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Hedvig Medzihradszky-Schweiger · Attila Vértes
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Abstract The chemical reactions between iron(III) and
indole-3-acetic (IAA), -propionic (IPA), and -butyric (IBA)
acids were studied in acidic aqueous solutions. The motiva-
tion of this work was that IAA is one of the most powerful
natural plant-growth-regulating substances (phytohormones
of the auxin series). Mössbauer spectra of the frozen aque-
ous solutions of iron(III) with indole-3-alkanoic acids as
ligands (L), showed parallel reactions between Fe3+ and the
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ligands. Partly, it resulted in a complex formation which
precipitated in aqueous solution and partly, in a redox pro-
cess with iron(II) and the oxidised indole-3-alkanoic acids
as products. The Mössbauer parameters of the Fe2+ species
suggested a hexaaquo coordination environment. The chem-
ical composition and coordination structure of the precip-
itated complexes were investigated using elemental anal-
ysis, Mössbauer spectroscopy, Fourier transform infrared
(FTIR) and Raman spectroscopic techniques. The complexes
were soluble in some organic solvents. So, Mössbauer, FTIR
and solution X-ray diffraction measurements were carried
out on the solution of complexes in acetone, hexadeutero
acetone and methanol, respectively. The data obtained sup-
ported the existence of the µ-dihydroxo-bridging structure
of the dimer: [L2Fe<(OH)2>FeL2] (where L is indole-3-
propionate, -acetate or -butyrate).

Keywords Indole-3-alkanoic acids . Iron(III) complexes .

Moessbauer spectroscopy . Fourier transform infrared
(FTIR) spectroscopy . Fourier transform Raman
spectroscopy . Solution X-ray diffraction . Structure
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Introduction

Indole-3-acetic acid (IAA) is one of the most powerful nat-
ural plant-growth-regulating substances (phytohormones of
the auxin series) that are capable of stimulating cell divi-
sion and promoting cell elongation [1–3]. It is well docu-
mented to be synthesized also by many soil microorganisms,
in particular, in the rhizosphere where it plays an essen-
tial role in plant–microbe interactions [4, 5]. The excretion
of auxins directly into the soil, along with their phytoreg-
ulating effects, can lead to chemical interactions involving
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metal ions. Among these, iron(III) is an essential microele-
ment ubiquitous in various soils. Our earlier studies have
shown [6–10] the possibility of redox processes involving
ferric ions as well as IAA or some other chemically and/or
metabolically related naturally occurring substances, such as
indole-3-propionic (IPA), indole-3-butyric (IBA), anthranilic
acids and tryptophan, in slightly acidic aqueous solutions.
This could be of ecological significance, since Fe3+ has a
poor biological availability over a wide pH range owing
to its full hydrolysis and extremely low solubility of ferric
(oxy)hydroxides, but it can be reductively solubilised un-
der appropriate conditions (in slightly acidic media) giving
a more bioavailable iron(II). It was also shown [11] that in
circumneutral aqueous media, the presence of IAA or tryp-
tophan in solution influences the phase composition of ferric
oxyhydroxides that crystallise from the amorphous material.

On the other hand, studying the mode of coordination of
indolic compounds to iron(III) can provide additional infor-
mation helpful in understanding the enzymatic degradation
of auxins. The formation of a triple complex (peroxidase–
IAA–oxygen) has been proposed for the oxidative degrada-
tion mechanism of IAA including as a key step a simple
one-electron transfer from the IAA molecule to the ferric
moiety of the peroxidase heme [12]. In earlier papers [13,
14], an attempt was made to consider the aqueous Fe3+–IAA
system as an inorganic model for the peroxidase–IAA com-
plex. Ferric chloride and IAA-containing aqueous solutions
were studied in detail [14], but the structure of the precipitate
obtained was not characterised.

In the present work, chemical interaction of iron(III) ni-
trate with IAA, IPA, IBA in aqueous solutions was monitored
and, in particular, the structure of the solid complexes formed
was investigated in detail, including comparative studies of
deuterated materials and measurements in nonaqueous (ace-
tone, methanol) solutions. The coordination properties of the
isolated solid materials were studied using 57Fe Mössbauer,
Fourier transform infrared (FTIR), FT-Raman spectroscopic
techniques, solution X-ray diffraction and elemental analy-
sis.

