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Biomimetic control of iron oxide and hydroxide phases in the iron
oxalate system*
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The syntheses of mineral phases of iron formed under hydrolytic conditions have been studied using ambient and
hydrothermal methods in the presence and absence of the oxalate (ox) template. A systematic survey of
experimental parameters revealed how the oxolate template can influence crystal morphology, iron oxidation state
and the nature of the phase formed. In addition to observing biomimetic control over crystal morphology of
magnetite, two iron() hydrolytic oxalate phases were observed, humboldtine, FeII(ox)(H2O)2, and the new phase,
FeII

2(ox)(OH)2, which was identified by single-crystal X-ray diffraction.

As has been pointed out by workers such as Mann and Ozin,1–3

the remarkable control over the inorganic phase effected by
organisms in the production and fashioning of mineralised
deposits acting, for example, as bones, teeth, shells, and sensors
is an achievement to which material scientists aspire. It is
believed that the particular success of organisms in producing
tailored mineralised species, often of unusual and metastable
phases, is a result of the clever use of templates, such as protein
side-chains and collagen, to reduce surface energy terms and
favour nucleation and crystal growth of solid phases. These
templates can also direct growth, either by providing physical
barriers or by promoting or inhibiting growth in specified crys-
tallographic directions. Although this is easy to appreciate
intuitively, the actual means by which such templates act is hard
to ascertain. One problem is that in condensed phases small
amounts of the templating matrix will be difficult to detect
making it hard to discover to what extent the matrix becomes
incorporated in the mineral. However, experiments performed
in vitro with a variety of growing mineral phases, such as calcite
and aragonite (polymorphs of CaCO3), suggest that growth
can be inhibited or enhanced by the presence of groups such as
carboxylates, which can substitute for the carbonate moieties at
the growing surface of the mineral.4 Additionally, the use of a
variety of surfactants to mimic the action of templates in influ-
encing crystal phase and architecture has produced structures
displaying some aspects of the intricate frameworks and forms
observed in Nature.5,6

Biomineralisation in general can be said to take place in
aqueous environments, therefore the precipitation of mineral-
ised deposits from water is of relevance. In the case of hydrolys-
ing species such as metal ions the water can become an integral
part of the solid phase in the form of oxide and hydroxide
bridging anionic units as well as neutral co-ordinated water
molecules and we term these structures hydrolytic phases. The
presence of other co-ordinating species can affect the nature of
the phase formed. We have been exploring the parameters
which can influence crystal form and phase with the specific
goal of gaining a deeper understanding of the way in which
templating species can alter nucleation and crystal growth in
the production of tailored materials. Overall for a metal ion,
Mn1, in the presence of some templating species, Lm2, in water
the hydrolysis of the metal ion to yield the hydroxide M(OH)n,
which can then evolve into other oxyhydroxide and oxide
phases, can be modified by L and the various species possible
can be summarised according to Scheme 1 where a and b are the
charges on the metal/ligand species which will depend on the

* Based on the presentation given at Dalton Discussion No. 2, 2nd–5th
September 1997, University of East Anglia, UK.
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b M(OH)n

Scheme 1

relative proportions of m, n, y, z, p, q and r. Further influences
on this are the availability of other redox states of the metal, the
effect of the templating ligand on redox state, the presence of
other ionic species such as chloride, carbonate, phosphate, etc.
which can affect ionic strength and also act as growth pro-
moters or inhibitors, local pH gradients and the relative propor-
tions of M, L and H2O.

In our programme of research we have tried to address the
factors which are important in the production of iron biomin-
erals. All classes of biomineral function for iron oxyhydroxides
and oxides are represented 7 and include structural deposits
such as the radular teeth of various molluscs made of goethite,
α-FeO(OH), lepidocrocite, γ-FeO(OH), and magnetite, Fe3O4,
sensors made of magnetic iron oxide particles, usually magnet-
ite, in magnetotactic bacteria, birds, bees, salmon, etc. and
metal-ion regulation, as demonstrated by iron storage in ferritin
probably in the form of ferrihydrite ‘Fe(OH)3’ or 5Fe2O3?9H2O.

