen aqueous solutions of FeIII citrate at
acidic and neutral pH values. At high fields (up to 12 T) and
high frequencies (95, 190 and 285 GHz), fine-structure peaks
due to resonance between Kramers doublets (±1/2, ±3/2, ±5/
2) of an S = 5/2 species can be observed when the experi-
ments are performed at high temperatures. A full-matrix di-
agonalisation approach has been used to derive the spin-
Hamiltonian parameters for the S = 5/2 spin state. In acidic
media (pH = 2), the spacing of the fine structure reveals that
the value of the axial zero-field splitting (ZFS) parameter D
is −0.12 cm−1 without rhombicity. A small but significant g
anisotropy can be observed which depends slightly on the
frequency and the temperature (gx = 2.014, gy = 2.014 and

Introduction

Citric acid is widely known for its abundance in biologi-
cal fluids and plays key roles in the biochemical processes
of bacteria, plants, animals and humans. Its structure, with
three carboxylate groups and one hydroxy group, bestows
on it unique chemical properties which render it essential
in biological media.[1] Besides participation in the Krebs cy-
cle[2] and acting as a component in a number of metalloen-
zyme active sites,[3] citric acid is a target ligand of a large
number of trace metal ions found in biological fluids. Its
chelating ability, exemplified in a multitude of coordination
modes, plays an important role in metal solubilisation, mo-
bilisation and bioavailability in biological media.[1,4]

Among these metal ions, we have a particular interest in
ferric ions.[5�7] In humans, citrate is present in blood
plasma at a concentration of about 0.1 mm and is believed
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gz = 1.983, at 60 K and 285 GHz). In neutral media (pH =
6), complete rhombic HF-EPR spectra were observed with a
fivefold lower |D| value (0.024 cm−1) and E = 0.008 cm−1. A
satisfactory simulation of the experimental data was obtained
with a g value equal to 2.00. The different ZFS parameters
obtained under neutral and acidic conditions are discussed in
terms of the symmetry of the complex. At low temperatures, a
spin transition from 5/2 to 1/2 occurs at all frequencies. The
transition temperature is pH- and field-dependent. A model
including magnetoelasticity has been suggested in order to
interpret the field dependency of the spin transition observed
for the two systems.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

to be one of the major components of nontransferrin-
bound iron (NTBI).[8a,9] It has been proposed that NTBI in
the plasma of iron-overloaded patients exists largely in the
form of complexes with citrate.[10] Citrate has also been pro-
posed as a component of the cytosolic (or intracellular) iron
pool known as the ‘‘Labile Iron Pool’’ (LIP). Other ligands
involved in the LIP (which is also called the chelatable pool,
transit pool or low molecular weight iron pool) could be
AMP, ATP, pyrophosphate, amino acids or nucleoside
phosphates.[8b,11] In vivo approaches have been developed
to obtain information about the concentration and the nat-
ure of this LIP.[8] For a correct interpretation of the biologi-
cal processes related to the FeIII citrate system, it is neces-
sary to obtain more insight, using noninvasive approaches,
into the nature of the chemical species of this system pre-
sent in aqueous solutions. The dependence of the system
on the experimental conditions (stoichiometry, solvent, pH,
added ligand or bases etc.) could therefore be easily studied.

High field electron paramagnetic resonance (HF-EPR)
experiments performed on aqueous solutions of FeIII citrate
should be a good in vitro noninvasive approach. At high
frequencies (95, 190 and 285 GHz, i.e. high energy radiation
of ca. 3�10 cm�1) and high fields (up to 12 T), we could
directly observe EPR resonances between the energy levels.
The splitting of these levels depends on the Zero-Field
Splitting (ZFS) parameters (Kramers doublets) and on the
Zeeman effect. At high fields, the Zeeman interaction is
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dominant compared with the ZFS interaction. As a conse-
quence, the ZFS parameters could be determined much
more precisely than with conventional X-band EPR spec-
troscopy (9.4 GHz).[12] By performing measurements at
high frequencies, the resonance positions of a Kramer tran-
sition may be tracked in order to determine the anisotropy
of the g tensor even if it is weak (ranging between 1.950
and 2.040 in our case). This might lead to a considerably
improved understanding of the symmetries and electronic
structures of these biologically relevant FeIII complexes.

The major aim of this study was to measure the ZFS
parameters of mononuclear FeIII citrate complexes in aque-
ous solutions and to find a correlation between the ZFS
and the geometry around the iron. Another aim was to con-
firm, for these experimental conditions, the mononuclear
structures of these complexes since the reported coordi-
nation chemistry of ferric citrate remains sketchy.[8] The
complexes were obtained from solutions where citrate was
in excess of the ferric ions (20:1 as respective molar ratio)
at two different pH levels. We studied the anions 1 (at pH �
1.95) and 2 (at pH � 6.2) with Na� as the counterion. The
protonation states of these chemical species cannot be ob-
tained by UV/Vis spectrophotometry or by potentiometric
titration. We believe, however, from comparisons with lit-
erature data (vide infra), that the structure of 1 is
[Fe(HCit)(H2Cit)]2�. Complex 2 has been previously ident-
ified using electrospray mass spectrometry as having the
structure [Fe(HCit)(Cit)]4� and this was confirmed by X-
ray analysis (where Cit is the completely deprotonated citric
acid) as shown in Figure 1.[13]

Figure 1. Schematic representation of the anion [Fe(HCit)(Cit)]3�

Results

1. High-Field EPR Spectra of 1 and 2 at 60K

The 60 K HF-EPR spectra of 1 and 2, at frequencies
ranging between 95 and 285 GHz, are shown in Figures 2
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and 3, respectively. They have been simulated using the
spin-Hamiltonian parameters reported in Table 1 (see Exp.
Sect. for details). Compound 1 exhibits purely axial sym-
metry with a D value of |0.12| cm�1. The values of the
Landé factor vary slightly as a function of the frequency
(small increase of g� and small decrease of g// when the
frequency decreases, Table 2). All the transitions are shown
in Figure 2 with their interpretations using energy level dia-
grams (e�f in Figure 2). ∆MS � 2 transitions centred at
1.75 T for 95 GHz can also be recalculated from the energy
level diagrams (see d�f in Figure 2).

