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How does iron interact with sporopollenin exine capsules? An X-ray
absorption study including microfocus XANES and XRF imaging
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Sporopollenin exine capsules (SECs) derived from plant spores and pollen grains have been proposed as
adsorption, remediation and drug delivery agents. Despite many studies there is scant structural data
available. This X-ray absorption investigation represents the first direct structural data on the interaction
of metals with SECs and allows elucidation of their structure-property relationships. Fe K-edge XANES
and EXAFS data have shown that the iron local environment in SECs (derived from Lycopodium
clavatum) reacted with aqueous ferric chloride solutions is similar to that of ferrihydrite (FeOOH) and by
implication ferritin. Fe Ko XRF micro-focus experiments show that there is a poor correlation between the
iron distribution and the underlying SEC structure indicating that the SEC is coated in the FeOOH
material. In contrast, the Fe Ko XRF micro-focus experiments on SECs reacted with aqueous ferrous
chloride solutions show that there is a very high correlation between the iron distribution and the SEC
structure, indicating a much more specific form of interaction of the iron with the SEC surface functional
groups. Fe K-edge XANES and EXAFS data show that the Fe'' can be easily oxidised to give a structure
similar to, but not identical to that in the Fe'!' case, and that even if anaerobic conditions are used there is
still partial oxidation to Fe'".
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Introduction

The use of microcapsules for drug (and other actives) delivery is of increasing importance. Polymer constructs, hydrogels and hybrid
capsules have been investigated with materials including natural polymers (e.g. chitosan, alginates etc.), biodegradable synthetic polymers
(e.g. polypeptides, polyesters etc.) and mesoporous silica constructs.!® These materials can be used to form nanoparticles, vesicles,
liposomes or polymer conjugates which allow delivery and controlled release of payloads to biological systems. The mechanism for guest
molecule entry/release in molecular capsules and the form in which it is retained can be particularly important to effective drug delivery
or catalyst activity.*®

30

Whilst the manufacture of synthetic microcapsules can be challenging in terms of uniformity of size, chemical structure, morphology,
chemical and physical resistance etc., nature has developed a range of microcapsules that are ideally suited to this task. In particular, the
exoskeletal shells (exines) derived from plant spores and pollen are especially attractive since they range from 4 pm for Myosotis (forget-
me-not) to 250 um for Cuburbita (pumpkin). Particular features of these exines are that they are constructed from sporopollenin, a highly
cross-linked organic polymer of approximate composition CeoH144027 ¢ which has remarkable physical, chemical and biological stability.
For example, intact exines have been recovered from 500 million year old sedimentary rocks.” The exines are hollow and their ca. 2 um
thick walls are perforated with numerous channels which make them porous so that both the outer and inner surfaces are potentially
available for binding, which in turn lends them to a wide variety of applications as microcapsules, robust solid supports, and in some cases
both. The combined inertness and robustness of the sporopollenin exine capsules (SECs), especially to conditions within the gastrointestinal
tract,®° makes them very attractive as delivery agents for pharmaceuticals and other actives®%282% and medical imaging.'° They have also
been used for solid phase peptide synthesis,*112 as micro-reactors for the preparation of nanoparticles,'® and as solid supports for palladium
catalysed Heck reactions.! Functionalised SECs with either carboxylated or glyoximated diamino groups have been used for ion exchange
and ligand exchange chromatography,’>% often in conjunction with Co.16:17.19-212430 The SECs have also been proposed for metal
remediation and adsorption either on their own3-% or functionalised with carboxylate and glyoxime groups,'®3 dithiocarbamates,*
s glutaraldehyde, (E)-4-((2-hydroxyphenylimino) methyl) benzoic acid,®® Schiff bases,3”*! or calixarenes.*?** Magnetized pollen grains
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(ragweed with magnetite prepared from FeCl. and FeCls) have been proposed as a method for the removal of organic pollutants from
aqueous media,** and those derived from Candida rugosa have shown excellent enatioselectivity.*546

Despite the large amount of work carried out on metal sorption and coordination to SECs there are very few reports on the nature of the
interaction between the metal ions and the sporopollenin itself. It is important to understand how such conjugates are capable of fulfilling
their roles to enable insights into new potential applications such as solid supports for metal catalysts. X-ray absorption spectroscopy (XAS)
is able to probe the local structural environment around the element of interest. When carried out using micro-focus instrumentation it can
provide both structural and chemical state imaging data from single exines. This approach has been used previously at the Fe K-edge to
study geological*”-5! and soil samples,>253 archaeological specimens,>-° biological tissues®®-% and cometary material.®®-72 Whilst there has
been some X-ray absorption work on sporopollenin using the C K-edge (ca. 290 eV), which identified ketonic groups on the surface of the
pollen grain and aliphatic carbon across the whole structure,’® there appears to be no XAS experiments carried out at the metal K-edges in
the literature. In this work we report an Fe K-edge XANES and EXAFS as well as an Fe K, X-ray fluorescence and Fe K-edge XANES
imaging investigation of sporopollenin reacted with iron under a variety of conditions.