Previously we have shown how tetradentate templating lig-
ands can be used to modify the hydrolysis of FeIII to trap por-
tions of the brucite, M(OH)2, structure under ambient synthetic
conditions.8,9 We have extended these studies to other metals
and templating ligands using both ambient and hydrothermal
synthetic methods.10–13 Our rationale in using hydrothermal
syntheses is the recognition that Nature is able to effect chem-
ical reactions not accessible to us under similar conditions in
vitro, such as the fixation of dinitrogen to give ammonia, which
Azotobacter achieves in high yields at room temperature and
pressure whereas we need to resort to the Haber–Bosch process
using conditions of 200 atm (atm = 101 325 Pa) and 400 8C with
yields of less than 20%. Thus the use of more extreme synthetic
conditions than found in Nature offers the possibility of stabil-
ising biomimetic mineralised phases which might not be achiev-
able under ambient conditions in vitro.

We report here on the reactions of iron-() and -() starting
materials in aqueous systems under a variety of pH, temper-
ature and pressure conditions in the presence and absence of
the oxalate (ox) template to produce the hydrolytic iron minerals
magnetite, FeIIFeIII

2O4, haematite, α-FeIII
2O3, humboldtine,

FeII(ox)(H2O)2, and the new iron synthetic hydroxooxalate min-
eral FeII

2(ox)(OH)2 and consider the influences of the oxalate
template on the phase, oxidation state and crystal morphology.

Experimental
Hydrothermal reactions were carried out in Teflon-lined auto-
claves with a capacity of 23 cm3. All reactions were performed
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Table 1 The effect of base on the products of the hydrothermal syntheses

Iron salt
(mmol)

FeCl3 (1.1)
FeCl3 (1.1)
FeCl3 (1.1)
FeCl3 (1.1)
FeCl2 (1.2)
FeCl2 (1.1)
FeCl2 (1.1)
FeCl2 (1.1)
FeCl2 (1.5)
FeCl2 (1.6)
Fe2O3 (2.0)
FeCl3 (1.1)

Additional
component(s) (mmol)

KCl (23.5)
KCl (22.3)
K2C2O4 (1.2)
K2C2O4 (1.1)
KCl (22.3)
KCl (22.1)
K2C2O4 (1.1)
K2C2O4 (1.1)
Na2C2O4 (2.9)
Na2C2O4 (3.2)
H2C2O4 (2.6)
Na2C3O5

c (0.9)
1NaCl (23.3)

Base (mmol)

KOH (3.0)
KOH (3.1)
KOH (3.7)
KOH (3.7)
KOH (2.2)
KOH (1.9)
KOH (2.7)
KOH (2.7)
—
dabco b (3.1)
—
—

Temperature (8C)

200
200
200
200
200
200
200
200
180
180
220
160

Duration (h)

23
95
16
63
20
94
22

118
96
19
40
68

Product

Haematite
Haematitie
Haematitie
Haematitie
Magnetite
Magnetite
Magnetite
Magnetite
Fe(ox)(H2O)2

a

Magnetite
Fe(ox)(H2O)2

Fe(ox)(H2O)2

a Magnetite was observed as a trace impurity. b dabco is 1,4-diazabicyclo[2.2.2]octane. c Oxomalonic acid disodium salt.

in distilled water (10 cm3) between 160 and 240 8C under
autogenous pressure. After reaction autoclaves were allowed to
cool slowly to room temperature over 3–4 h. A number of reac-
tions were performed under ambient conditions for com-
parison. No special attempts to exclude oxygen were made for
both hydrothermal and ambient reactions.

The solid products were characterised by scanning electron
microscopy on a Hitachi S-800 instrument, infrared spec-
troscopy on a Nicolet 410 FTIR spectrometer as KBr discs
from 4000 to 400 cm21 at a resolution of 4 cm21, X-ray pow-
der diffraction on a Philips PW1710 instrument using Co-Kα
radiation with samples held in place on Sellotape and single-
crystal X-ray diffraction on a Rigaku AFC7R diffractometer.
Samples of magnetite were further identified using a bar
magnet.

Syntheses

The interaction of iron-() and -() starting salts under hydro-
lysing conditions in the presence and absence of oxalate was
studied using both ambient and hydrothermal reactions. The
results of the hydrothermal studies are presented in Tables 1
and 2. The optimum synthetic conditions for the two iron()
oxalate phases use hydrothermal methods and iron() chloride
hexahydrate as starting iron source as detailed below.