The negative sign of D was determined by careful exam-
ination of the intensities of the transitions as a function
of temperature (from 20 to 60 K). At 285 GHz, when the
temperature increases, the intensities of the [5/2,1/2� to 5/
2,3/2�]// and [5/2,1/2� to 5/2,3/2�]� transitions, located at
10.52 T and 9.98 T, respectively, increase, while that of the
5/2,�3/2�� to 5/2,�1/2�� transition decreases at 10.23 T.
This agrees with the energy level diagram shown on the
right of Figure 2.

For compound 2, both the high field (Figure 3 and Fig-
ure SI1 in the Supporting Information; for Supporting In-
formations see also the footnote on the first page of this
article) and X-band EPR spectra (data not shown) are
rhombic. The experimental and simulated 285 GHz EPR
spectra recorded at 60 K are shown in Figure 3. At this fre-
quency, the EPR spectrum is constrained between 10.0 and
10.5 T in agreement with a magnitude of D five times
smaller than that for compound 1 (|D| � 0.024 cm�1, with
|E| equal to 0.008 cm�1; λ � |E/D| � 1/3). Since the zfs
tensor is completely rhombic, the sign of D has no signifi-
cance. The different transitions of the S � 5/2 paramagnet
with their interpretations using energy level diagrams are
shown in the Supporting Information (SI1).

2. Evolution of the High-Field EPR Spectra of 1 and 2 as a
Function of Temperature from 60 to 5 K

The 285 GHz HF-EPR spectra were found to be tem-
perature-dependent in the 5 to 60 K range (Figure 4) for
compound 1 and between 5 and 30 K for compound 2 (Fig-
ure SI2 in the Supporting Information). At 5 K, the S � 5/
2 spectrum was not observed. Instead, an axial S � 1/2
signal dominates the spectra of 1 and 2. The S � 1/2 spectra
are characterised by a very large line width (w1/2 � 0.5 T)
suggesting a much higher relaxation rate of the S � 1/2
species than for the S � 5/2 species. However, the line
widths of each spin state for compounds 1 and 2 are similar
at all frequencies indicating that the frequency has no effect
on the relaxation rate of the different species. The S � 1/2
signals for compounds 1 and 2 were simulated (see Exp.
Sect.) with a small g anisotropy in the perpendicular region
of the spectra (Table 3). The differences in relaxation rates
between the S � 5/2 and the S � 1/2 spectra are so high
that their relative contribution to the spectra could not be
precisely obtained. Therefore, it was difficult to evaluate the
critical temperature (i.e. Tc, the transition temperature
where the molar fractions of the two spin states are equal).
However, Figure 4 and SI2 show that the spin conversion is
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Figure 2. Experimental (bold lines) and simulated (dotted lines, with D � �0.12 cm�1 and gx, gy and gz according to Table 2) HF-EPR
spectra of compound 1 recorded at 60 K and at 285 (a), 190 (b) and 95 GHz (c and d); the assignments of the different transitions are
represented as sticks (// parallel and � perpendicular); in the right-hand part, energy levels calculated for the axial spin-Hamiltonian (see
Exp. Sect.) as a function of Gq (gqβBo) are shown; the expected resonances at 95, 190 and 285 GHz are indicated by vertical bars (e) for
Gx and (f) for Gz

not abrupt for 1 and 2 but they do not show the presence
of a hysteresis loop around Tc.

In Figure 5, the frequency dependence of the HF-EPR
spectra of compound 1 is shown at 12.5 K. The S � 5/2
component dominates the spectrum with a minor S � 1/2
component at 95 GHz, whereas the reverse is true at
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285 GHz with a major contribution to the spectrum from
the S � 1/2 species. This reveals that Tc increases as the
field increases. Another way to illustrate this phenomenon
is to look at HF-EPR spectra recorded at different fre-
quencies and at different temperatures which appear with
similar shapes as shown in Figure 6. At the particular tem-
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Figure 3. Experimental and simulated HF-EPR spectra for com-
pound 2 at 60 K and at 285 GHz

Table 1. Energy matrix of 6 � 6 elements for the S � 5/2 spin state characterised by a rhombic zero-field splitting with an external
magnetic field B0, oriented along the molecular axis of the complex, according to the Cartesian components Bx, By and Bz; the notations
are Gz �βgz Bz, z � Gx � iGy and z* � Gx � iGy with Gx � βgxBx and Gy � βgyBy; all parameters (D, E, Gx, Gy and Gz) have to be
treated with the same energy unit (cm�1)

|�5/2� |�3/2� |�1/2� |�1/2� |�3/2� |�5/2�Ms

��5/2| 10/3D � 5/2Gz 0 0 0�5/2 z* �10 E
��3/2| �2/3D � 3/2Gz 0 0�5/2 z �2 z* 3�2 E
��1/2| �8/3D � 1/2Gz 3/2 z* 0�10 E �2 z 3�2 E
��1/2| 0 3/2 z �8/3D � 1/2Gz3�2 E �2 z* �10 E
��3/2| 0 0 �2/3D � 3/2Gz3�2 E �2 z �5/2 z*
��5/2| 0 0 0 10/3D � 5/2Gz�10 E �5/2 z

Table 2. ZFS parameters and g factors of the high-spin FeIII com-
plexes 1 (pH � 2.0) and 2 (pH � 6.2) at 60 K

pH Frequency [GHz] D [cm�1] E [cm�1] λ gx gy gz

2.0 285 � 0.122 0 0 2.014 2.014 1.983
2.0 190 � 0.122 0 0 2.026 2.026 1.975
2.0 95 � 0.122 0 0 2.030 2.030 1.939
6.2 285 � 0.024 0.008 0.33 2.015 1.990 1.985

Figure 4. Experimental HF-EPR spectra of compound 1 at
285 GHz as a function of temperature (from 5 to 60 K)

Table 3. g factors of the low-spin FeIII complex 1 as a function of
frequency and of the low-spin FeIII complex 2

Frequency [GHz] gx gy gzpH

2.0 285 1.850 1.915 2.370
2.0 190 1.875 1.915 2.225
6.2 285 1.870 1.910 2.245
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peratures of 5.0, 9.0 and 12.5 K for 95, 190 and 285 GHz,
respectively, the relative intensities of the signals corre-
sponding to the two spin states appear almost equivalent.
Thus, these temperatures can be an estimate of the Tc at
each frequency, demonstrating that Tc increases almost lin-
early with the external magnetic field (Figure SI3, Supp.
Inf.).

At 285 GHz, the estimate of Tc for compound 2 is much
lower than for compound 1 since the S � 5/2 spectrum can
be observed even at 5 K.