Experimental

The materials for Mössbauer measurements in aqueous so-
lutions were prepared using iron(III) solutions containing
enriched (ca. 90% 57Fe) iron dissolved in nitric acid at ele-
vated temperature. The stock solution was diluted down to
0.01 M concentration with regard to iron(III), with pH 0.9.
The indole derivatives used (IAA, IPA, IBA) were dissolved
in water adding KOH to the water solutions up to pH 6–7.
The concentration of the ligands was 0.03 M. Addition of
iron(III) nitrate to IAA, IPA or IBA in solution (up to the 1:3
metal-to-acid molar ratio) resulted in the colour change of

the solutions and the formation of cocoa-brown precipitates
indicating complexation of Fe3+ with the indole-3-alkanoic
acids. The final pH values of the mixtures were 2.0–2.5 (mea-
sured using an OP-211 laboratory pX/mV meter, Radelkis,
Hungary). The precipitates were filtered out after 15 min,
dried on the filter paper at room temperature for a few days
and placed in a cryostat cooled with liquid nitrogen. The
Mössbauer spectra of the filtered rapidly frozen solutions
were also recorded.

To study the structure and possible structural changes of
the complexes by dissolving them in an organic solvent, e.g.
in acetone, and adding a small amount of water to the so-
lutions, ca. 0.1 M samples (with regard to total Fe) were
measured using the rapid-freezing (quenching) method [15].
For these experiments, as well as for the FTIR, FT-Raman
measurements and for elemental analysis, the solid com-
plexes were synthesized using natural (not enriched with
57Fe) iron(III) nitrate, the conditions being the same as de-
scribed above. The precipitates were filtered out, washed
three times with distilled water and dried in air.

All Mössbauer spectra were recorded at liquid nitro-
gen temperature (ca. 80 K) using a conventional constant-
acceleration type Mössbauer spectrometer with a “cold-
finger” cryostat filled with liquid nitrogen. A 57Co(Rh)
source was used, and the spectrometer was calibrated with
α-Fe at room temperature, which is the reference for all iso-
mer shifts reported in this paper. Statistical treatment of the
Mössbauer spectra was performed with the assumption of
Lorentzian lineshapes in order to calculate isomer shifts (δ,
mm/s), quadrupole splittings (�, mm/s), line widths (full
width at half maximum, �, mm/s) and partial resonant ab-
sorption areas (Sr,%) for all spectral components [16].

The elemental analyses were carried out using Vario EL
III (Elementar Analysensystem Gmbh) and the Fe content
was measured as Fe2O3.

Mid-IR (200–4000 cm−1, resolution 4 cm−1, 128 scans)
absorption spectra were recorded in purged nitrogen atmo-
sphere using a Bio-Rad (Digilab) FTS-175 spectrometer with
a CsI beamsplitter. Far-infrared spectra (50–700 cm−1, reso-
lution 4 cm−1) were recorded with a Bio-Rad (Digilab) FTS-
40 spectrometer with a wire-mesh beamsplitter. Pellets were
prepared of the solid samples, diluted with caesium iodide for
mid-IR and with polyethylene for far-IR. FT-Raman spectra
of liquid samples (dissolved complexes) were recorded using
a dedicated Bio-Rad FT-Raman spectrometer with an Adlas
DTY-321 Nd-YAG-laser (1024 nm, 150 mW). However, in
order to avoid laser-induced decomposition of the solid sam-
ples, the latter were studied using a Renishaw System 1000
spectrometer equipped with a Leica DMLM microscope, a
diode laser (782 nm, 20 mW) and a Peltier-cooled CCD de-
tector. Deuterated samples were obtained by exposing the
solids to D2O vapour for several days; their FTIR spectra
were compared to those of the respective solids similarly
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treated with H2O vapour. All measurements were performed
at ambient temperature.

The solution X-ray diffraction studies were carried out
using 0.5 mol dm−3 solution of the Fe–IAA complex in
methanol (density, ρ = 1 g cm−3, linear X-ray absorp-
tion coefficient µ = 1.7371 cm−1, atomic number density
ρ0 = 0.1058 Å−3); methanol was used as a solvent in order
to simplify calculations. Measurements were performed at
ambient temperature (24 ± 1◦C), with a �-� goniometer of
symmetrical transmission geometry using MoKα radiation
(wavelength λ = 0.7107 Å) with a graphite monochromator
placed in the diffracted beam. The liquid sample holder had
plane-parallel windows prepared from 6.3-µm thick mylar
foils. The scattering angle range of the measurement spanned
over 1.28◦ ≤ 2� ≤ 120◦ corresponding to a range of 0.2 Å−1

≤ k ≤ 15.3 Å−1 of the scattering variable k = (4π /λ)·sin�.
Over 100,000 counts were collected at each of 150 discrete
angles selected with steps k ≈ 0.1 Å−1, in several repeated
runs (10,000 counts at each point).