Fe2(ox)2(OH)2 1. The compound FeCl3?6H2O (0.303 g, 1.12
mmol) was dissolved in distilled water (10 cm3) and left to stand
for 20 min. Solid Na2(C2O4) (0.304 g, 2.27 mmol) was added
with stirring. The mixture was placed in the Teflon liner of an
autoclave which was then sealed and heated to 240 8C for 16 h.
It was allowed to cool to room temperature over 4 h and the
brown-orange microcrystalline product filtered off  and allowed
to air dry. Small quantities of magnetite were separated using a
bar magnet which was drawn through the bulk leaving an essen-
tially pure product (from satisfactory elemental analysis)
Fe2(ox)(OH)2 in a yield of 0.113 g, 86% based on iron. IR 3415s,
2200w (br), 1615s, 1361s, 1316s, 953m, 830m, 782m and 505s
cm21.

Fe(ox)(H2O)2 2. The same procedure as for the preparation
of compound 1 was followed except that the autoclave was
heated only to 160 8C. Traces of magnetite in the final prod-
uct were again separated using a bar magnet to give a final
yield of Fe(ox)(H2O)2 of  0.149 g, 68%. IR 3349vs (br), 2181w
(br), 1623vs, 1361s, 1317s, 822m, 721m, 529s (br) and 493s
cm21.

Crystallography

Crystal data for Fe2(ox)(OH)2. CHFeO3, M = 116.87, mono-
clinic, space group P21/c, a = 5.9270(10), b = 5.5350(10),
c = 7.2740(10) Å, β = 90.59(3)8, U = 238.62(7) Å3, Z = 4,

Dc = 3.253 g cm23, µ(Mo-Kα) = 6.034 mm21, F(000) = 228, 420
unique reflections were collected of which 352 had F > 4σ(F),
5 < 2θ < 508 graphite-monochromated Mo-Kα radiation
(λ = 0.710 73 Å).

An empirical absorption correction based on ψ scans was
applied using TEXSAN software,14 minimum-maximum
transmission factors 0.9153–1.000, crystal description, orange
needle 0.30 × 0.03 × 0.03 mm, ω–2θ scans, T = 293 K. A correc-
tion for Lorentz-polarisation effects was applied and the struc-
ture was solved by direct methods.15 The hydrogen atom was
located from a difference map and refined isotropically without
constraints; all other atoms were refined anisotropically using
full-matrix least squares on |F2| using SHELXL 93 software.16

51 Parameters refined, R1 = 0.019, wR2 (all data) = 0.053,
weighting scheme w = 1/[Σ2(Fo

2) 1 (0.0198P)2 1 0.18P], where
P = [max(Fo

2, 0) 12Fc
2]/3, S = 1.151, ξ = 0.011(3), maximum

residual electron density (largest electron hole) = 0.367
(20.420) e Å23.

CCDC reference number 186/674.

Results and Discussion
Ambient reactions

To aid the interpretation of the results of the hydrothermal
synthesis the effect of oxalate and base on solutions of iron-()
and -() chlorides was studied. In all cases immediate precip-
itates form which precludes the measurement of meaningful pH
values. When base is added to a solution of FeCl3?6H2O an
orange-brown precipitate forms of ‘Fe(OH)3’. However if
aqueous FeCl2?4H2O is treated with base a precipitate of ‘green
rust’ forms which is slowly air oxidised to give ‘amorphous
magnetite’ as has been observed previously.17,18 When base is
added to a 2 :1 solution of FeCl3?6H2O and FeCl2?4H2O an
amorphous magnetic black precipitate is formed. Aqueous
solutions of FeCl2?4H2O (0.12 to 0.09 ) with 1, 2 and 4 equiva-
lents of potassium oxalate (0.13 to 0.38 ) were treated with 1, 2
and 4 equivalents of aqueous potassium hydroxide. With 1 and
2 equivalents of base a dark green precipitate formed which was
more rapidly air oxidised to the amorphous magnetic black
precipitate than without the oxalate present. For solutions con-
taining only FeII and oxalate the previously reported mineral
humboldtine, Fe(ox)(H2O)2 2,19,20 forms.