Figure 5. Experimental HF-EPR spectra of compound 1 at 12.5 K
as a function of frequency (95, 190 and 285 GHz)

Figure 6. Experimental HF-EPR spectra of compound 1 at 95 GHz
(5 K), 190 GHz (9 K) and 285 GHz (12.5 K)
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Discussion

1. Comparison of the Zero-Field Splitting Parameters with
Literature Data

Values of ZFS parameters for high-spin FeIII complexes
have been reported in the literature only recently due to
the development of high-field EPR techniques. A very early
(1973!) paper by Y. Alpert et al. has indisputably been the
classic in biological HF-EPR spectroscopy with measure-
ments at various microwave frequencies in the millimetre
region (called far-infra red magnetic resonance by some au-
thors).[14] In some cases, measurements of spectra as a func-
tion of temperature give the sign of D. EPR measurements
at X- or Q-band frequencies (with an appropriate treatment
of the data), magnetic susceptibility measurements or
Mössbauer experiments have also been reported as giving
D values usually without sign determination.

In Table 4, we have gathered several D and λ values deter-
mined for low molecular weight mononuclear FeIII com-

Table 4. ZFS parameters of compounds described in the literature with the spectroscopic method used for the measurements

Compound D [cm-1] λ Method[a] Ref.

Octahedral iron(III)
Molecular complex
Fe(citrate)2 pH 1.95 �0.12 0.0 HF this work

pH 6.2 |0.024| 0.33 HF this work
Fe(dpm)3

[b] �0.18 0.25 HF [15]

K3Fe(malonate)3 |0.12| 0.032 X,Q [16]

K3Fe(oxalate)3 |0.18| 0.055 X,Q [16]

K3Fe(acac)3
[c] |0.14| 0.028 X,Q [16]

Ferrichrome A �0.27 0.25 HF [17,18]

FeIII-EDTA[d] � 0.8 0.33 HF [19,20]

� 0.78 0.33 HF [21]

|0.83| 0.31 X [22]

2 trispicMeen (OO)[e] �1.7 0.0 X,Mos. [23]

Fe bztpem[f] |0.3| 0.15 X [24]

Tris(dithiocarbamate) � 2.14 0.10 HF [17]

Protein
Transferrin �0.3 0.29 HF [19,21]

�0.27 0.31 [22]

Lipoxygenase 2 � HF [25]

�|2| � X,Q [26]

Fe-SOD �2 0.23 X [28]

Pentacoordinated iron(III)
Bis(dithiocarbamateFeBr)bis(dithiocarbamateFeCl) �7 0.07 HF [17]

�2 0.04 HF [17]

Schiff base (square planar) |10| (|7.2|) 0.33 (0.33) Magn. [29]

Bis(substituted-thiohydroxamate) |10| 0.3 Magn. [30]

Heme complex
Protoporphyrin IX-F� (Br�) |5| (|11.8|) 0 FIR [17,31]

Protohemes |10| 0 FIR [31]

|7| 0 Magn. [32]

|6| 0 Magn. [33]

Metmyoglobin |10| 0 HF [34]

�9.5 0 HF [17,21]

Metmyoglobin � F- 5.9, 5.0 0, 0 HF [17,21]

Methemoglobin |10.7| 0 FIR [34]

Methemoglobin (F-) �6.3 0 FIR [17]

[a] HF: HF-EPR measurements; X,Q: EPR measurements at X or Q band frequencies; Mos: Mössbauer spectroscopy; Magn: magnetic
susceptibility measurements and FIR: Far Infra-Red spectroscopy. [b] dpm: dipivaloylmethane. [c] acac: pentane-2,4-dionate. [d] EDTA:
ethylenediaminetetraacetate. [e] trispicMeen: N-methyl-N,N�,N�-tris(pyridylmethyl)ethane-1,2-diamine. [f] bztpem: N-benzyl-N,N,N�,N�-
tetrakis(pyridylmethyl)ethane-1,2-diamine.
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plexes or metalloproteins. Absolute D values vary from very
small up to 12 cm�1 while those of λ vary from 0 (complete
axial symmetry) to 0.33 (complete rhombic symmetry). We
discuss the data in three main groups.

(i) The first group concerns the non-heme octahedral
FeIII complexes. The complexes [Fe(dpm)3], K3[Fe(malon-
ate)3], K3[Fe(oxalate)3], K3[Fe(acac)3] and ferrichrome A
have three bidentate ligands for which the denticity only
originates from oxygen atoms.[15�18] They are characterized
by small D values (|D| � 0.3 cm�1). Three of these com-
plexes exhibit a quasi-axial ZFS (λ � 0.055) while the other
two show a moderate rhombicity with λ � 0.25. Since a
discrepancy in D appears in the literature for ferrichrome
A we retained, in Table 4, only the values extracted from
HF-EPR measurements.[17,18] When nitrogen atoms are pre-
sent in the coordination shell of FeIII, the magnitude of D
(0.3�1.7 cm�1) increases in comparison with the values for
the previous complexes. The coordination mode varies be-
tween [N2O4],[19�22] [N4O2][23] and [N5O].[24] EPR measure-
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ments performed at several high frequencies are well docu-
mented for the FeIII-EDTA complex.[21] For all these octa-
hedral complexes, the |D| values increase as a function of
the nature of the coordinating atoms in the order: [O6] �
[N2O4] � [N4O2] � [N5O] � [S6]. Among the non-heme
proteins, only three iron sites have been studied and the
magnitude of D is � 3 cm�1. In the case of transferrin,
rhombic spectra have been correlated with the distorted oc-
tahedral structure found in the enzyme.[19�21] The iron is
coordinated by four monodentate amino acid residues and
one bidentate carbonate anion giving an [NO5] set of donor
atoms.[8c] For lipoxygenase, EPR measurements both at low
(X band) and high frequencies have been made and give the
same magnitude of D (sign determined at high
frequencies).[25�26] The corresponding structural data show
an [N3O3] coordination mode.[27] In the case of the bacterial
Fe-superoxide dismutase (Fe-SOD), attention must be
drawn to the detailed X-band EPR study. From a precise
temperature-dependent spectroscopic analysis, the magni-
tude and sign of D were obtained.[28] The observed rhom-
bicity (λ � 0.23) can be explained in relation to the X ray
structure of the Fe-SOD from E. coli which reveals that the
active site is a pentacoordinate complex. The iron atom is
coordinated by three histidines, one aspartate and a hydrox-
ide anion resulting in a distorted structure.