As part of a larger investigation into the use of SECs for drug delivery 82137477 and other applications 61°78-81 we have carried out this
study on the interaction of iron with SECs to explore the structure-property relationships and whether they could be used as a vehicle for
iron delivery. In particular, do the known redox properties of sporopollenin”#2 play a role in stabilising iron(l1) in the form of a conjugate
for iron bio-availability? Iron-deficiency anaemia is a major cause of morbidity and mortality worldwide and affects a large proportion of
children in many developing countries.®® An effective, stable and inexpensive formulation to deliver iron(l1) with increased bioavailability
has potential advantages over more traditional iron(ll) formulations.8*

Experimental

The preparation of the SECs has been described in detail previously,® but briefly the sporoplasm and cellulose intine of the Lycopodium
clavatum raw spores were removed using successive treatments of hot acetone, potassium hydroxide and phosphoric acid. The iron(ll) and
iron(111) samples were prepared using a suspension of SECs (2.0 g) in water (50mL) with either iron (I11) chloride (4.0 g) or iron (I1)
chloride tetrahydrate (4.0 g) which was stirred at room temperature for 3h. Particles were recovered by filtration, washed with water (3x50
mL), ethanol (2x50 mL) and acetone (50 mL), and air dried (ca. 1-2 h) to constant weight. Iron(ll) samples were also prepared by an
analogous method under an inert atmosphere using standard Schlenk techniques. Dry, degassed solvents were used and the reaction with
the iron(11) salts was carried out in a Schlenk tube with stirring at r.t. Argon was used as the inert gas for sample synthesis and filtration.
The vacuum dried samples were stored under argon and transported in the Schlenk tubes to the synchrotron beam line. At the synchrotron
the samples were handled in a glove bag. The basic ferric acetate, ferrous acetate and cobalt acetate tetrahydrate were used as supplied by
the manufacturers.

The amount of iron incorporated on the SECs was determined by ICP-OES (Perkin Elmer Optima 5300DV) and the SEM images were
obtained using a Zeiss EVO 60 instrument.

Bulk Fe K-edge and Co K-edge XANES and EXAFS spectra were collected in transmission mode on the BM26A DUBBLE XAFS
beamline at the ESRF using a double crystal Si(111) sagittal focussing monochromator.8 Harmonic rejection was obtained using mirrors.
The samples were presented as 13 mm pressed discs. The micro-focus XRF and XANES data were obtained from beamline 118 at the
Diamond Light Source using a Si(111) double crystal monochromator and Kirkpatrick-Baez (KB) mirrors to give a spot size of ca 2.3 x
2.3 um.% The fluorescence data were collected with a 9 element C-train Ge detector using the Xspress-2 data processing system. Bulk Fe
K-edge XANES and EXAFS were also obtained in transmission mode from beamline 118 at the Diamond Light Source using the Si(111)
double crystal monochromator and in this case the beam size was increased to ca. 100 um by overbending the KB mirrors.8 In both cases
the samples were presented mounted between Mylar sheets.

The XAS spectra were calibrated using the first maximum in the first derivative spectrum of either an iron (7112.0 eV) or cobalt (7709.0
eV) foil 8 The X-ray absorption spectra were averaged using Athena,® and background subtracted using either PAXAS®® or Pyspline®
with a quadratic pre-edge function and splines for the post-edge. The edge positions in the XANES spectra were defined as the energy
corresponding to a normalised absorbance of 0.5. The k3-weighted EXAFS spectra were modelled using Excurv98.°? The XRF images
were processed using PyMCA. %

Madssbauer data were obtained using a conventional constant acceleration Mdssbauer spectrometer incorporating a ~ 25 mCi source of
57Co in a Rh matrix. The 5’Fe Mdssbauer chemical/isomer shift data are quoted relative to metallic iron at room temperature.

Results and Discussion

Physical characterisation of the SECs
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The SEM images of the Lycopodium clavatum SECs after reaction with ferric and ferrous chloride solutions shown in Figure 1. These
images are essentially identical to those of unreacted SECs reported by us previously,1%13757881 indicating no significant change in the
structure or morphology of the SECs on iron loading. The SEM images reveal that the SECs are approximately 25 um in diameter with a
hemispherical cap ending in a trilete structure on the underside, and that they remain hollow after reaction with the metal solutions. Typical
surface areas are 4 m? gt with a shell thickness of 2-3 um.87 The surface is known to be continuous with large portholes (1 -2 nm
diameter)® as well as nano-sized channels.(15 — 20 nm).%*

The iron loading of the SECs prepared from FeCls aqueous solutions and air dried was ca. 6 mg g1, whereas for the samples prepared
from FeCl2 aqueous solutions and air dried, values of ca. 30 mg g* were obtained. When anaerobic (Schlenk) techniques were used with
FeCl2 solutions, loadings of ca. 12 mg g™t were observed, but when Fe(BFa)2 solutions were used, much lower values of ca. 2 mg g™* were
obtained. Preliminary experiments have shown that the amount of iron released in simulated gastric fluid at 37°C from the air dried SECs
prepared from aqueous FeClz solutions was ca. 13.5% after 1 hour, ca. 21% after two hours and ca. 37% after 6 hours.

The chemical structure of sporopollenin has not been fully elucidated for any plant species due to its complexity, but it is known to be a
highly cross-linked organic polymer with long aliphatic chains, conjugated phenols, hydroxyls, ethers, methyls and carboxylic acids.”
Elemental analysis for the SECs used in this work have been previously reported (%C, 62.1 + 0.5; %H 7.3 +0.3; %N 0.1 + 0.1),” giving
an approximate composition of CooH144027.8 XRD patterns obtained from SECs are known to contain very broad peaks.?

Fe K-edge X-ray absorption spectroscopy

Fe K-edge XANES data can yield information about both the oxidation state of the iron as well as its coordination environment. The edge
position is very sensitive to oxidation state and is at higher energy for higher oxidation states. The pre-edge features, which are often
labelled 1s-3d, are sensitive to oxidation state, and their relative intensity can be used diagnostically to identify different coordination
geometries.? Although the 1s-3d transitions are formally forbidden, the pre-edge peaks have some intensity due to quadrupole transitions,
as well as relaxation of the Laporte and orbital selection rules.

