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EXAFS Study of Iron(IIl) Complexes of Sugar-type Ligands
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Abstract

Three kinds of iron(Ill) complexes formed with
sugar-type ligands, ketose, polyalcohol and sugar acid,
were prepared. The Fe K-edge absorption spectra of
the complexes were measured both in aqueous solu-
tion and in the solid state to reveal the structure from
the analysis of their EXAFS and XANES, It was con-
cluded that the iron(III) sugar complexes have a
distorted octahedral structure with a mean Fe-O
distance of 195 pm irrespective of the sugar type
ligands both in aqueous solution and in the solid
state. In the case of iron(IIl) fructose complex the
dimerization of the complex was evidenced and the
most likely structure was proposed.

Introduction

Although it has been known for about 100 years
that sugars and sugar-type compounds can form com-
plexes with metal ions, the field of sugar—metal com-
plexes is still largely unexplored [1,2]. For example,
at least 70 crystalline complexes containing sugar and
metal ions have been reported since 1973; the metal
ions in these complexes are mainly those of group
IA and ITA and most of their structures remain
unknown. The literature on the complexation of
sugar with transition metals has appeared in much
more recent years and is less abundant. It is obvious
that metal—sugar complexes play an important
biological role in the transport phenomena of vital
metal ions across cell membranes [3]. Recently, one
of the authors (L.N.) and his coworkers studied com-
plexation reactions between different transition metal
ions and sugar-type compounds using various methods
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[4, 5] and a series of iron(III) complexes formed with
aldoses, ketoses, polyalcohols, sugar acids, di- and
trisaccharides were prepared [6]. It has been shown
that deprotonated alcoholic hydroxy groups partici-
pate in the complex formation and polynuclear
species are formed. Mdssbauer spectra reflected the
presence of high-spin iron(IIl) ions as the central
atoms. EPR spectra showed antiferromagnetic inter-
actions between the iron(III) centres in the complexes
indicating the formation of dimeric or oligomeric
complex structure,

In recent years EXAFS (Extended X-ray Absorp-
tion Fine Structure) spectroscopy has been proved
to be successful in elucidating the short-range order
of atoms in solution [7-9]. From the EXAFS
method structural information can be obtained
related to the radial distribution of atom pairs in a
system; the number of neighbouring atom around a
central atom (coordination number), the interatomic
distance between them and its root-mean squares
deviation. Qur aim is, therefore, to determine the
local structure of the sugar complexes of iron(II)
ion in solution and in the solid state by the EXAFS
method. XANES (X-ray Absorption Near Edge Struc-
ture) spectra of the sample solutions were also mea-
sured in order to obtain information on the electronic
state of the iron atoms in the samples.

Experimental

Sample Preparations

Iron(IIT) perchlorate was prepared in the following
way: iron(1II) oxide was dissolved in concentrated
hydrochloric acid. The iron(III) chloride thus formed
was recrystallized from concentrated perchloric acid
until no chloride ion was detected and was dried in a
vacuum oven at 100 °C for two days.

The 10 mol dm™2 sodium hydroxide solution was
purified according to D’ans and Mattner [10].

Sodium gluconate (Merck), D-fructose and man-
nitol were of Reanal products.
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TABLE I. Samples Used for EXAFS Measurements in Aqueous Solution (aq) and in the Solid State (pw)

Ligand (L) (CL/CF? pH?2 Composition Cre (mol dm™3)
A Mannitol aq 8 14 0.25
B  Mannitol pw 8 14 Fe,L,(OH)2(H,0)4Na
C  Fructose aq 2.5 11 0.17
D Fructose pw 2.5 11 Fe,L,(OH)9(H20)4Na
E  Gluconate aq 2.5 11 0.42
F  Gluconate pw 2.5 11 Fe,L,(OH)Y4(H,0),Na,
G Water® pw FeNO3-9H,0
H Fe foil®

2The values in initial solutions. bStructure standard.

The iron(IIT)—sugar complexes were prepared ac-
cording to two basic prescriptions presented in refs.
6 and 11. Suitable portions of the aqueous solutions
of iron(III) perchlorate and ligand were mixed to
obtain a required ligand-to-metal molar ratio in the
mixture. On the addition of sodium hydroxide to the
solution, first the iron(II)—sugar complexes precipi-
tated (this precipitate is probably a neutral complex
[12], which is predominant at about pH = 3.5),
which dissolved, however, with increasing pH of the
solution. The pH change of the reaction mixture was
controlled potentiometrically.