(ii) The second group concerns FeIII complexes character-
ised by a C4v geometry in the coordination sphere. All of
these complexes possess halogen ligands. The magnitude of
D varies in a large range (2 to 10 cm�1) and has been corre-
lated with the nature of the halogen ligand. For instance, D
increases from �2 to �7 cm�1 when the chloride ligand is
replaced by a bromide ligand in [(R2NCS2)2FeX] [R2NCS2

is a bis(dithiocarbamate)].[17] The other chloro iron complex
[chlorobis(N-methylbenzothiohydroamato)FeIII] is charac-
terised by a larger D value (between 7 and 10 cm�1).[29�30]

From the X-ray structures determined for several com-
plexes, the magnitude of D can be correlated with the dis-
tance between the iron ion and the plane formed by the
four equatorial ligands along the axis formed by the fifth
ligand and the metal atom. |D| increases when the distances
become smaller.

(iii) The third group concerns the (heme)FeIII complexes
such as (porphyrin)FeIII and (protein)FeIII complexes such
as metmyoglobin and hemoglobin.[14,17,21,31�34] The system-
atic axial symmetry originates from the conjugated elec-
tronic structure of the haeme. When the metal atom lies in
the heminic plane, the D values are in the range of 9 to 12
cm�1.[14,17,31�34] On the other hand, when the iron atom
lies above the heme plane, the D values become smaller,
between 5 and 10 cm�1.[14,17,31�34] The shift of the iron
atom above the plane occurs when an additional ligand co-
ordinates to the iron site giving a sixth coordination site.
Recently, the sign of D was clearly obtained as being posi-
tive for metmyoglobin.[21]

In conclusion, compounds 1 and 2 can be compared with
the non-heme octahedral complexes. The D value of 0.12
cm1 determined for 1 is in the range found for complexes
characterised by a [O6] coordination sphere (0.12 � D �
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0.28 cm1). For compound 2, the D value of 0.024 cm�1 is
smaller but can be closely compared with the other com-
plexes extending the previous range. However, all these D
values are smaller than those of the other octahedral com-
plexes in which the coordination spheres contain other het-
eroatoms as for the EDTA complex ([N2O4]) with D � 0.8
cm�1. In our case, the pH change between compounds 1
and 2 leads to a drastic evolution of λ from a purely axial
to a totally rhombic system.

2. Zero-Field Splitting Parameters and Structures of
Compounds 1 and 2

It is interesting to compare the ZFS parameters with
structural data. Different chemical species have been ident-
ified in aqueous solutions depending on the pH. In solu-
tions containing 1 µm Fe3� and 0.1 mm citrate at pH �
5�6, [Fe(citH)2]3� and [Fe(cit)]� were observed.[35] More
recently, different complexes formed from FeIII and citric
acid in the pH range 1�13 have been studied by magnetic
susceptibility measurements.[36]

The crystal structures of several mononuclear dicitrate
complexes with metal(iii) ions, with different degrees of pro-
tonation, have been obtained in our laboratory. From these
results, we should be able to suggest likely structures for
compounds 1 and 2.

At pH � 7, (NH4)5[Fe(Cit)2]·2H2O was isolated.[13] The
structure is centrosymmetric with the FeIII ion located on
an inversion centre. The coordinated oxygen atoms with the
similar chemical functions of each citrate are in trans posi-
tions. This coordination mode involves the formation of a
seven-, a six- and a five-membered coordination ring. The
remaining terminal carboxylates are noncoordinating.
These results are in agreement with those reported in the
literature at almost the same pH.[37] The shortest Fe�O
bond is 1.942 Å for the Fe�O (alkoxide) bond. The other
distances are 1.995 Å for the Fe�O (central carboxylate)
bond and 2.055 Å for the Fe�O (terminal carboxylate)
bonds.[13]

At pH � 6, single crystals of (NH4)4-
[Fe(HCit)(Cit)]·3H2O were isolated.[13] Since the pro-
tonation state of each ligand is different, the FeIII ion is no
longer located on an inversion centre thus inducing a
pseudo-centrosymmetrical complex. The proton in the
(Hcit) ligand is located on the pendant terminal carboxylic
acid. The Fe�O bond lengths are nevertheless in the same
range as those of the previous complex
(NH4)5[Fe(Cit)2]·2H2O. The values of the Fe�O bond
lengths are: 1.932 and 1.944 Å for the Fe�O (alkoxide)
bonds, 2.007 and 2.019 Å for the Fe�O (central car-
boxylate) bonds, and 2.035 Å and 2.064 Å for the Fe�O
(terminal carboxylate) bonds, for the nonprotonated and
protonated ligands in each case, respectively. No crystals
could be obtained at other acidic pH values.

Crystal structures of related complexes found in the lit-
erature give an idea of the structure of compound 1. The
structure of (NH4)4[Fe(HCit)(Cit)]·3H2O is isostructural
with (NH4)4[Al(HCit)(Cit)]·3H2O and (NH4)4[Ga(HCit)-
(Cit)]·3H2O which have been previously characterised.[38]
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The Ga�O bond lengths are 1.893 and 1.900 Å for the
Ga�O (alkoxide) bonds, 1.976 and 1.983 Å for the Ga�O
(central carboxylate) bonds, and 2.022 and 2.058 Å for the
Ga�O (terminal carboxylate) bonds, for the nonprotonated
and protonated ligand in each case, respectively. The
[Ga(HCit)(H2Cit)]2� species was recently characterised in
the laboratory at pH � 1.5.[39] This complex has two pen-
dant terminal carboxylic acid functions and the GaIII centre
is linked to an alkoxide oxygen atom for the monoproton-
ated ligand and an alcoholic oxygen atom for the dipro-
tonated ligand. The Ga�O bond lengths are 1.878 Å for
the Ga�O (alkoxide) bond and 2.038 Å for the Ga�O (al-
coholic) bond, the other distances are 1.945 and 1.936 Å
for the Ga�O (central carboxylate) bonds, and 2.013 and
2.003 Å for the Ga�O (terminal carboxylate) bonds. These
results unambiguously demonstrate that protonation of the
alkoxide oxygen increases the Ga�O bond distance.