To help identify the oxidation states and coordination geometry of the iron in the SECs, a selection of spectra from model compounds were
also obtained. In particular, those of Fe'' and Fe'" acetate as carboxylate groups have been shown to be part of the SEC structure.® The
iron is in an octahedral environment in both cases, but in basic ferric acetate the structural motif is tri-nuclear,%-9 whereas in ferrous acetate
it is a 2D coordination polymer.®® The Fe K-edge XANES spectra of basic ferric acetate (Fig. 2(a)) and ferrous acetate (Fig. 2(g)) indicate
that there is a shift of ca. 4 eV in the edge position between the two oxidation states (7124.5 eV (Fe'") and 7120.6 eV (Fe')) and this is
consistent with previous work.545571.72100.101 | contrast, there is a smaller shift of ca. 1.5 eV in the position of the pre-edge peaks, which
again is consistent with the literature data. %100

Comparison of the Fe K-edge XANES spectra of ferric acetate (Fig. 2(a)) with those of the SEC samples prepared from ferric chloride
(Fig. 2(b)) and ferrous chloride solutions (Fig. 2 (c)) followed by air drying, confirm that both of these spectra are consistent with octahedral
Fe"'. In particular, the Fe K-edge XANES spectra of the SECs in Figs. 2(b) and (c) are very similar to those observed for horse spleen
ferritin5260.102-107 and frataxin.1% Although the iron core of ferritin is usually assumed to be ferrihydrite-like (amorphous or short range
ordered FeOOH), %8111 there is evidence that it has a polyphasic structure comprising ferrihydrite, magnetite and hematite, %512 hence
comparison with both the iron oxides and oxyhydroxides is required. There have been extensive Fe K-edge XANES investigations of both
the iron oxides [wustite (FeO),10%13 hematite (a-Fe203),527072100103.113-119 iaohemite (y-Fe20s), 57113.115-117.120.121 magnetite (FesOs),
57.60.70,71103.113,116117.120-122] and the jron oxyhydroxides [goethite (o-FeOOH), 527072100.103114116118121-123 akagangite, (B-FeOOH),
53,56,101,114,119,122 lepidocrocite, (,Y_FeooH)52,100,116,121,122,124 as well as the less ordered ferrihydrite 52,56,57,71,72,100,101,114,116-119,122,125,126 and
feroxyhyte.%"].

The edge structures in Figs. 2(b) and (c) are more similar to all of the iron oxyhydroxide materials rather than the iron oxides. Whilst
Konishi et al. have compared directly the Fe K-edge XANES data for the a-, -, and y-FeOOH materials and the nearest resemblance to
those in Fig. 2(b,c) is akaganéite,'?? the SEC data most closely resemble those of 2 line and 6 line ferrihydrite5358.100.116-118,121,125 (the
labelling refers to the number of diffraction peaks observed in X-ray powder diffractograms) rather than goethite (o-
FGOOH),53’73’100’114’116’118’121’122’126 akaganéite (B-FEOOH),56‘57’101’114‘119‘122 or lepidocrocite (Y-FEOOH).SS'MG'IZLHZ

The pre-edge features in Fig. 2(b) and (c) are very similar to those observed for ferrihydrite as they are only comprised of one peak in both
the absorbance and 1%t derivative spectra.5”1?! In contrast, in goethite5272100.127 and lepidocrocite®® two clearly resolved 1s-3d pre-edge
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features are observed.5272100.127 The spectra of akaganéite have one pre-edge feature in some reports, 6192119 and two in others.5>114 It has
also been reported that the hydrolysis of ferric chloride solutions with lower OH/Fe ratios give rise to a single peak in the pre-edge region
rather than two.1%4

Preliminary 5’Fe Mossbauer data of the air dried SECs prepared from ferrous chloride solution revealed a quadrupole doublet with an
isomer shift of 0.49 mm s and a quadrupole splitting of 0.68 mm s1, consistent with the presence of paramagnetic, octahedral Fe'. In
addition, the lack of magnetic splitting sextets at 77 K, rules out the presence of magnetic ordering as found for goethite!?® and akaganéite?®
131 above 77 K. Magnetic ordering in lepidocrocite,'3? ferrihydrite, 133134 and ferritin!3>13 has only been observed in Mosshauer spectra
recorded below 77 K, and is also dependent on sample preparation and morphology.

Therefore, the Fe K-edge XANES spectra of the iron loaded SECs formed from either FeCls or FeClz aqueous solutions and air dried
indicate the presence of FeOOH, probably in a form more similar to ferrihydrite, which is less ordered, than goethite, akaganéite or
lepidocrocite. Several workers have commented that identifying the various iron oxyhydroxides unambiguously is very difficult, if not
impossible, using just the XANES spectra,52116.121

In addition to the Fe K-edge XANES data, EXAFS data were also obtained for these samples, as well as the acetate standards, and it is
illustrative to consider these first. Ferrous acetate is a 2D polymer with octahedral iron coordination with predominantly edge sharing of
the octahedra, but with some vertex sharing resulting in three different iron sites. The structure contains a range of Fe-O distances (1.998
-2.269 A, X =2.145 A, on1 = 0.083 A) and Fe...Fe distances (3.2603 — 3.4288, x = 3.342 A, on.1 = 0.075 A).%° Ferric acetate has a trimeric
structure with an oxygen atom at the centre of the planar Fes triangle.?® The octahedral iron atoms are surrounded by four equatorial oxygen
atoms from the acetate groups (which bridge the iron atoms), one water and a slightly shorter bond to the oxygen in the centre of the cluster.
In this case the spread of Fe-O distances is smaller (1.897 —2.126 A, x = 2.009 A, on1 = 0.061 A) as is that of the Fe...Fe distances (3.2958
~3.3017 A, x=3.299 A, on1 = 0.003 A).% In contrast, cobalt acetate tetrahydrate is mononuclear with four equatorial water ligands and a
pair of monodentate acetate ligands trans to each other with a much smaller distribution of Co-O distances (2.085 — 2.114 A, x =2.098 A,
on1=0.013 A) and just one Co...Co at 4.774 A 137