The iron(1ll)—sugar complexes were precipitated
from their aqueous solutions by the addition of
ethanol to make the final concentration of ethanol
80 vol./vol.%. The precipitate formed was collected
by centrifugation and was redissolved in a small
volume of water, the pH was adjusted again to be
about 3.5, and to the resulting clear solution ethanol
was added until the final concentration of ethanol
was 80 vol./vol.%. The precipitate formed was col-
lected again by centrifugation and successively
washed with ethanol, acetone and ether, and was
finally dried over P,0Os.

The composition of the complexes was determined
by the standard microanalytical method. The iron(III)
content was determined by titration with EDTA; the
sodium content was measured by atomic absorption
spectroscopy. The results obtained for complexes pre-
pared for the EXAFS analysis are in good agreement,
within 4%, with the data published previously [6].

Samples measured by the EXAFS method were
aqueous solutions containing iron(III)—mannitol,
—~D-fructose and —gluconato complexes. Solid
samples of the same complexes were also measured
for comparison. A crystalline powder of Fe(NOj);-
9H, 0 containing hexaaqua iron(III) ions and iron foil
were measured as the structure standards. Details of
the samples are summarized in Table 1. All measure-
ments were carried out at room temperature.

EXAFS Measurements
EXAFS and XANES spectra were measured
around the Fe K-edge (7.11 keV) in transmission

mode using BL10B station at the Photon Factory in
the National Laboratory for High Energy Physics [13,
14]. A broad band synchrotron radiation is mono-
chromatized by an Si(311) channel-cut crystal and
passes through a sample placed between the first and
the second ionization chambers, which were filled
with N and N,(85%)+Ar(15%) gas, respectively.

Data Reduction Procedure

The EXAFS data were analysed by the following
procedure: background absorption other than that
for the K-edge of an absorption atom of interest was
evaluated by a least-squares fitting procedure with
Victorren’s formulae [15] including a constant term
to the pre-edge and was subtracted from the total ab-
sorption by extrapolation. The smooth K-shell
absorption u, due to an isolated atom was estimated
by using a cubic spline function [16]. Two or three
knots over the whole region were enough to give a
good approximation for ug.

The modulation x(k) was extracted and nor-
malized by the following equation
x(k) = {u(k) — po(k)} /uo(k) (1)
where k is the photoelectron wave number of ejected
electrons and is given as v/2m(£ —EO)/ﬁz. E denotes
the energy of the incident X-rays and £, is the
threshold energy for liberation of the photoelectron
wave. In the present study, £, was selected as the
position of the half height of the edge jump in
all cases.

The resulting EXAFS modulation weighed with k3
was Fourier transformed to give a radial distribution
function, &(r).

Least-squares Calculations

The structural parameters (interatomic distance, r;,
mean-square displacement, 0,-2, and coordination
number, n;) were obtained by comparing the
observed EXAFS spectra and the model function
given by the single scattering theory [17, 18] as

X(K)eate = Z{n; [(kr})} exp(—20;2k?)
exp(—2r;/A\pDFj(m k) sin(2kr; + o;(k))  (2)
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where Fj(m, k) is the backscattering amplitude from
each of n; scatterers j at distance r; from the X-ray
absorbing atom. An amplitude reduction related to
inelastic losses at the absorbing atom due to the
many-body effect is introduced by the mean free
path A;. a;(k) is the total scattering phase shift
experienced by the photoelectron.

The observed spectra can be compared with the
theoretical ones by a least-squares fitting procedure in
either r or k space. The latter procedure needs an
additional Fourier backfiltering of the peak of
interest in the &(r) curve. Theoretically, both
analyses in the k or r space should give equivalent
results, In the present study, we performed least-
squares calculations in the & space, which were
applied to the Fourier filtered k* weighted x(k)ops
values to minimize the error-square sum U

kma.x
U= 3 & xK)obs — X(Keate)? 3)

kmin

The values of Fy(m,k) and a;(k) in eqn. (2) were
quoted from the tables reported by Teo and Lee
[19]. The values are given against the absolute k
values and thus an improper evaluation of £, should
result in a systematic distortion of the k scale and
affects the interatomic distances to be determined.
Furthermore, the theoretical values of the back-
scattering amplitudes F;(w, k) are usually larger by ca.
50% than those observed [19], which sometimes give
unreasonable bond lengths between an X-ray ab-
sorbing central atom and its neighbouring ones and
the coordination numbers. In the present study, A;
was estimated from the standard samples of known
structure and then used as constant in the course of
the analysis of the EXAFS spectra of unknown
samples, while £y ;, r;, 0; and n; were allowed to
vary. Without detailed knowledge and evaluations of
the immediate electronic environment of an ab-
sorbing atom, the value of the threshold energy is not
known so that £ ;was also allowed to vary.