We therefore suggest that the geometry of compound 2
is strongly related to that of (NH4)4[Fe(HCit)(Cit)]·3H2O.
The only difference comes from the difference in the coun-
terion (Na� instead of NH4

�). All of the Fe�O bonds dis-
tances are in the range of 1.932 to 2.035 Å, within an inter-
val of 0.1 Å suggesting a rhombic octahedral geometry
around the FeIII ion. Although the geometry of compound
1 is still unknown, a comparison of isostructural GaIII and
FeIII citrates with different degrees of protonation suggests
that the protonation of one or two alcoholic oxygen atoms
increases the Fe�O (alcoholic) bond distances leading to
an axial octahedron with a long O(alcoholic)�
Fe�O(alcoholic) axis. This change of structure related to
the variation in the acidity of the medium can therefore be
correlated with the strong evolution of the ZFS parameters,
extracted from the high-field EPR spectra, when the pH of
the medium shifts from 6 to 2.

3. Spin Crossover in 1 and 2

All of our results suggest that complexes 1 and 2 are
mononuclear, and we will attempt to explain the different
phenomena that we observed starting with the following hy-
pothesis.

We therefore exclude to interpret our data on the basis
of two different spin states originating from a trinuclear
high-spin FeIII complex. For instance, in the literature, the
[Fe3S4]� sites of ferredoxins were characterised by an S �
1/2 ground state and an S � 5/2 excited state. The spin
ground state S � 5/2 or S � 1/2 depends on the magnitude
of the different antiferromagnetic exchange couplings be-
tween the three iron sites.[40] Nevertheless, it has been found
by Girerd et al., that in a certain temperature range, an S �
3/2 species becomes stabilised for such trinuclear
iron�sulfur complexes. In our case, no evidence of an S �
3/2 spectrum arising from a trinuclear FeIII complex has
been found in our experimental data.

Moreover, the observation of such a spin crossover for
our [O6]-coordinated iron(iii) complexes was quite unpre-
dictable.[41] Indeed, no critical temperature of a spin tran-
sition has been described for such compounds. Neverthe-
less, a spin transition has been established for an iron(iii)-
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substituted acac complex by magnetic moment measure-
ments.[42] From a general point of view, iron(iii) spin-cross-
over compounds are less common than those of
iron(ii).[41,43] However, early studies on tris(dithiocarbama-
to)iron(iii) complexes [Fe(S2CNRR�)3] indicated that, de-
pending on the nature of R and R�, the iron(iii) is high or
low spin or spin crossover in this [S6] coordination
sphere.[41,44] In the case of porphyrinic systems, including
ferric haemo proteins, characterised by a [N4L2] coordi-
nation sphere, spin crossover has been observed (L rep-
resents different types of monodentate ligands).[41,45] The
origin of this phenomenon has been related to a spin state
stereochemical relationship. Spin crossover has also been
seen for complexes with [N6] and [N4O2] coordination
spheres.[46�47]

Spin Transition Equilibrium and Critical Temperature Tc

At 5 K, the 1/2 spin state corresponds to the major spec-
ies in solution. When the temperature is increased, the S �
5/2 species appears at the expense of the 1/2 species (Fig-
ure 4). Since the relaxation properties of the two species dif-
fer strongly, it is difficult to evaluate the critical temperature
Tc. Comparing the relative appearance of the two spectra it
is possible, however, to characterise the variation of these
Tc values as a function of the nature of the complex and
the field (see below). For instance, at 285 GHz, Tc is smaller
for the complex in a neutral medium (Tc � 10 K) than it is
under acidic conditions (Tc � 12.5 K) (Figure 4 and SI2,
Supp. Inf.). For the compounds 1 and 2, their Tc values are,
by far, smaller than that those already found in the litera-
ture for FeIII complexes with [S6], [N6] or [N4O2] coordi-
nation shells. For these last compounds, the Tc values are
in the range from room temperature to 70 K.[41]

The experimental data are reproducible even if measure-
ments are performed by increasing or decreasing the tem-
perature, implying that no hysteresis phenomena occur.
Thus, we have interpreted the presence of these two para-
magnetic species as a thermal spin transition (or spin-cross-
over) of a unique chemical species changing from the 1/2
spin state to the 5/2 spin state according to the following
equilibrium:

LS (2T2) o HS (6A1)

The spin-state interconversion seems to be ‘‘prepared’’
below Tc. Indeed, the evolution of the g anisotropy of the
S � 1/2 species with temperature (seen at 285 GHz in Fig-
ure 4) can be attributed to small structural modifications
around the metal. These slight changes are likely related to
the spin transition. Changes in metal�ligand bond lengths
accompanying a spin state transition can be obtained from
X-ray crystallography. As an example, for FeIII complexes,
differences of 0.17 Å can be found for the Fe�N distances
but of only 0.04 Å for the Fe�O distances in a series of
hexadentate ligands derived from triethylentetramine with
a [N4O2] donor set.[48]
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The rate of the spin-state interconversion for each com-

pound is slower at all temperatures than the EPR time scale
(ca. 1011 s�1), but chemically fast. At first sight, it seems
strange that at these temperatures the reaction rates are fast.
In the literature, however, Buhks et al. suggested that dy-
namics in spin-crossover should be treated as a nonadia-
batic process within the theory of radiationless multi-
phonon relaxation.[49] They predicted that the LS/HS relax-
ation would be a thermally activated process at elevated
temperatures with a nonvanishing tunnelling rate at cryo-
genic temperatures. Recently, these relaxation rate constants
were measured for several FeIII complexes using laser flash
photolysis experiments.[50] Two temperature domains were
observed. Clearly, the general temperature behaviour con-
sisting of a thermally activated process at elevated tempera-
tures and a tunneling at low temperatures was experimen-
tally observed. Therefore, even at low temperatures, the LS
to HS relaxation rate constant remains high. Under these
conditions, the equilibrium between the low-spin (LS) and
the high-spin (HS) complexes can thus be instantaneously
obtained.

Influence of the External Magnetic Field on Spin Crossover

It can be seen from Figure 5 that the critical temperature
is also field dependent and Tc increases as the magnetic field
increases. To explain this phenomenon, we have treated the
spin transition as an equilibrium reaction between two
chemical species, the LS and the HS complexes, with x as
the molar fraction of the high-spin complex.