The fits to the EXAFS and Fourier transforms (FT) for these three samples are shown in Fig. 3 using the single crystal data as a starting
point. The metal-oxygen shell is the first one in the FT and the effect of a decrease in the spread of Fe-O and Co-O distances can be seen
as this peak in the FT gains intensity on going from ferrous acetate, to ferric acetate and finally cobalt acetate, and this is accompanied by
a reduction in the Debye-Waller factor in the refinements (Table 1). Whilst it was possible to model these data using more than one Fe-O
or Co-O shell, this was not found to be statistically significant, and therefore in these and the following refinements the initial Fe-O shell
was modelled using a single Fe-O distance. This allows for direct comparison of the Debye-Waller factors between the acetate and SEC
spectra to examine the extent of disorder in the Fe-O distances in the SEC samples. The modelling produced high quality fits which are in
good agreement with the published crystal structures for the mean Fe/Co-O and Fe...Fe and Co...Co distances in all three acetates. The
intensity of the more distant shell at ca. 4.5 A in the ferrous acetate data is due to a multiple scattering interaction involving the iron, oxygen
and methyl carbon of an acetate group. It should be noted that it is only possible to generate such high quality fits with a reasonably large
number of shells, especially of the lighter atoms, by making recourse to the known structures.

Whilst the acetate data allow for comparison of Debye-Waller factors, the XANES data indicate that the structure is more similar to the
iron oxyhydroxides and oxides. Comparison of the Fe K-edge EXAFS data from the SECs in this work (Fig. 4), with the substantial
previous reports on iron oxyhydroxides and oxides is made complicated by peak overlap as well as the use of different temperatures for
the data collection. Data collected at cryogenic temperatures has enhanced intensity in the FT compared to that obtained at room
temperature, and this tends to be more marked for second or third coordination shells. In general, the peaks due to Fe...Fe interactions at
ca. 3—3.5 A are more intense in the more ordered iron oxyhydroxide structures (goethite, akaganéite, lepidocrocite) than less ordered ones
(ferrihydrite, feroxyhyte). The Fe K-edge EXAFS and FT data from the iron(l11) loaded SEC samples shown in Fig. 4 are more similar to
ferrihydrite*9:58.107.116,117.138-141 rather than goethite,*9:58,72107.116,117,138,139,141,142 glaganéite, 144 or lepidocrocite.’%” The latter have higher
intensity peaks in the FT arising from the Fe...Fe interactions compared with either 2 or 6 line ferrihydrite or feroxyhyte. The intensity of
the corner-sharing Fe...Fe interaction at ca 3.4 A is lower in akaganéite than goethite,*2 and there are claims that FeOOH polymers have
an akaganéite-like local structure.#? The spectra of 1 line ferrihydrite, 2 line ferrihydrite and 3 line ferrihydrite are remarkably similar to
our data for the Fe'"' SEC samples, although unfortunately, no detailed analysis was reported. 4’ There is also a very good correspondence
with the data from horse spleen ferritin and haemosiderin,#° ferritin03.136.146-148 and frataxin (yeast and human),'% iron oxide nanoparticles
formed by Streptococcus suis, %1% and iron in the basal ganglia of Parkinson’s disease.'®

The first peak in the FT of the Fe K-edge EXAFS data (Fig. 4) from the samples prepared using ferric chloride solution or ferrous chloride
solution and air dried could be fitted to a split first shell of 2 and 4 Fe-O interactions at 1.89(2) and 2.04(2) A. However, as the split shell
refinements are barely statistically significant, and the difference in the shells is only just resolvable using the Manceau and Drits test (Kmax
> n/2AR)*3® it was decided to use a single shell to allow comparison with the above acetate data. The single shell refinement gave a Fe-O
distance of 2.01(2) A for the FeCls derived SEC sample. The Debye-Waller factor of 0.033 A2 is more similar to that of ferric acetate rather
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than ferrous acetate indicating a moderate, but not large spread of Fe-O distances. The second feature in the FT is made up of Fe...Fe
interactions at 2.99(3), 3.42(3) and 3.67(4) A with occupation numbers of 3, although the occupation numbers are not well defined. The
more distant and relatively weak Fe...Fe interaction at 3.67(4) A could also be fitted with a Fe...O distance at 3.5 A. Whilst this was also
observed for ferritin,1#° a Fe...Fe interaction makes more chemical sense in this case. The features at greater than 4 A in the FT in Fig. 4(a)
contain, in principle, additional information about the local iron environment. However, as they are relatively weak, and will be the result
of a number of Fe...Fe interactions, some of which may involve multiple scattering, and there is little in the literature of pure phases to
guide the analysis, it was not possible to obtain a meaningful fit to these features between 4 and 6 A.

The Fe-O distances from the SECs of 2.01(2) A (Table 2) are in good agreement with the ferric acetate data of 2.02(2) A (Table 1) as well
as work from both mineralogical and biological Fe'' samples including humic acid®®%*%2 and lignin.1>® Although Carta et al.*'” only
observed a single Fe-O distance of 1.96 A for 2 line and 6 line ferrihydrite nanoparticles, other workers have reported two Fe-O shells
(1.95 and 2.09/2.10 A) for ferrihydrite.4%-13 However, more recently Maillot et al. have interpreted Fe-O distances of 1.87 and 1.99 A in
their analysis of 2 line ferrihydrite and 1.88 and 2.00 A in 6 line ferrihydrite as being indicative of ferrihydrite containing 20-30% of
tetrahedral Fe'"'.24! This observation, together with the claim of Peak and Regier> that Fe L-edge XAS also supports the presence of
tetrahedral Fe''" is controversial, and has not been universally accepted.'55-158 However, the models containing tetrahedral Fe'"" agree with
the controversial>®-162 ferrihydrite structure proposed by Michel.¢3 The early Fe K-edge EXAFS work on ferritin identified a single Fe-O
interaction at ca. 1.96 A 102146147 although a more recent study found a split Fe-O first shell of 1.94 and 2.08 A for human ferritin,103
Therefore, the Fe-O distances within the SECs are entirely consistent with the presence of octahedral Fe'"" coordinated to oxygen.