Hydrothermal reactions

The product of hydrothermal reactions of iron() chloride and
oxalate (Table 1) in the absence of any base is yellow needles
of the previously reported mineral phase, humboldtine
Fe(ox)(H2O)2 2.19,20 This always forms with trace amounts of
magnetite present, which must be a result of the partial oxid-
ation of the iron through hydrolytic reactions. When the amount
of base used is increased the amount of magnetite observed



J. Chem. Soc., Dalton Trans., 1997, Pages 4061–4068 4063

Table 2 Hydrothermal reactions with iron() and oxalate in the absence of base

Amount of reagent (mmol)

Reaction

(i)
(ii)
(iii)
(iv)
(v)
(vi)

FeCl3

1.10
1.07
1.07
1.23
1.19
1.16

Na2C2O4

2.16
2.25
2.16
2.52
2.19
2.27

Temperature (8C)

160
200
240
160
200
240

Duration (h)

19
19
19
16
16
16

Products

Fe(ox)(H2O)2

Fe(ox)(H2O)2 *
Colourless crystals*
Fe(ox)(H2O)2

Fe(ox)(H2O)2 *
Fe2(ox)(OH)2 *

In reactions (i) to (iii) sodium oxalate was dissolved first, then solid iron() chloride was added. The identity of the colourless crystals in reaction
(iii) has yet to be established. In reactions (iv) to (vi) the iron salt was dissolved first, allowed to stand for 20 min, then solid sodium oxalate added.
* Magnetite was observed as a trace impurity.

Fig. 1 The SEM images of (a) the amorphous black magnetic precipitate formed in ambient reactions and (b) magnetite formed hydrothermally
(118 h, 200 8C)

also increases until with significant quantities of base the prod-
uct is exclusively magnetite. Magnetite is also formed when base
is present in the absence of any oxalate.

The reactions of iron() chloride are more complex (Tables 1
and 2). When base is present the product of the reactions at
200 8C is haematite (Table 1). It was also found that high-purity
Fe(ox)(H2O)2 2 can be produced in the reaction of iron()
chloride with the disodium salt of oxomalonic acid in the
absence of base or by starting from Fe2O3 and oxalic acid (Table
1). In the absence of base with sodium oxalate at 200 8C and
below the iron is reduced giving Fe(ox)(H2O)2 2 as the major
product (with traces of magnetite) regardless of the order of
addition of the various components (Table 2). At 240 8C the
new mineral phase Fe2(ox)(OH)2 1 forms, although as can be
seen from Table 2 the order of addition of the components is
crucial. Thus it is important to initiate hydrolysis of the iron()
starting material by adding the oxalate only after the iron()
chloride solution has stood for over 15 min. Otherwise as yet
unidentified colourless crystals form.

Magnetite synthesis

The magnetite observed as an impurity in the iron oxalate
phases was almost exclusively in a rhombic dodecahedral habit.
A number of reactions were performed to investigate the
morphology and particle size of hydrothermal magnetite. Key

reactions are presented in Table 2. For iron() with a significant
quantity of base the sole product is haematite, and the iron is
not reduced. However, where little or no base is added,
although Fe(ox)(H2O)2 2 is formed as the major product, a
small quantity of well crystallised magnetite is observed. Add-
ition of base to aqueous iron() chloride gave small crystals of
magnetite as the only product.

Scanning electron microscopy (SEM)

The SEM of the magnetic powder formed as a precipitate upon
the addition of base to a mixed iron()–iron() solution
showed it consisted of irregular shaped balls typically between
0.1 and 1 µm in diameter [Fig. 1(a)]. No evidence of crystal faces
was seen, and indeed powder X-ray diffraction showed the
sample to be amorphous. This is consistent with the idea that
this rapid reaction produces nanoparticulate magnetite 19,21

which aggregates. These magnetic precipitates formed from
mixtures of iron-() and -() starting materials under ambient
conditions are obviously related to magnetite in some way, but
are structurally difficult to define in a manner akin to the rel-
ationship between ferrihydrite and haematite. Similarly, mag-
netite produced hydrothermally (using FeCl2?4H2O, Na2C2O4,
NaOH) with short reaction times (22 h at 200 8C) was also seen
to consist of irregular balls (mostly about 1 µm) of presumably
aggregated material. No evidence of crystallinity was observed.
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However magnetite formed over a period of 100 h at 200 8C was
found to be very much more crystalline [Fig. 1(b)].