The measurement technique and data treatment were es-
sentially the same as described previously [17]. The mea-
sured intensities were corrected for background, polarisa-
tion, absorption and Compton scattering [18]. The Compton
contribution was evaluated by a semi-empirical method in
order to account for the monochromator discrimination [19].
The Compton intensities that were necessary for the correc-
tions were calculated using analytical formulae [20, 21]. The
experimental structure function is defined as

h(k) =
I (k) − ∑

α

xα f 2
α (k)

M(k)
, (1)

where I(k) is the corrected coherent intensity of the scat-
tered beam normalised to electron units [22 ]; fα(k) and xα

are the scattering amplitude and mole fraction for an α-
type particle, respectively; M(k) is the modification function,
M(k) = {[	xαfα(k)]2}exp( − 0.01k2). The coherent scatter-
ing amplitudes of the ions and the methanol molecule were
computed according to analytical formulae suggested by
Hajdu [20] and Cromer and Waber [23]. The methanol
molecules were treated in the atomic representation. The
necessary parameters were taken from the International Ta-
bles for X-ray Crystallography [24].

The experimental pair correlation function was computed
from the structure function h(k) by Fourier transformation
according to

g(r ) = 1 + 1

2π2rρ0

kmax∫

kmin

kh(k) sin(kr )dk

M(k)
, (2)

where r is the interatomic distance, kmin and kmax are the lower
and upper limits of the experimental data, ρ0 is the bulk num-

ber density of the stoichiometric units. After repeated Fourier
transformations, when the non-physical peaks present in the
g(r) at small r values were removed, the structure function
was corrected for residual systematic errors [19].

Results and discussion

Mössbauer measurements

A Mössbauer spectrum of the frozen aqueous solution of
iron(III) nitrate (0.01 M) is presented in Fig. 1a. The pro-
nounced line broadening is a sign of magnetic relaxation due
to a slow paramagnetic spin relaxation. Namely, the spin–
spin and spin–lattice interactions are weak because of the
low concentration of Fe3+ and the relatively low tempera-
ture (80 K), respectively. (At the temperature of 4.5 K, the
Mössbauer spectrum of the same solution shows a magnetic
splitting [25].)

Mössbauer spectra of the frozen aqueous solutions of
iron(III) with indole-3-alkanoic acids, filtered 15 min and 2
days after mixing and rapidly frozen, are shown in Fig. 1b–g.
The parameters of the spectra given in Table 1 suggest the
existence of parallel reactions between Fe3+ and the ligands
(L):

The Mössbauer parameters of the resulting Fe2+ species
(isomer shifts δ = 1.39 ± 0.01 mm/s and quadrupole split-
tings �= 3.35 ± 0.03 mm/s) show that it has a hexaaquo
coordination environment [25]. Comparing the spectral in-
tensities (cf. Fig. 1b–d and e–g) it can be seen that both after
15 min and after 2 days of contact of the indolic acids with
iron(III), in IAA solutions there appears significantly more
ferrous iron (represented by the above-mentioned doublet
with larger δ and � values) than in the Fe–IPA or Fe–IBA
systems, indicating a stronger reducing capability of IAA
towards iron(III) in this series of indole-3-alkanoic acids,
evidently related to the ease of the IAA side-chain decar-
boxylation [12–14]. The other two components of the spectra
(see Fig. 1b–g, except Fig. 1e) represent the iron(III) com-
plexes with the corresponding ligands (doublet with δ = 0.52
to 0.55 mm/s; see Table 1) and the remaining unreacted Fe3+

ions (broad single line).
The results of elemental analysis of the poorly soluble

Fe–IAA, Fe–IPA, Fe–IBA complexes are given in Table 2.
The supposed composition of the Fe–IAA/IPA most closely
corresponds to that of the µ-(OH)2-bridged complex
[L2Fe<(OH)2>FeL2] (where L is the deprotonated IAA
or IPA moiety). The same result was suggested for the
Fe–IBA complex earlier [10], and now it is confirmed for
all the three complexes obtained using detailed FTIR and
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Fig. 1 Mössbauer spectra of 0.01 M 57Fe nitrate (a), mixed 57Fe ni-
trate and indole-3-alkanoic acid aqueous solutions filtered 15 min (b–d)
and 2 days (e–g) after mixing (pH ≈ 2 to 2.5; measured at T = 80 K).