The Fe...Fe distances give valuable information about the ordering and association of the FeOs octahedra. Manceau and Drits carried out
a very detailed investigation of the Fe...Fe interactions in the FeOOH family based on previous X-ray data, as well as their own Fe K-edge
EXAFS data.'®® This revealed the following Fe...Fe interactions based on calculations from X-ray crystal structure data: goethite (a-
FeOOH): 3.01 A (edge sharing), 3.28 A (edge sharing), 3.46 A (double corner sharing); akaganéite (B-FeOOH): 3.03 A, (edge sharing),
3.34 A (edge sharing), 3.51 A (double corner sharing); lepidocrocite (y-FeOOH): 3.05, 3.06 A (edge sharing), 3.87 A (shared corner
sharing).

Feroxyhyte and ferrihydrite structures were more complex and the increased distribution of Fe...Fe distances in the 3 A shell was taken to
indicate the presence of shorter Fe...Fe associated with face sharing. On this basis feroxyhyte has face and edge sharing (2.4 at 2.98 A
(average of 2.91 and 3.04)) and double corner sharing (2.7 at 3.41 A) interactions; 6 line ferrihydrite has face and edge sharing (3 at 3.01
A (average of 2.92 and 3.05)), and double corner sharing octahedra (6.5 at 3.44 A). For 2 line ferrihydrite, the EXAFS and FTs were also
dependent on the preparation method,138 with the number of Fe...Fe interactions at 3.00 A increasing compared to those at 3.44 A, with
longer ageing at 92° C. Work by Nichol et al. on the detailed analysis of FeEOOH materials has found that Fe...Fe interactions of 2.95 A
are indicative of face sharing FeOs octahedra, 3.07 A edge sharing and 3.44 A double-corner sharing.1% More recent work by Carta et al.
observed Fe...Fe interactions at 2.87 (face sharing), 3.03 (edge sharing) and 3.45 A (double corner sharing) for 2 and 6 line ferrihydrite. 7

It has been shown that Fe'"" pre-cursors yield o- and B-FeOOH, whilst Fe'" oxidation goes to y-FeOOH.4 Hydrolysis of ferric chloride
yields akaganéite (B-FeOOH)'®* and Fe K-edge EXAFS analysis indicated that partial hydrolysis of FeCls solutions resulted in polymers
with an akagangite-like local structure (2.5 at 3.03 A and 5.9 at 3.42 A).1%2 This is not that surprising, as whilst akaganéite is formally p-
FeOOH, it has chloride in the solid state structure, but it is not directly associated with the iron.*%> Hydrolysis of ferric nitrate yields
goethite.2#?

Our Fe...Fe distances of 2.99(3) and 3.42(3) A in the SECs are in very good agreement with the values for both 2 line and 6 line ferrihydrite
and indicate the presence of face, edge and double corner sharing octahedra. Therefore, both the XANES and EXAFS data are consistent
with the presence of a disordered, or short range ordered, FeOOH material in the SEC samples derived from ferric chloride solutions.

As noted previously, the Fe K-edge XANES spectra of the samples prepared from ferrous chloride solutions that had been air dried (see
Fig. 2(c)) were essentially identical to those obtained when ferric chloride was used, indicating the presence of Fe'''. The Fe K-edge EXAFS
and FTs for these samples are very similar to those prepared using FeCls (Fig. 4). The Fe-O distance of 2.02(2) A is essentially the same
as for the ferric chloride derived sample, and the only significant difference in the fits is the slight elongation of the Fe...Fe distance from
2.99(3) to 3.06(3) A, which was observed consistently between samples, and probably indicates a reduction in the number of face sharing
interactions which are replaced by edge sharing. In addition, the Debye-Waller factor associated with the more distant shells have increased,
indicating either greater disorder, or lower occupation numbers for the FeCl2 derived samples, compared with the FeCls derived samples.
The lack of any weak features beyond 4 A in the FT of these data is also indicative of shorter range order than observed in the FeCls derived
samples. It has been noted previously that Fe'"" oxidation results in the y-FeOOH (lepidocrocite) phase,''* which has longer Fe...Fe
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interactions than the other oxyhydroxy phases.

Therefore, the iron environment in the Fe''' samples derived from both routes appears to closely resemble that in ferrihydrite and by
inference ferritin. Whilst the XANES spectra are essentially identical for the FeCls and FeCl2 derived samples, there is some indication of
a slight elongation of the Fe...Fe interactions in the samples derived from ferrous chloride solutions indicating fewer face sharing
interactions. It should be noted that the exact structure of ferrihydrite is still open to considerable debate and controversy, especially relating
to the absence or presence of tetrahedral Fe®* in the structure,141:154-158,163,166-169