Depending upon the reaction conditions, the size of the
magnetite crystals can differ enormously. When magnetite is the
sole product of the reaction the crystals are typically of the
order of a few µm (after 100 h at 200 8C). If, however, the reac-
tion is primarily giving Fe(ox)(H2O)2 2, a similar reaction time
and temperature can give magnetite crystals of up to 0.15 mm
in diameter. This difference in magnetite crystal size can simply
be attributed to the relative supersaturation of the system and
the number of nucleation sites for the formation of magnetite.
When it is the sole product many more crystal nuclei are
available for crystal growth. When magnetite is effectively the
impurity only a few sites are available for growth and sub-
sequently large crystals are formed.

In reactions producing the larger magnetite crystals we noted
a rhombic dodecahedral habit. Although not unknown for
magnetite, it is much more common to observe an octahedral
morphology.22 The relationship between an observed habit and
crystal growth is a simple one; the observed faces are those
which grow slowest. Our experiments show this preference for a
rhombic dodecahedral habit (in the large crystals) can be
attributed to the presence of the oxalate anion. In the synthesis
of small magnetite crystals (FeII and base) SEM showed that
with added oxalate the rhombic dodecahedral habit was seen to
predominate, and although other habits were observed, like the
truncated cube and octahedron, most of the truncation was of
edges. The edge truncation of octahedra and cubes forms {011}
and symmetry-related faces, the same as the faces in a rhombic
dodecahedron.

Hydrolytic iron phases in nature

When considering the underlying chemistry of iron biomineral
formation by organisms it is helpful to look first at the chem-
istry of terrestrial iron and its common mineral forms.23–25 The
oxygen-rich atmosphere of the Earth makes both Fe0 and FeII

unstable under normal conditions at the Earth’s surface and
they are oxidised to FeIII to give various forms of iron() oxide,
Fe2O3. The low solubility of these oxides means that iron
cycling is dominated by solid transfer reaction with most of the
iron in the form of suspended solids of finely divided particles.
For example, only about 0.1 to 0.2% of the iron transported by
rivers to the oceans is thought to exist in solution. Prior to the
discovery by Lowenstamm 26 that magnetite can be produced
biogenically it was believed that magnetite could not be formed
under the temperatures and pressures found in the biosphere
and that most of the magnetite observed in sediments arrived
through solid transfer from igneous deposits. However, the rel-
ative stabilities of the 1 and 1 oxidation states of iron are
such that only small deviations from ‘normal’ conditions can
favour the oxidation of FeII to FeIII or else the reduction of FeIII

to FeII with accompanying large changes in solubility. The
underlying influences in this are the relative values of electrode
(redox) potential, E, and pH; one a measure of the potential of
electron activity, the other of the potential proton activity in the
system. The value of E is found using the Nernst equation and
thus the activities (sometimes approximated by concentrations)
need to be taken into consideration. For metal ions these are
often affected by the presence of co-ordinating species which
can alter the electrode potential for oxidation or reduction
through molecular orbital interactions (e.g. by changing the
splitting of d orbitals in transition metals) or else overall pH
through the release of protons into the medium, as, for
example, in hydrolysis reactions. For iron in both terrestrial and
biological contexts the available range of E and pH is governed
by the stability range for water so that redox potentials which
would either reduce or oxidise water need not be considered.
However, these limits are dependent on both temperature and
pressure as well as the concentration of iron.27 A useful means

of illustrating the stable forms of chemical species at various
values of electrode potential, E, and pH is in a Pourbaix dia-
gram.24,25 Such plots reveal that at low potentials and pH values
FeII is quite stable giving iron in a highly soluble form, whereas
at pH values around the physiological and normal environ-
mental levels FeIII predominates in the form of insoluble
oxyhydroxide species unless the conditions are highly
reducing. In the region between pH 5 and 9 the interplay
between the two oxidation states depends critically on the bal-
ance between pH and E. This has ensured that iron-dependent
biology has been able to accommodate the change in the
Earth’s atmosphere from reducing to oxidising through the
development of systems capable of tuning electrode potentials
and local pH to favour the required oxidation state. It is exactly
this fine-tuning which the use of hydrothermal methods can
reproduce.