(b), (e) indole-3-acetic acid; (c), (f) indole-3-propionic acid; (d), (g)
indole-3-butyric acid

Table 1 Mössbauer
parametersa for aqueous
57Fe(III) nitrate-containing
solutions of indole-3-alkanoic
acids (pH = 2.0 to 2.5) filtered
and rapidly frozen 15 min and 2
days after mixing (see
Fig. 1b–g)

Spectral Sr
e (%) Sr

e (%)
System component δ b (mm/s) �c (mm/s) �d (mm/s) (after 15 min) (after 2 days)

Fe–IAA Doublet I 0.52(2) 0.58(3) 0.47(6) 12.8 –
Doublet II 1.40(2) 3.32(4) 0.47(6) 11.3 100.0

Fe–IPA Doublet I 0.53(4) 0.63(9) 0.38(7) 22.4 9.9
Doublet II 1.38(2) 3.38(5) 0.38(7) 24.0 59.5

Fe–IBA Doublet I 0.55(8) 0.50(10) 0.36(8) 8.2 4.5
Doublet II 1.38(3) 3.34(5) 0.36(8) 16.1 50.8

All samples measured at T = 80 K. In all cases (except Fe–IAA, 2 days after mixing; see Fig. 1e), the third,
relaxed component (not given in this Table) was fitted with δ = 0.42 mm/s as a fixed value (the other param-
eters of this component could not be obtained due to the insufficient range of the velocity applied).
aErrors (in the last digits) are given in parentheses (3σ ).
bIsomer shift.
cQuadrupole splitting.
dFull linewidth at half maximum.
ePartial resonant absorption areas of spectral components which represent relative contents of the correspond-
ing iron forms assuming a common recoilless fraction for all components.
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Table 2 Elemental analysis data (found, wt.%) as compared to those
calculated for the dimer formulas of iron(III)–IAA, iron(III)–IPA and
iron(III)–IBA complexes

Formulaa C H N Fe

[(IA)2Fe〈(OH)2〉Fe(IA)2] 57,02 4.08 6.65 13.26
Found: 54.44 4.10 6.38 13.07
[(IP)2Fe〈(OH)2〉Fe(IP)2] 58.81 4.72 6.24 12.43
Found: 57.18 4.44 6.15 12.85
[(IB)2Fe〈(OH)2〉Fe(IB)2] 60.38 5.29 5.87 11.70
Found: 59.87 5.17 5.66 11.21

aIA, IP and IB represent indole-3-acetate (C10H8NO2
−), indole-

3-propionate (C11H10NO2
−) and indole-3-butyrate (C12H12NO2

−),
respectively.

FT-Raman experiments as well (see below). It is worth
mentioning that another series of measurements showed the
possibility of mononuclear FeIII(IA)3 complex formation
[8] (where IA is indole-3-acetate). This can be explained
by the well-known experimental fact that even very small
pH differences strongly affect the dimerisation of iron(III)
species in aqueous solutions [25].

The solid complexes that were filtered out give an in-
tensive symmetric quadrupole doublet with the parameters
typical for high-spin Fe3+ (Fig. 2, Table 3) in distorted oc-
tahedral coordination. It is noticeable that the line widths
observed are somewhat larger than could be expected for
a well-defined structure. This suggests either a lack of
a well-defined structure in the amorphous solids (proved
by powder XRD measurements; not shown) or the exis-
tence of slightly different ligand spheres of Fe3+ that can
be realised through some oligomeric species, besides the
dimeric component, and the formation of some µ-(OH)2-
bridged [Fe2(H2O)4(OH)2]4+ complexes [15]. This can also
account for the observed differences from the calculated
values in the elemental analysis results for IAA and IPA
(see Table 2).