When the Fe" loaded sporopollenin samples were prepared in the absence of air (Schlenk techniques) using either FeCl. or Fe(BFa)2
solutions, the Fe K-edge XANES spectra (Fig. 2(d) and (f)) showed an edge shift to lower energy of ca. 2 eV compared to the Fe'"' samples
(Fig. 2(b) and (c)), which is about half that observed for the Fe'"" and Fe' acetates (Fig 2(a) and Fig (2g)). There was no significant change
in the spectrum of a sample prepared anaerobically using FeClz and stored under Ar (Fig. 2(d)) and one that had been stored under air for
two weeks (Fig. 2(e)). The Fe K-edge XANES spectra of the samples prepared using Fe(BFa4)2 solutions (Fig. 2(f)) were similar to those
from FeClz, but there is a shoulder present just after the edge and the pre-edge features are less well defined. The edge positions of 7122.4
eV are intermediate to those of 7124.5 eV for ferric acetate (Fig. 2 (a)) and 7120.6 eV for ferrous acetate (Fig. 2(f)). As noted above, there
is usually an edge shift of ca. 4 eV between Fe'' and Fe'"' not only for coordination complexes but also for iron oxides,”? iron sulfates, '
wiistite to akaganéite,!®! and in fayalite!”® and ferrous hydroxychloride.® Whilst a shift of ca. 2 eV is observed between FesO4 and y-
Fe203!13120.171 or Fe304 and a-Fe203,7? the edge structure and the first derivatives of the spectra in Fig 2(d-f) indicate a single edge position,
which is not observed in Fe304,7%72193 where both Fe'' and Fe'"" are present. The pre-edge features are also intermediate between Fe' and
Fe''" and show more structure than those of the Fe'"' loaded sporopollenin samples, but these have been shown previously to be less sensitive
to oxidation state for oxide and oxyhydroxy minerals.”? Although a 1.4 eV shift in position of the pre-edge features for pure Fe' to Fe'"
samples was observed, there is no simple linear relationship for mechanical mixtures of compounds.*® Therefore, it appears from the
XANES data that even with anaerobic preparation and handling there is a mixture of Fe'' and Fe'"' formed between Fe'' pre-cursors and the
SECs, and that there is little difference if the samples prepared using FeCl2 are stored under Ar or air for two weeks.

The Fe K-edge EXAFS data from the samples prepared from FeCl2 under anaerobic conditions were initially refined with the same model
used for the Fe'"' samples, but as is clear from the FTs, (Fig. 5) the peaks due to the more remote Fe...Fe shells are much less intense.
Although a split Fe-O shell of 1.91(2) and 2.08(2) A could be fitted to the data, this was barely statistically significant and a single Fe-O
shell was used to remain consistency with the other data (Table 1 and 2) together with a split Fe...Fe, but with lower occupation numbers.
The Fe-O distance of 2.06(2) A for the sample prepared using FeCl2 solutions and stored under argon was essentially identical to that for
a FeCl, sample aged for 2 weeks in air (2.06(2) A) and a sample prepared with Fe(BFa4)2 solutions (2.05(2) A), although the data for the
latter one are relatively noisy (which is not unexpected given the lower iron loading). The Debye-Waller factors for these Fe-O interactions
are closer to those observed for ferrous rather than ferric acetate and are larger than those for the Fe'!'-O shells above, indicating a greater
spread of Fe-O distances. There was no evidence for the presence of chloride in the first coordination shell, thus ruling out the formation
of ferrous hydroxychloride.®® The second much weaker feature in the FT was fitted to Fe...Fe interactions at 3.06(3) and 3.39(3) A in the
case of the FeCl2 prepared materials. The first of these is very similar to that of the SECs containing oxidised Fe', although the second one
is shorter than that observed in the Fe'"" or Fe'' oxidised samples. These values are consistent with Fe...Fe edge and double corner sharing,
but with less evidence for face sharing than above. For the Fe(BFa4)2 derived SEC sample the Fe..Fe interactions were sufficiently weak
(this may be caused by the relatively noisy data) as to make them almost below detection, although they are included in the fit (with large
and poorly defined Debye-Waller factors) for consistency.

The intensity of the feature at 6.5 to 7.5 AL in the Fe K-edge EXAFS spectra has been interpreted as a sensitive measure of the extent of
Fe...Fe interaction,1921%% and it is clear that in the EXAFS of the these samples (Fig. 5) this feature is much weaker than that of the Fe'!
samples (Fig. 4), confirming a reduction in Fe...Fe interactions.

The Fe-O distances of 2.06(2) A are slightly longer than those observed for the Fe''' SEC samples of 2.01(2) and 2.02(2) A as might be
expected for a reduction in oxidation state. The EXAFS analysis of the ferric and ferrous acetates gave Fe-O distances of 2.01(2) and
2.13(2) A, respectively. X-ray diffraction data gives mean Fe-O distances of 2.157 and 2.179 A for the two Fe" octahedral iron sites in
fayalite (Fe2SiO4) at room temperature.1’2 In wiistite (FeO) the Fe-O octahedral distances of 2.14-2.16 A 173174 are similar to those in
fayalite. In [Fe(H20)6]**(NOs)3.3H-0 the average Fe-O distance is 1.986(7) A for the two octahedral sites compared to an average of 2.13
A for [Fe(H20)6]2*.175 In [Fe(H20)s]3*(Cl04)3.3H20 the Fe-O distance is 1.997 A. 176 In magnetite the Fe-O distance associated with the
octahedral sites (half Fe" half Fe'") is 2.046 A whereas the Fe-O distance for tetrahedral Fe'" is 1.910 A.177

Therefore, the Fe-O distances in the SECs reacted with Fe' salts under anaerobic conditions are not characteristic of pure Fe'-O
interactions, but indicate that there is a mixture of Fe'' and Fe'!' present, in agreement with the XANES data. The much weaker Fe...Fe
interactions at 3.06(3) and 3.39(3) A are similar to those observed for the Fe!'' samples, but the first one is at a slightly longer distance
indicating a lower extent of face sharing compared to edge sharing of the octahedra. The lower intensity of these peaks could be due to
both lower occupation numbers and higher disorder of the Fe-Fe distances, both of which indicate either smaller particles (higher surface
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area) or more disorder of larger particles. This behaviour has been observed previously for mesoporous a-Fe203 with disordered walls,
where the intensity of the Fe...Fe interaction was much reduced compared to mesoporous a-Fe203 with ordered walls or bulk a-Fe203.178
However, as both the Fe K-edge XANES and EXAFS data indicate a mixture of Fe!' and Fe'"" in these SEC samples a much more probable
scenario is that there is a mixture of the ferrihydrite-like Fe'"' material, together with a Fe'' phase involving interaction with the carboxylate
and phenolate groups on the SEC surface that will have much reduced Fe...Fe interactions. It should be noted that there are subtle differences
between the spectra of the anaerobically prepared FeCl2 and Fe(BF4)2 samples.