Results and Discussion

Figure 1 shows XANES spectra in the Fe K-edge
region of reference compounds and of iron(Il1I)—sugar
complexes measured in solution and in the solid state.
All spectra show a pre-edge peak attributable to the
1s > 3d transition, the shape and intensity of which
are typical for an octahedral coordination of iron(1II)
[20]. In the case of Fe(NOj3);-9H,0 crystals, which
contain an octahedral [Fe(H,0)q]** moiety [21], the
spectrum exhibits a considerably sharp peak just
above the absorption edge, which is accompanied by
a weak shoulder structure as previously found [20]
(Fig. 1G). The corresponding peak above the absorp-
tion edge of iron(IIl) sugar complexes is less sharp,
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Fig. 1 XANES spectra of Fe(IlI)—mannitol (A: aq and B:
pw), —fructose (C: aq and D: pw), —gluconato complexes
(E: ag and F: pw), FeNO3-9H,0 (G) and Fe foil (H).

compared with that of the iron(IlI) hydrate. It may
be an indication of distorted octahedral Fe—O
bondings resulting in a splitting of degenerate energy
levels of iron(11I) atom in the sugar complexes.

Prior to the EXAFS analysis for iron(IIl)—sugar
complexes, we examined the spectra of Fe(NO;);-
9H,0 crystalline powder and iron foil as structure
standard in order to estimate an effective value of ;.

In the crystal structure of Fe(NOj3)3°9H;O there
are two crystallographically different [Fe(H,0)¢]**
octahedra with a mean Fe(III)-O distance of 198.6
pm [21]. Figures 2G and 3G show, respectively, the
observed k® weighted x(k) values and the Fourier
transform &(r) obtained over the k range of 0.03—
0.115 pm™!. The distinct peak at 160 pm in the
®(r) (uncorrected for the phase shift) is certainly due
to Fe—O bonds within the hexaaqua iron(III) ion.
The k* weighted x(k) spectrum of the first neighbour
Fe—O interactions within the hexaaqua iron(III) ion
was extracted by inverse Fourier transform of &(r)
over the r range of 65—195 pm (Fig. 4G, dots).

Figures 2H and 3H show, respectively, the k°
weighted x(k) and &(r) values of iron foil. The k
range used in the Fourier transform was 0.03-0.12
pm~ 1. In the bee form of iron metal eight Fe atoms
are situated in the first-neighbour [22]. The distinct
peak at 218 pm in the ®(r) curve (Fig. 3H) cor-
responds to the first neighbour Fe—Fe interactions.
The peaks at 353, 443 and 545 pm correspond to Fe
atoms in outer shells. The contribution of the first
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Fig. 2. k3 weighted EXAFS pattern x(k) of Fe(III)~mannitol
(A: aq and B: pw), —fructose (C: aqg and D: pw), —gluconato
complexes (E: aq and F: pw), FeNO3-9H,0 (G) and Fe foil
(H).

neighbour Fe—Fe interactions in the k space was ob-
tained by Fourier filtering of the &(r) over the r range
of 170—290 pm.

In the subsequent least-squares fits for the ex-
tracted k* weighted x(k) values of the first neighbour
interactions obtained above, Ey ;, r;, A; and o; were
allowed to vary simultaneously, while the coordina-
tion number was fixed at a known value (six and
eight for the Fe—O and Fe—Fe pairs, respectively).
The results of the curve-fitting analysis are given in
Table 2. The Fe—O and Fe—Fe distances obtained
from the present EXAFS analysis are in good agree-
ment with crystallographic data.