LS �
� HS

(1 � x) x

Three different situations can be considered:
(i) In the absence of a magnetic field, the molar free en-

thalpy (Gibbs free energy, G per mol) for this reaction can
be written as the weighted sum of the standard free en-
thalpy (GH° and GL°) of the pure HS and LS systems in the
absence of any cooperative interaction terms, plus two other
terms accounting for the mixing entropy (Smix) and the in-
teractions [I(x)]:

G � xGH° � (1 � x)GL° � T Smix � I(x) (1)

If a regular solution of molecules is assumed for the two
states, the mixing entropy Smix for the mixing of the chemi-
cal species, according to Guggenheim is:[51]

Smix � �R[xlnx � (1 � x)ln(1 � x)] (2)

The interaction term can be treated by following a model
initially introduced by Slichter, then later modified by
König and revisited by Kahn, as:[52�54]

I(x) � γLL(1 � x)2 � 2γLH(1 � x)x � γHHx2 (3)
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where γLL, γLH and γHH are pair interaction terms be-
tween two LS ions, a LS and a HS pair, and two HS ions,
respectively. These terms are likely related to the magneto-
elastic coupling between each cell of the two types of spin
(mean field approximation). For convenience, I(x) can be
rewritten as:

I(x) � γ0 � γ1x � γ2x2 (4)

with γ0 � γLL, γ1 � 2(γLH � γLL) and γ2 �
γLL � 2γLH � γHH.[52�54] If we introduce equilibrium con-
ditions, the differentiation of the free enthalpy as a function
of the molar fraction of the high-spin species gives the fol-
lowing equation:

	G/	x � 0 � ∆G° � γ1 � 2γ2x � RTln[x/(1 � x)] (5)

where ∆G° � GH° � GL° is the molar standard free en-
thalpy of the reaction. This expression gives the equilibrium
molar fraction x as a function of temperature with ∆G° �
∆H° � T∆S° where ∆H° and ∆S° are the standard molar
enthalpy and entropy of the equilibrium reaction, respec-
tively. ∆S° for the reaction is positive and is much larger
than the entropy variation associated with the mere change
of spin state, i.e. R[xln(2SH � 1) � (1 � x)ln(2SL � 1)] �
Rln(3) � 9.1 J·K�1·mol�1, where SH and SL are the total
spin value of the high-spin and low-spin states, respectively.

We now defined the critical temperature of the spin-tran-
sition in the absence of an external magnetic field Tc(0),
from this equation, for x � 0.5:

Tc(0) � (∆H° � γ1 � γ2)/∆SΘ (6)

(ii) The application of a static magnetic field, B, to this
sample can be described by adding into Equation (1) a Zee-
man energy term ∆GZ (� �MB/2). The total magnetisation
is the weighted sum of the magnetisation of the two para-
magnetic species as:

M � xχHB � (1 � x)χLB � [χL � x∆χ)]B � [CL � x∆C]B/T (7)

where χL and χH are the high-spin and low-spin suscepti-
bilities and ∆χ � χH � χL and ∆C � CH � CL. In this last
term, CH and CL represent the Curie constants of the two
species (χ � C/T).

The Zeeman energy term follows as:

∆GZ � �[CL � x ∆C]B2/2T (8)

With this added term, the equilibrium Equation (5) be-
comes:

	G/	x � 0 � ∆G° � γ1 � 2γ2x �
(9)

RTln[x/(1 � x)] � (∆C/2T)B2



High-Field EPR Study of Frozen Aqueous Solutions of Iron(III) Citrate Complexes FULL PAPER
For x � 0.5, the critical temperature of the spin-tran-

sition, Tc, is now field-dependent, according to:

(	G/	x)x�0.5 � ∆H° � Tc∆S° � γ1 � γ2 � (∆C/2Tc)B2 � 0 (10)

giving two solutions (see appendix): (a) one around Tc(0)
Tc � Tc(0) � a�B2 with

a� � [∆C/(2Tc(0)∆S°)] (11)

This model predicts a parabolic decrease in the critical
temperature when the external magnetic field increases.
This type of variation has already been observed in good
agreement with the predictions for several transition metal
ion compounds [LaCoIIIO3 and [FeII(Phen)2(NCS)2] (Phen:
1,10-phenanthroline)][55�56] and particularly with very high
B values from pulsed magnetic fields for [FeII-
(Phen)2(NCS)2] and [(MnIII(pyrrol)3(tren)] [pyrrol: pyrrole-
2-carboxaldehyde; tren: 2,2�,2��-tris(ethylamino)-
amine)].[57�58] These effects are characterised by a relatively
small amplitude (1.5 K from 0 to 23 T). These experiments
have been recently reviewed.[59] (b) The other solution gives
values at very low temperatures:

Tc � a�B2 (12)

This model predicts a parabolic increase in the critical
temperature when the external magnetic field increases.
However, this effect should be small since a� is the same
coefficient as in Equation (11). In our experiments, how-
ever, no such phenomena were observed. In our systems,
the variation in the Tc value of the spin-transition as a func-
tion of the external magnetic field B is completely different.
Instead of becoming saturated, at very low temperature, we
found a relatively large and almost linear dependence and
as shown in SI2 (Supporting Information; 7.5 K from 3.4
to 10.2 T). The main discrepancy is that Equation (12) is
related to a transition between high-spin and low-spin states
which is contrary to our observations (always a low-spin
state at low temperatures for each field). This behaviour
cannot be understood in terms of the framework of the
model given above even through the pair interactions γLL,
γLH and γHH.

In order to interpret our results we introduced another
effect, namely the magnetoelastic coupling associated with
low-spin and high-spin volume anomalies.

(iii) We now take into account a magnetoelastic term,
according to which the local moment is coupled to the vol-
ume of each coordination sphere leading to the fact that
the magnetoelastic term of a low spin is different from that
of a high spin. The free energy related to this magnetoelas-
ticity for a chemical species can be shown to be pro-
portional to (δV/Vo) and M2 as:[60]

∆Gms � kms(δV/Vo)M2 (13)
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where δV/Vo (noted below as ε) represents the relative
variation of volume between the ordered and disordered
states (also called anomaly of volume), M is the magnetis-
ation in the external magnetic field and kms is a constant.
This is a local coupling which does not imply a cooperative
mechanism. In our case, we have a mixture of two species
and the total free energy related to the volume anomaly is
the weighted sum of the terms of the magnetisation relative
to the two species (neglecting the interfacial energies).[54]

∆Gms � kms[(1 � x)εLML
2 � xεHMH

2] � kms[εLCL
2 �

(14)
x(εHCH

2 � εLCL
2](B/T)2

with M being (C/T)B. By adding this term, Equation (9)
becomes:

	G/	x � ∆G° � γ1 � 2γ2x � RT[ln(x/(1 � x)] � (∆C/2T)B2

(15)
� kms[εHCH

2 � εLCL
2](B/T)2 � 0

and (	G/	x)x�0.5 has two solutions for low temperatures
(see appendix):

a) field-independent:

Tc � 2kms[εHCH
2 � εLCL

2]/∆C (16)

and b) second-order field-dependent:

Tc � {∆C/[2∆S°Tc(0)2] � kms[εHCH
2 � εLCL

2]/[∆S°Tc(0)3]}B2 (17)

The unknown values of all these parameters prevent
further progress at this stage. Nevertheless, it seems that this
treatment can be in agreement with the observation of the
low-spin state for each field at low temperatures. A more
sophisticated treatment is now in progress. The contribution
of the magnetoelasticity term in our systems compared with
those systems where it was not observed,[55�60] probably
originates from the fact that our experiments were per-
formed in frozen solutions as opposed to in the solid-state
used in previous studies. Moreover, in our studies, com-
plexes 1 and 2 present very flexible structures because of
the nature of the ligands, allowing for the development of
volume anomalies.

Conclusion

Our analysis of the HF-EPR spectroscopic data of the
two studied complexes has shown that the ZFS parameters
strongly depend on the symmetry of the metal ions in the
complexes. Conversely, measurements of these ZFS param-
eters can give information on the symmetry in solution
when no other methods give any data. Surprisingly, this
work has revealed a spin-crossover (from spin 1/2 to spin 5/
2 species) at low temperatures. Another surprise was the
observation that the critical temperature of the spin tran-
sition was field-dependent but in a somewhat unconven-
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tional manner (large positive change instead of small nega-
tive one). This phenomenon is likely related to the magneto-
elastic properties of the mixture of the two species with
their different spin states. Further magnetic studies are in
progress to interpret these observations.

Experimental Section

Preparation of the Solutions: Complex 1 was prepared from a 0.1
m aqueous solution of ferric perchlorate [Fe(ClO4)3·9H2O] (Ald-
rich) and a 2 m solution of citric acid (Aldrich). The pH was ad-
justed to 1.95 with sodium hydroxide solution. Complex 2 was pre-
pared from a 0.09 m aqueous solution of ferric perchlorate and a
1.8 m solution of citric acid. The pH was adjusted to 6.25 with
sodium hydroxide solution. 1 mL of the respective solution was
inserted into an appropriate flask for introduction into the EPR
spectrometer.

EPR Instrumentation: High-frequency and high-field EPR spectra
were recorded with a laboratory-built spectrometer,[61�62] using
frozen solutions. Gunn diodes operating at 95 GHz and equipped
with a second and third harmonic generator were used as the radi-
ation source. The high magnetic field was produced by a supercon-
ducting magnet (0�12 T). We used a temperature regulation appar-
atus to maintain the temperature between 4 K and room tempera-
ture. Measurements were performed in unsaturated conditions.

Theory for the High-Spin Ferric Ion EPR Spectra

(i) Review of the Spin Hamiltonian for High-Spin Ferric Iron (S �
5/2) in Octahedral Symmetry: This review is given as an introduc-
tion to the treatment of the data in the frozen solution state. EPR
spectra of paramagnetic complexes under the effect of an external
magnetic field and as a function of temperature can adequately be
described in the framework of the spin-Hamiltonian parametris-
ation. This was originally introduced by Abragam and Pryce[63] and
then systematically discussed in the book of Abragam and Ble-
aney.[12] For the high spin iron(iii) complexes, the ion (3d5) is in a
6S5/2 state. We recall, that in this system with an odd numbers of
electrons, at least a twofold degeneracy must remain in the absence
of a magnetic field. Thus, the ZFS gives pairs of states (Kramers
doublets) related by a time-reversal operator.[12a,64] In EPR experi-
ments, the spin-Hamiltonian therefore has two terms, the Zeeman
and the ZFS terms, expressed with the Steven’s spin operator equiv-
alents of appropriate symmetry, On

m, as:

(18)

where Bn
m are parameters to be determined, S is the total electron

spin, and n and m are integers with the following constraints: 0 �

n � 2S (terms with odd n disappear due to time-reversal sym-
metry)[12a] and the only nonzero terms have m � lp (where l is
integral or zero) when the highest rotational symmetry axis is p-
fold.[12,65�66] The spin operators On

m and the corresponding matrix
elements �MS|On

m|MS�� (with MS, MS� spanning the six values
�5/2, �3/2, �1/2, 1/2, 3/2 and 5/2) have been tabulated.[12b] It
should be noted that nonzero elements only occur when |MS �

MS�| � m for each Bn
mOn

m term. The general spin-Hamiltonian for
high spin iron(iii) can therefore be written as:
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H � βB0gS � B2
0O2

0 � B2
2O2

2 � B4
0O4

0� B4
2O4

2 � B4
3O4

3

(19)
� B4

4O4
4

The occurrence of the different terms of the ZFS depends on the
symmetry around the FeIII centre in the complex. For complexes
with pure cubic symmetry, only terms related to O4

0 and O4
4 [12c]

occur, as in FeIII(H2O)6.[67] It will be seen, as in our FeIII citrate
system, that the fourth-order terms B4

m in the spin-Hamiltonian
can be neglected and that only the effects of B2

0 and B2
2 need to

be considered (with the notations D � B2
0/3 and E � B2

2).[68] Un-
der these conditions, the spin-Hamiltonian can be rewritten as:

H � βB0gS � D[Sz
2 � 1/3S(S � 1)] � E[Sx

2 � Sy
2] (20)

where D is the axial ZFS and E gauges the rhombic ZFS. For a
complex with pure axial symmetry, E � 0. When the anisotropy of
the Landé tensor g occurs in the same axis as the ZFS, a complete
expression of the spin-Hamiltonian for this 6S5/2 state is:

H � (Gx/2)[S� � S�] � (iGy/2)[S� � S�] � GzSz � D[Sz
2 �

(21)
1/3S(S � 1)] � E/2[S�

2 � S�
2]

where Gq � βgqBoq, with q � x, y or z. The corresponding energy
matrix containing 6 � 6 elements �MS|H|MS�� is shown in
Table 1, with z � Gz � iGy and z* � Gz � iGy. The locations of
Sz, S� (or S�) and S�

2 (or S�
2) are, respectively, the origin of the

elements on the diagonal line, on one line above (or under) the
diagonal and on two lines above (or under) the diagonal.