Micro-focus Fe Ko XRF imaging and XANES spectroscopy

Whilst it is clear is that the iron-iron interactions are much more significant in the samples containing all Fe'"" (either prepared from ferric
chloride or from ferrous chloride and allowed to oxidise) than those containing a higher proportion of Fe'', the XANES and EXAFS data
do not explain why the iron loading is so much higher in the samples prepared from ferrous chloride rather than ferric chloride solutions.
To gain insight into the spatial distribution of iron a micro-focus XRF study was carried out.

Fig. 6 shows the Fe K. XRF image of the SECs prepared from a ferric chloride aqueous solution and with air drying. (The optical and X-
ray images do not superimpose due to the different collection geometries with the optical image collected at 45° to the incident X-ray beam,
whereas the XRF image is collected at 90° &) Whilst there is some evidence for the iron being associated with the SEC structure at both
the 5 and 1 um pixel level, the correlation is really quite poor. However, the Fe K-edge XANES spectra recorded for individual SECs (not
shown) were identical to those in Fig. 2(b) and are consistent with the presence of Fe'". Fig. 7 shows the Fe K, X-ray imaging results for
SECs reacted with aqueous FeClz solutions, and air dried. The Fe Ku XRF image clearly shows that the iron is very closely associated with
the structure of both the cap and trilete areas of the SECs as in Fig. 1. The Fe K-edge XANES spectra recorded from a single SEC are
essentially identical to that in Fig. 2(c) indicating that the spectra from the bulk samples are consistent with those from single SECs, and
in this case confirms the presence of Fe'!' rather than Fe!'. When the Fe K, XRF experiment was repeated with SECs prepared from aqueous
FeCl2 solutions under anaerobic preparation and handling conditions, the Fe Ko XRF image (Fig. 7) was very similar to that observed in
Fig. 6, again with the iron clearly associated with the SEC structure. However, in this case the Fe K-edge XANES spectrum from a single
SEC was different with an edge position of 7122.4 eV very similar to that observed for the bulk in Fig. 2(d).

Therefore, the Fe Ko XRF images indicate that the interaction of the iron with the SEC is very dependent on whether Fe'' or Fe'"' is used as
the starting material. In the case of the ferric solutions, it appears that hydrolysis results in the formation of an oxyhydroxy species, which
then coats the surface of the SEC. For the samples prepared from ferrous solutions, there appears to be a much more specific interaction
between the iron and the SEC surface, and that on oxidation the structure of the oxyhydroxy phase is similar, but not identical to that
observed from ferric solutions. The exines appear to remain hollow from both the SEM and XRF images.

Conclusions

The use of X-ray absorption spectroscopy has given unique insights into the structure-property relationships of the Fe-SEC conjugates
which will provide the foundation for further studies, including detailed Mdssbauer experiments. The bulk Fe K-edge XANES and EXAFS
data for the SECs prepared using either ferric or ferrous chloride solutions and air dried, indicate the presence of Fe'! in a ferrihydrite-like
form, similar to that observed for ferritin. In contrast, when anaerobic techniques are employed, the Fe K-edge XANES and EXAFS spectra
reveal the presence of a mixture of Fe''' and Fe!' environments. This is a surprising observation given the known anti-oxidant properties of
sporopollenin.”8 However, the anti-oxidant properties may not be able to compensate for the high surface area of the SECs making
oxidation facile when the samples are air dried. It has also been proposed that there is rapid electron transfer over the sporopollenin
surface,” which may also contribute to this redox chemistry.

The Fe Ko XRF images indicate that the interaction between iron and the SEC is different for Fe'' and Fe'!" pre-cursors, with a much higher
correlation between SEC structure and iron location for Fe!' than Fe'"'. For the samples prepared from Fe''! it appears that the SEC is just
covered/coated in the FeOOH material. In contrast, when FeCl or Fe(BF4)2 solutions are used, there are specific interactions with the SEC
surface groups, potentially including the interior as well as the exterior, although it should be noted that the SECs remain hollow. These
observations help to explain the much higher loadings of iron that are observed for samples prepared from aqueous solutions of FeCl:
(routinely 30 mg g* and up to 40 mg g 1), whereas values of only around a tenth of this are observed for samples prepared from aqueous
solutions of FeCls. Therefore, both the initial iron oxidation state, and the subsequent processing, have a significant effect on the structure,
and hence properties of the Fe-SEC conjugates.