Phase control in the iron oxalate system

Iron oxyhydroxide and oxide phases all result from the
hydrolysis reactions of iron ions.28–30 Either FeII or FeIII can be
used as starting material for the production of iron() oxy-
hydroxide and oxide minerals.30 Hydrolysis of iron() leads to
the highly insoluble iron() ‘hydroxide’ as an initial solid prod-
uct which forms immediately on addition of a base to an aque-
ous solution of iron() salt. This material is usually formulated
as ‘Fe(OH)3’ and called ferrihydrite, but its exact composition is
highly variable and it is highly likely that it is metastable and
corresponds to a mixture of oxyhydroxide phases of various
degree of hydration. The presence of anions such as chloride,
phosphate or sulfate can also influence the nature of the phase
formed.28 Depending on how this material is treated, different
well defined oxyhydroxide and oxide phases can be stabilised.
If  ‘Fe(OH)3’ is left to age under water, the two well defined
AX2-type iron() oxyhydroxide phases, lepidocrocite, γ-
FeO(OH), and goethite, α-FeO(OH), can be formed. An alter-
native route to the formation of these is via the iron() hydrox-
ide, Fe(OH)2, which has the CdI2 structure, exemplified for
hydroxides by the mineral brucite, Mg(OH)2.

30 The transform-
ation of a layered brucite structure, M(OH)2 into a three-
dimensional MO(OH) structure such as goethite results from
removal of half  the hydroxide protons and a relative shift of the
metal layers to optimise the sharing of the remaining protons
between the layers. Goethite, the α phase, can be further trans-
formed by heating into the related iron() oxide haematite, α-
Fe2O3. These α-phase minerals possess hexagonally close-packed
arrays of oxygen atoms (from the oxides and hydroxides) with
iron centres in the octahedral holes. The γ-phase minerals, γ-
FeO(OH) and γ-Fe2O3, are based on cubic close-packed struc-
tures, again with the iron centres in octahedral holes. Mag-
haemite, γ-Fe2O3, is a defect structure, which, under ambient
conditions, only forms via the mixed-valence phase magnetite.
In fact, the structure of γ-Fe2O3 is not very well defined, but can
be understood by considering the oxidation of the iron()
centres in wüstite, FeIIO, which has the sodium chloride struc-
ture, but with an Fe :O ratio of less than unity. The charge
imbalance is corrected through oxidation of some of the iron()
centres, ultimately leading to magnetite [with a cubic inverse
spinel structure with iron() ions and half  the iron() ions in
octahedral sites and the remaining iron() ions in tetrahedral
sites 30] and then γ-FeIII

2O3. Thus the relationships of the iron-
() oxyhydroxide and their oxide minerals to their iron()
counterparts is clear.

The phases likely to be important in the iron oxalate system
are iron oxide, hydroxide and oxyhydroxide of both FeII and
FeIII and phases incorporating the templating oxalate ligand.
The phases we observe are structurally related which allows us
to rationalise the way in which the templating oxalate ligand can
influence the morphology of the magnetite crystals produced in
these reactions. It would appear that under the hydrothermal
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conditions we have used in the presence of oxalate the iron()
oxidation state is stabilised even if  the starting material is FeIII.
This can be understood as a modification to the Pourbaix dia-
gram for the system, since under ambient conditions the nature
and identity of the products are different. As we have pointed
out previously 8–10,13,31 the brucite structure tends to be an
important component of hydrolytically produced phases. This
structure is exemplified for FeII as Fe(OH)2 and consists of
layers of hexagonally close packed µ3-hydroxides with the metal
centres in the octahedral holes to give sheets of edge-sharing

Fig. 2 Two views of brucite perpendicular to the three-fold axis;
magnesium green, oxygen red, hydrogen blue

Fig. 3 View of the octahedral iron atoms in magnetite perpendicular
to the three-fold axis along [110]; iron green

M(OH)6 octahedra. Within the crystal lattice these layers are
arranged so that hydrogen bonding is optimised through the
interdigitation of the µ-3hydroxide groups from adjacent layers
(Fig. 2). The relationship between this and magnetite can be
seen if  we consider the octahedral iron ions (a mixture of FeII

and FeIII) in magnetite only (Fig. 3). Now layers of FeO6 edge-
sharing octahedra (marked a in the figure) are linked through
further rows of octahedral iron centres (row b). As we have
shown, when oxalate is present it is possible to isolate hydrolytic
phases containing oxalate or to produce magnetite with altered
crystal morphology. Two different but related oxalate phases
can be isolated from hydrothermal reactions. The compound
Fe(ox)(H2O)2 is a recognised mineral, humboldtine, found in
brown coal deposits in, for example, Bohemia and Bavaria.32