(ii) Principle of the Treatment of the Data: The corresponding eig-
envalues εj and the eigenstates |ϕj�, with j from 1 to 2S � 1 � 6,
can be obtained by diagonalising the matrix. For the pure axial
case, with E � 0, two diagonalisations have to be made, one for
the orientation according to z, with z � 0 (written for this case as
a diagonal matrix) and the other, for the orientation according to
x or y, with Gz � 0 and z � Gx. For the rhombic case, where E is
different from 0, three diagonalisations have to be made, the first
for the orientation according to z, with z � 0, the second is made
for the orientation according to x, with Gz � 0 and z � Gx and
the third, for the orientation according to y, with Gz � 0 and z �

iGy (diagonalisation of a 6 � 6 matrix with imaginary number ele-
ments). In each case, five transitions related to the change of Zee-
man level states from �5/2 to �3/2, �3/2 to �1/2, �1/2 to 1/2, 1/
2 to 3/2 and 3/2 to 5/2 can be expected. These levels are clearly
defined when the Zeeman term is large compared with the ZFS
term. For the randomly orientated molecules of the frozen aqueous
solutions, the intensity of absorption varies from those parallel to
the magnetic field to those perpendicular to the magnetic field
(which are more numerous by far). For the axial systems, the per-
pendicular transitions are only of one type whereas for the rhombic
systems, the x and y orientations have to be distinguished. In the
axial systems, a qualitative interpretation of the spectra can be
made when gβBo �� D (high-field limit). The five (2S) permitted
M to M � 1 transitions between the 6 (2S �1) energy levels can
be observed for the following resonance field: Br(M) � ge/g[Bo �

(M � 1/2)D�], where D� � (3cos2θ � 1)D/(geβ) and θ is the angle
of the external magnetic field with respect to the main axis of sym-
metry of the complex.[69] Therefore, when the external magnetic
field is parallel to the axis, the neighbouring lines are separated by
2|D| and centred at Br// � geBo/g// while they are separated by |D|
and centred at Br� � geBo/g� when it is perpendicular to the axis.

(iii) Treatment of the Spectroscopic Data for the High-Spin Ferric
Ion: In Figure 2, we compare the field location of the transitions
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in the experimental spectra with those of the transitions obtained in
the energy level diagrams for compound 1. In the left-hand section
(Figure 2, a�d), the experimental spectra are displayed along with
the simulations calculated using the program available from Weihe
et al.[70] The same simulations can be obtained when the X-Sophe
software from Bruker is used.[71] Marks have been added to point
out the pure z transitions centred at B0// � ν0/βg// and the pure x,
y transitions centred at B0� � ν0/βg�. In the right-hand section
(e�f in Figure 2), we show the energy level diagrams as a function
of the product gβB0 in cm�1 and the allowed ∆Ms � � 1 tran-
sitions for the zero-field splitting parameter, D, obtained above. The
same type of information is given for compound 2 in Figure SI1
(Supporting Information). These diagrams show the energy value
(in cm �1) as a function of Gq � gqβBo with q for x, y or z (G in
cm �1). These energy values are eigenvalues of the energy matrix
reported in Table 1. The diagonalisations of the real or imaginary,
hermitian and symmetric 6 � 6 matrices were carried out using the
Jacobi method, as described in ‘‘Numerical Recipes in Fortran’’[72]

and using the C programming language with a Linux System. We
tried several values for the D and E parameters. The segments re-
lated to the five transitions according to the parallel or perpendicu-
lar axis for axial systems (e�f in Figure 1) or those related to the
five transitions according to the x, y or z axis for rhombic systems
(Figure SI 1, Supporting Information) were calculated using
Mathmab for each frequency (9.507, 6.338 and 3.169 cm�1 related
to the 285, 190 and 95 GHz measurement frequencies, respectively).
The field positions of these calculated transitions are reported in
Figure 2 (a�d) under each experimental spectrum taking into ac-
count the g// and g� values for the axial systems and in Figure SI1
(Supporting Information) with the gx, gy and gz values for the
rhombic systems. These gq values were evaluated from the field
positions of the centres of the set of the five transitions related to
each orientation relative to the field. With a negative value of D,
in the axial system, Figure 2 (e�f) show that the parallel transition
from the lowest level (Ms � �5/2) can be observed at low field
compared with the centre of the set of the five parallel transitions
whereas the perpendicular one is at high field. The agreement seems
to be satisfactory both for the field positions and for the evolution
of the intensities of the transitions as a function of the temperature.

Appendix

(i) Equation (10) can be resolved as a second order equation with
u � Tc/Tc(0):

(	G/	x)x�0.5 � u2 � u � a � 0

with a � (∆C/2∆S°)[B/Tc(0)]2. The general solution is u � [1 � (1

� 4a)1/2]/2. The solution for Tc around Tc(0) is, with sign ‘‘�’’ for
�, u � 1 � a, i.e.:

Tc � Tc(0) � a�B2

with a� � (∆C/[2Tc(0)∆S°)].

The second solution, for very low temperatures (sign ‘‘�’’ for �),
is u � a, i.e. with the same coefficient a�:

Tc � a�B2

(ii) Equation (15) can be resolved as a third-order equation with
u � Tc/Tc(0):

(	G/	x)x�0.5 � u3 � u2 � bu � c � 0

with b � b�B2, b� � ∆C/[2∆S°Tc(0)2] and c � c�B2, c� � kms[εHCH
2

� εLCL
2]/(∆S°Tc(0)3].

At low temperatures, around 0 K, i.e. and with u � ε, we obtain
the solution for the first-order treatment:

u � c�/b� � 2kms[εHCH
2 � εLCL

2]/[∆CTc(0)]
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and for the second-order treatment, the only likely solution is:

u � (c� � b�) B2

Supporting Information (see also footnote on the first page of this
article): Figure SI1 shows simulated and experimental 285 GHz
HF-EPR spectra of compound 2 recorded at 60 K with the assign-
ments of the different transitions presented as well as energy level
diagrams. Figure SI2 shows the experimental 285 GHz-EPR spec-
tra of compound 2 recorded between 5 and 30 K. Figure SI3 shows
the plot of the observed Tc of the 1/2 to 5/2 spin transition of
compound 1 as a function of the field.
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