Journal Name, [year], [vol], 00-00 | 7



3

-
a

25

30

35

40

45

50

55

CREATED USING THE RSC ARTICLE TEMPLATE (VER. 3.0) - SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS

ARTICLE TYPE WWW.ISC.Org/Xxxxxx | XXXXXXXX

There have been numerous investigations of the aqueous chemistry of Fe'!' spanning coordination chemistry, environmental and geological
chemistry, archaeological artefacts®6-58124 and even the identification of akaganéite (impurities) formed in the presence of chloride during
lunar missions.'”® What is clear is that iron hydrolysis chemistry is very complex, and in places controversial and contentious, and that the
products formed are highly dependent on conditions.8%8! For example Fe'"! pre-cursors yield a- and p-FeOOH, whilst Fe'' oxidation goes
to y-FeOOH.1* Hydrolysis of ferric nitrate yields goethite whilst hydrolysis of ferric chloride yields akaganéite (B-FeOOH).64 This is not
that surprising, as whilst akaganéite is formally p-FeOOH, it has chloride in the solid state structure, but it is not associated with the iron.1%°
The fact that the XANES and EXAFS data of the sample prepared from Fe(BF4)2 solutions are subtly different from those using FeCl:
solutions might indicate that an akaganéite-like phase plays an important role in the processes.
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Figure 1. SEM images of sporopollenin exine capsules after reaction with FeCl; solution (left) and FeCl, solution (right), both air dried.
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Figure 2. Fe K-edge XANES (left), pre-edge expansion (centre) and 1% derivative (right) spectra of: (a) basic ferric acetate; (b) SEC after reaction with
FeCls solution and air dried; (c) SEC after reaction with FeCl, solution and air dried; (d) SEC after reaction with FeCl, under argon (fresh); (e) SEC after
reaction with FeCl, under argon and ageing in air for 2 weeks; (f) SEC after reaction with Fe(BF), under argon; (g) ferrous acetate.
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Figure 3. Fe K-edge EXAFS (left) and FTs (right) for (a) ferrous acetate, (b) basic ferric acetate and (c) cobalt acetate tetrahydrate.
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Table 1. Summary of refined EXAFS parameters for iron and cobalt acetate standards.®

Fe-O¢ Fe-C4 Fe- Fe,
r/IA® 262 A2 riA 202 |A? riA 202 IA?
basic ferric  2.016(5) 0.03281(12) 2.982(9) 0.0109(18) 3.358(6) 0.0159(13)
acetate EdV @ 0.22(37) FI® 0.35 R® 23.0

Fe-Os Fe-Cs Fe-Fe, Fe-C»
r/A 20% I1A? r/A 202 IR r/A 20% IA? r/A

202 1A
ferous  2.133(4) 0.0422(10) 3.157(15) 0.0200(41) 3.332(8)
0.22

0.0247(19) 4.502(14) 0.0171(34)
acetate EdV -0.66(28) Fl . R 17.2
CO'Oe CO'CZ CO'OZ CO'OG CO-Ce
riA 202 A2 riA 202 /A2 riA 202 A2 riA 202 /A2 riA 2062 A2
cobalt 2.100(4) 0.0183(7) 3.013(20) 0.0069(35) 3.202(26) 0.0174(72) 4.021(24) 0.0309(72) 4.672(20) 0.0068(47)
acetate EdV -1.40(37) Fl 0.23 R 16.7
tetrahydrate Co-Co,
riA 20° IA?

4.825(23) 0.0164(54)

@ Refinement standard deviation in parentheses; ® estimated systematic errors in EXAFS bond lengths are + 1.5% for well-defined co-ordination shells;
© Debye-Waller factor; @ Eg is a single refined parameter to reflect differences in the theoretical and experimental Fermi levels;

5 (E)R:[j P \kadk/ﬂf‘ksdk}xloo% R N e
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Figure 4. Fe K-edge EXAFS (left) and FT (right) SEC reacted with (a) FeCl; solution and air dried and (b) FeCl; solution and air dried.
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Table 2. Summary of refined EXAFS parameters for sporopollenin exine capsules after reaction with FeCls, FeCl, and [Fe(BF),] solutions.®

FeCls
(air dried)

FeCl
(air dried)

FeCl2
(prepared and stored
under Ar)

FeCl2

(prepared under Ar,
exposed to air for two
weeks)

Fe(BFa)2
(prepared and stored
under Ar)

Fe-Os

riA® 2062 /A2
2.010(7) 0.0334(13)
EdV @ -1.40(37)
Fe-Os

riA 2062 A2
2.022(5) 0.0320(10)
E#V -0.85(41)
Fe-Os

riA 2062 A2
2.057(4) 0.0399(8)
E#V -2.2(28)
Fe-Os

riA 202 A2
2.058(4) 0.0388(8)
E#V -2.1(28)
Fe-Os

riA 2062 A2
2.055(12)  0.0364(24)
E#V -0.95(94)

Fe-Fes
riA
2.990(8)
FI®

Fe-Fes
riA
3.062(6)
Fl

Fe-Fes
riA
3.065(13)
FI

Fe-Fes
riA
3.060(13)
FI

Fe-Fes
riA
3.067(74)
FI

202 /A2
0.0279(18)
0.23

202 |A2
0.0251(14)
0.24

202 |A2
0.0489(38)
0.20

202 /A2
0.0499(38)
0.18

202 |A2

Fe-Fes
riA
3.422(13)
R®

Fe-Fes
riA
3.458(15)
R

Fe-Fes
riA
3.393(13)
R

Fe-Fes
riA
3.386(13)
R

Fe-Fes
riA

0.0589(201) 3.340(62)

1.05

R

Fe-Fes
riA
3.667(22)

202 /A2
0.0317(52)

202 /A2
0.0231(24)
16.7

Fe-Fes
riA
3.902(58)
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Figure 5. Fe K-edge EXAFS (left) and FT (right) for SECs reacted with: (a) FeCl, solution prepared and stored under argon; (b) SECs reacted with FeCl,
solution prepared under argon and stored in air for two weeks (middle); and (c) SECs reacted with Fe(BF;) solution prepared and stored under argon.
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Figure 6. SECs reacted with FeCl; solution and air dried. Left, optical image; centre, Fe K, XRF map (5 pum pixel size); right Fe K, XRF map (1 pm pixel
size).
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5 Figure 7. SECs reacted with FeCl, solution and air dried. Left, optical image; centre, Fe K, XRF map (1 um pixel size); right, Fe K-edge XANES
spectrum measured at point —6260, 1695.
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Figure 8. SECs reacted with FeCl, solution prepared and stored under Ar. Left, optical image; centre, Fe K, XRF map (1 um pixel size); right, Fe K-edge
XANES spectrum measured at point —1887, 2635.
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