Its structure consists of hydrogen-bonded chains with the
octahedrally co-ordinated iron() centres bridged by chelating
oxalate ligands, each co-ordinated to two iron centres. The co-
ordination sphere of each iron centre is completed by two trans
water ligands and it is these which form the hydrogen-bonded
array of chains (Fig. 4). This mineral is also easily prepared
under ambient conditions unlike the new phase Fe2(ox)(OH)2

which formally results from the loss of oxalic acid and two
water molecules from a dinuclear unit of Fe(ox)(H2O)2,
equation (1). These two oxalate phases can also be described

2Fe(ox)(H2O)2 → Fe2(ox)(OH)2 1 H2ox 1 2H2O (1)

in terms of the hydrolytic products of general form [MyLzOp-
(OH)q(H2O)r]

b where, for Fe(ox)(H2O)2, M = FeII, b = 0, y = 1,
z = 1, p = 0, q = 0, r = 2 and for Fe2(ox)(OH)2, M = FeII, b = 0,
y = 2, z = 1, p = 0, q = 2, r = 0.

The crystal structure of Fe2(ox)(OH)2 1 also contains chains
of iron centres linked by bridging and chelating oxalates but
now each oxalate ligand co-ordinates to four iron() centres
(Fig. 5), a reflection of the formal loss of one oxalate per two
iron centres. The asymmetric unit of 1 consists of one iron, one
hydroxide and half  an oxalate ligand. The iron atom is bonded
to three (meridional) hydroxides, a chelating oxalate and a
monodentate oxalate but the environment is greatly distorted
from octahedral, with bond angles ranging from 73.68(8) to
120.58(1)8. The bond lengths are all reasonable for FeII and
range from 2.060(2) to 2.264(2) Å with the bonds to hydroxides
being the shortest, followed by those to the chelating oxalate
and the monodentate oxalate having the greatest Fe]O length.
The oxalate ligand bridges four iron atoms in a trans-chelating/
monodenate fashion [Fe(1) ? ? ? Fe(1A) 3.370(1) Å] in the same
way as observed in Fe(ox) 33 and the bond lengths and angles
within the ligand are all normal. The hydroxide bridges between

Fig. 4 Side-on view of the iron oxalate chains in humboldtine,
Fe(ox)(H2O)2; carbon grey
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three iron atoms and has a flattened pyramidal geometry with
the sum of the Fe]O]Fe angles coming to 345.68 in comparison
to 328.58 expected for the apex of a tetrahedron. The Fe3 tri-
angle centred on the hydroxide has sides of length 3.233(1),
3.638(1) and 3.709(1) Å. Each iron atom is bridged via one
oxygen atom to six other identical atoms which make up a dis-
torted hexagonal array reminiscent of the brucite, Mg(OH)2,
structure (Fig. 6). The relationship to the brucite structure is
made clear by comparing Fig. 6(b) and 6(c). In Fig. 6(b) the
brucite structure is presented with adjacent pairs of µ3-OH
removed. Comparison of this framework with that of the iron
hydroxide framework of Fe2(ox)(OH)2 1, i.e. with the oxalate
removed, reveals the close relationship of their topologies. In
the brucite lattice the metal atoms all lie within a plane whereas
in 1 there is puckering of the iron sheet. Neighbouring iron
hydroxide layers are held together by oxalate linkers so that the
overall structure can be viewed as Fe(OH)2 which has been
modified by replacement of one hydroxide by half  an oxalate
ligand (Fig. 7). Fig. 8 shows that edge-sharing hydroxide-
bridged dinuclear units are linked in zigzag chains via oxalate
bridges. Adjacent chains are linked via the µ3-OH bridges. This
structure can also be compared with that of magnetite. If  we
again view the magnetite structure in terms of the octahedral
iron centres alone (Fig. 3) we can imagine replacing the b iron
rows with oxalate linkers as is shown in the alternative view of
Fe2(ox)(OH)2 (Fig. 7). This sheds light on the action of oxalate
in directing the crystal morphology as observed in our experi-
ments. Viewing the magnetite structure, again showing only the
octahedral iron sites, as the {011} plane (Fig. 9) reveals that the
a rows lie in strips running parallel to the [101] direction. The
large square channels in the figure contain the tetrahedral iron
centres in the complete crystal structure. The distance between
iron centres in adjacent strips is 5.94 Å which compares with
5.80 and 5.93 Å between iron centres in adjacent brucite-like
layers in Fe2(ox)(OH)2. Clearly, in the structure of Fe2(ox)-
(OH)2, oxalate anions are interspersed between such layers,
suggesting that the interaction of oxalate at the growing surface
{011} and symmetry-equivalent planes in magnetite blocks the
tetrahedral iron site and is responsible for the observed rhombic
dodecahedral morphology.