The k* weighted x(k) curves and Fourier trans-
forms ®(r) of iron(Illl)—sugar complexes in solution
and in amorphous powder are depicted in Fig. 2A—F
and 3A-F, respectively. In all cases, the k range
transformed was 0.030—0.12 pm™ !,

For each sugar complex, the ®(r) values obtained
in aqueous solution are very similar to those of
powder samples, and thus the iron(III)—sugar com-
plex may have an analogous short-range structure in
both states. The Fourier transform of each iron(I1I)—
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Fig. 3. Fourier transforms &(r) obtained from 15 weighted
x(k) values in Fig. 2 (uncorrected for the phase shifts).
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Fig. 4. A comparison between the Fourier filtered (dots) and
fitted (solid lines) k¥ weighted x(k) values of Fe(IIl)—man-
nitol (A: aq and B: pw), —fructose (C: aq and D: pw),
—gluconato complexes (E: aq and F: pw), FeNO3-9H,0 (G),
and Fe foil (H).
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TABLE 2. Results of the Curve-fitting Analysis for the Iron(III) Sugar Complexes in Aqueous Solution (aq) and in the Solid State
(pw). The Values in Parentheses are X-ray Crystallographic Data. r, 0 and n Represent the Interatomic Distance, the Root Mean
Squares Displacement and the Coordination Number, Respectively

Ligand Fe-O Fe-+-C Fe:--Fe
r ag n r g n r [+ n
(pm) (pm) (pm) (pm) (pm) (pm)
A Mannitol aq 194 94 6.5 287 55 2.6
B Mannitol pw 198 7.3 6.1 285 5.0 2.2
C Fructose aq 192 938 6.0 277 69 2b 310 6.9 0.5
D Fructose pw 194 10.1 5.7 285 9.3 2b 304 93 0.7
E Gluconate aq 195 8.3 6.3 285 5.2 24
F Gluconate pw 196 8.7 6.3 283 5.0 23
G Water pw 196 8.7 6P
190¢
(198.6%)
H Fe foil 249 6.88 gb
(249.29)
aRef. 21. b Fixed. €EXAFS result in ref. 20. dRef. 22.

sugar complex has a similar feature; the sharp first
peak around 160 pm and the second peak in the r
range of 240-300 pm (uncorrected for the phase
shift). It should be noted that in the case of the iron-
(IlI)—fructose complex the second peak splitted into
two at 240 and 280 pm, compared with those for the
other two sugar complexes.

The main peak at 160 pm in the ®(r)s (Fig. 3A—F)
is assignable to Fe—O interactions within iron(III)—
sugar complexes as expected from the ®(r) of the
iron(III) aqua complex (Fig. 3G). In order to estimate
the first neighbour interactions in a quantitative
manner, we extracted the corresponding EXAFS
modulation by applying a window function (65 pm
<r<205 pm) to the ®(r) values, followed by
Fourier transform to the k space (Fig. 4A—F). The
Fourier filtered EXAFS modulation was then fitted
to calculated values by means of a non-linear least-
squares method with a constant empirical parameter
Ao determined from the iron(III) hydrate system. The
results of the preliminary fits showed that all
iron(IlT)—sugar complexes have the coordination
number close to six and the Fe—O distance expected
for an octahedral coordination of iron(IIL) ion. This is
consistent with the feature of the XANES spectra as
previously discussed.

The peaks observed in the r range 240—-300 pm
in the ®(r)s of iron(IlI)—sugar complexes arise from
the second nearest-neighbour atoms. One of the pos-
sible atoms present in the second neighbour should be
carbon atoms connected to oxygen atoms bound to
iron(Ill) ion as expected from the coordination
geometry of sugar ligands around the iron(III) ion.
When polymerization occurred via hydroxide oxygen
bridges of iron(Ill)—sugar complexes as discussed in
EPR measurements [6], Fe-«-Fe separations would
also fall within a similar r range to Fe---C distances.

From the above considerations multi-shell fits
were performed for k® weighted x(k) Fourier filtered
over 0.90—310 pm™?! in the following manner.

(1) Predominant first neighbour Fe—O interactions
were expressed in terms of parameters £y o, o, 0o
and ng, which were allowed to vary. Ao was esti-
mated from the data of crystalline iron(III) nitrate.

As to the second neighbour atoms the following
three models were examined.

(2a) Only carbon atoms are present and no di-
merization occurs.

(2b) Fe---Fe interactions are a predominant con-
tributor to the peak and Fe---C pairs are negligible.

(2¢) Both Fe---C and Fe---Fe interactions are
responsible for the peak.

In each case Ey ;, r;, 0; and n; were taken as in-
dependent variables. The value of A¢c was assumed to
be the same as Ag, wWhile Ag, was determined from
the data of iron foil.