This control over magnetite morphology echoes that
observed in biological systems which utilise magnetite as a

Fig. 5 View of a portion of the structure of Fe2(ox)(OH)2 showing
the atom numbering scheme with thermal ellipsoids drawn at 50%
probability. Selected bond lengths (Å): Fe(1)]O(1) 2.194(2), Fe(1)]O(2)
2.264(2), Fe(1)]O(3) 2.091(2), Fe(1)]O(1B) 2.157(2), Fe(1)]O(3A)
2.060(2), Fe(1)]O(3B) 2.146(2), C(1)]O(1) 1.262(4), C(1)]O(2A)
1.249(4), C(1)]C(1A) 1.544(6)

Fig. 6 The relationship of Fe2(ox)(OH)2 to the brucite structure. (a)
View of the hexagonal array present in the brucite structure, (b) view of
the brucite array with adjacent pairs of bridging hydroxides removed
and (c) the iron hydroxide framework of Fe2(ox)(OH)2 omitting the
oxalate linkers
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sensor. Magnetotactic bacteria are the most widely studied
group of creatures using magnetite in this way, although other
organisms such as salmon are known to use magnetite for navi-
gational purposes. Studies on single crystals of magnetite found
in such bacteria reveal an elongation along the easy axis of
magnetisation [111] direction and crystal morphologies of
cuboctahedra, cubic, elongated cubic shapes (rectangular) and
elongated rhombic dodecahedra (truncated hexagonal prisms)
as well as bullet-shaped crystals related to the hexagonal prisms
have been observed.34 So far, no morphologies corresponding to
the commonly observed octahedra found in ambient syntheses
of magnetite have been seen.

The effect of oxalate on redox potential

Our experiments show that in the absence of oxalate in basic
media the products from hydrothermal syntheses reflect the
oxidation state of the iron starting material. If  FeIII is used the
major product is haematite, for FeII it is magnetite. This can be
understood from Pourbaix diagrams which indicate that iron-
() oxides and magnetite are the most stable forms at high pH
values. As noted before, such diagrams are temperature and
pressure dependent so that hydrothermal conditions can favour

Fig. 7 Packing diagram showing the three-dimensional structure of
Fe2(ox)(OH)2

Fig. 8 Polyhedral representation of a layer in Fe2(ox)(OH)2

the stabilisation of different oxidation states from those
observed under ambient conditions. When oxalate is also pres-
ent the oxidation state of the iron and the identity of the prod-
uct(s) is critically dependent on the amount of base present.
Thus, with no or small amounts of base, starting from both FeII

and FeIII the oxalate phases contain iron exclusively in the 1
state. This is likely to be a consequence of the change in E for
the FeIII]FeII couple in the presence of oxalate (compare,
E

*–––

= 0.771 V for FeIII]FeII in pure water with values such
as E

*–––

= 0.020 V in the presence of oxalate). As the amount
of base is increased, the formation of magnetite is also
observed until with large amounts of base oxalate is no longer
incorporated in the iron-containing product and the results are
the same as those for which no oxalate is present except for the
changed morphologies of the crystals of the iron oxide phases.

Conclusion
Hydrothermal synthetic methods can be used to mimic the abil-
ity of nature to manipulate mineral phase morphology in
bimineralisation processes. We have been able to demonstrate
that using hydrothermal conditions the oxalate template can
direct crystal morphology in reactions producing magnetite as
well as influence the oxidation state of the iron. In addition, we
have been able to produce two oxalate-containing phases, one
of which, Fe2(ox)(OH)2, has not been observed previously and
thus probably represents a metastable mineral form, modelling
another aspect of biomineralisation processes; the stabilisation
of unusual mineral phases. The structure of this mineral also
sheds light on possible ways in which the oxalate template can
direct the morphology of magnetite crystals.
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