The k range used in the fits was 0.04—0.11 pm™*.
According to the results of the fits, models (2a) and
(2b) gave almost similar error squares sum U. The U
value of model (2¢) was slightly smaller, probably due
to more parameters involved in the fits. In the three
cases both Fe:--C and Fe---Fe distances converged
to 270-290 pm. These values are acceptable as
Fe---C distances according to the literature of
chelated compounds of iron(1II).

The structure determination of crystalline com-
pounds containing a dimeric [Fe,(OH),]*" moiety is
very few and only a single crystal X-ray study of di-u-
hydroxo-bis[2,6-pyridine-dicarboxylatoaquairon(III))
and di-u-hydroxo-bis[4-hydroxo-2,6-pyridine-carbox-
ylatoaquairon(IIl)] [23] has been reported by Thich
et al. [23]. In both structures the [Fe,(OH),|*" unit
has a planar structure with Fe-:-Fe separation
307.8--308.9 pm, larger by 20—-30 pm than the above
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converged values (270-290 pm). This difference is
beyond uncertainties* in the present EXAFS analysis.
Thus, we concluded that the second peak of the iron-
(III)—mannitol complex originated mainly from
Fe---C interactions.

In the case of the iron(III)—fructose complex, the
second peak splitted into two at 240 and 280 pm,
corresponding to the values 270 and 310 pm, respec-
tively, after the phase shift correction either of
carbon or of iron backscatter. The distance 310 pm is
close to the literature value of the Fe--:Fe inter-
actions as noted above. The peak at 280 pm in the
®(r) curve was thus attributed to Fe---Fe inter-
actions, while that at 240 pm to Fe- - - C interactions.
Although dimerization or polymerization was sug-
gested also for iron(IIl)—mannitol and —gluconato
complexes from Mossbauer and ESR studies [6],
there might be no detectable amount of the dimer
formed in the present mannitol and gluconato com-
plexes by the EXAFS method.

The final results are summarized in Table 2. In
Fig. 4 the Fourier filtered k* weighted x(k) were re-
produced well by the theoretical ones calculated with
the values given in Table 2.

The average Fe—O distance within the iron(IlI)—
sugar complexes is 195 pm irrespective of the sugar
ligands. The value of 195 pm is consistent with the
literature values for octahedral oxygen coordination
of iron(III). The fact that the coordination number of
iron(III) is six may lead, together with the indication
from the XANES spectra, to a conclusion of a
distorted octahedral arrangement of oxygen atoms
around the central iron(I1]) ion.

Summarizing the experimental results obtained
from the measurement of Fe K edge EXAFS and
XANES, together with those found in earlier works
for the same complexes by means of Méssbauer and
ESR [6], we can propose a model structure of a
binuclear iron(III) sugar complex as shown in Fig. 5.
Two deprotonated alcoholic oxygen atoms (in the
case of gluconato complex one alcoholic and one car-
boxylate oxygen atoms) coordinate to the iron(II)
ion centre. Two free coordination sites of the iron-
(III) ion may be occupied by hydroxide ions, which
form bridges between the two iron(IIl) ions. In all
the complexes, iron(III) ion has the coordination

1] H ]
0 0
H-C-0 |/O\ t _O0-C-H
c 0>F|e Fle\O—ICl
A Q\a/(') A

Fig. 5. The most likely structure of the binuclear Fe(lIl)-
sugar complex.

*Uncertainties in interatomic distances are £2 pm for the
first shell and 5 pm for outer shells. The errors in the coor-
dination number is ca. 0.5 atoms.

L. Nagy et al.

number of six. Consequently, two oxygen atoms
either of OH™ ions or of sugar OH groups should be
coordinated to fill the rest of the coordination sites
of iron(Ill) ions forming an elongated octahedral
arrangement.

According to ref. 23, the distance between the Fe
atoms and bridged oxygen atoms falls within 193.8—
199.3 pm. Thus, Fe—O(hydroxide ion) and Fe—O-
(sugar ligand) bond lengths may be indistinguishable
from the uncertainties of the EXAFS analysis. The
Fe---Fe distance of 310 pm obtained in the present
study is in good agreement with the value found in
ref. 23,

The present EXAFS study has demonstrated the
structure of polynuclear iron(IlI) complexes of sugar-
type ligands suggested by previous Mossbauer and
ESR measurements [6].

Supplementary Material

Tables of the raw absorption data, the observed
and Fourier-filtered k>x(k) data and the Fourier
transforms are available upon request to the author
(T.Y).
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