Each of the Mössbauer spectra of the complexes in ace-
tone solutions shows one well-resolved quadrupole doublet
as well (Fig. 3). The lack of a magnetic structure is an ev-
idence that the iron(III) species have a dimeric structure
with a fast spin–spin relaxation [25]. The doublets for the
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Fig. 2 Mössbauer spectra of the solid complexes: (a) Fe–IAA, (b) Fe–IPA, (c) Fe–IBA (measured at T = 80 K)
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Table 3 Mössbauer parametersa for the solid samples filtered out from
the aqueous solutions 15 min after mixing iron(III) nitrate solution with
a solution of indole-3-acetic (IAA), -propionic (IPA) or -butyric (IBA)
acids (measured at T = 80 K)

Spectral δb �c �d

Complex component (mm/s) (mm/s) (mm/s) Sr
e (%)

Fe–IAA Fe3+ 0.517(2) 0.564(4) 0.489(7) 100.0
Fe–IPA Fe3+ 0.519(1) 0.633(2) 0.487(4) 100.0
Fe–IBA Fe3+ 0.527(2) 0.618(3) 0.488(5) 100.0

aErrors (in the last digits) are indicated in parentheses; the same for
Table 4.
bIsomer shift (relative to α-Fe at room temperature).
cQuadrupole splitting.
dFull linewidth at half maximum.
ePartial resonant absorption areas of spectral components which rep-
resent relative contents of the corresponding iron form assuming a
common recoilless fraction for all forms.

acetone solutions have the isomer shifts and quadrupole
splittings (Table 4) very close to those for the solid ma-
terials (see Table 3), which indicates similar structures of
the iron(III) microenvironment both in the solid state and in

the acetone solutions. However, FTIR measurements showed
some free COOH moieties appearing in all cases. This is a
clear evidence for some structural changes in the complexes
upon dissolving them in acetone that are not detectable by
Mössbauer spectroscopy (see FTIR data below). These re-
sults suppose that already the traces of water impurity in
the acetone used (which originally contains ca. 0.05% wa-
ter) is capable of hydrolytically replacing the COO− moi-
ety, possibly giving free R–COOH ligands (where R–COOH
represents indole-3-acetic, -propionic or -butyric acid). It is
evident that after adding more water to the acetone solutions
(0.02 cm3 per 1 ml of acetone solution, which corresponds
to ∼ 10 H2O molecules per 1 atom of Fe3+), the struc-
tural changes become visible in Mössbauer spectra as well,
with the quadrupole splittings increasing by 0.19, 0.16 and
0.13 mm/s for the Fe–IAA, Fe–IPA and Fe–IBA complexes,
respectively (see Table 4; Fig. 4). The latter indicates the
formation of a more asymmetric coordination of iron(III)
upon adding water due to the aforementioned ligand ex-
change, which in this case evidently proceeds to a greater
extent.
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Fig. 3 Mössbauer spectra of 0.1 M acetone solutions of the complexes without adding water: (a) Fe–IAA, (b) Fe–IPA, (c) Fe–IBA (measured at
T = 80 K)
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FTIR and FT-Raman measurements

FTIR and Raman results confirm the above mentioned struc-
tural properties. The characteristic features of NH and COOH
groups of the IAA, IPA and IBA ligands can be distinguished
in FTIR and FT-Raman spectra (Fig. 5), as summarized in
Table 5. The very broad band with a maximum absorption
about 3000 cm−1 characteristic of carboxylic acids is due
to the associated OH···O stretching vibration of their dimers
(see Fig. 5A; this broad band is absent in the FT-Raman spec-
tra in Fig. 5B). On the top of these bands, the C–H stretching
features are superimposed. In all cases, there is a very strong
and intensive typical band at about 1700 cm−1 characteristic
of the C=O stretching vibrations of the carboxylic groups.
The typical weak bands on the low-frequency wings (under
500 cm−1; see Fig. 5A) are due to overtones and combina-
tions of O–H and C–O stretches of the COOH groups.

The bands collected in Table 6 were selected as “new”
bands in the spectra of the complexes, as compared to those
of free acids. Broad and medium intensity absorption bands
at about 3550 cm−1 were detected and assigned to stretching
vibrations of the OH groups bound to Fe(III).

Due to the complex formation, the NH stretching bands
are shifted only by 20–30 cm−1 in both directions (for Fe–
IAA, at 3415 cm−1 (shifted up); for Fe–IPA, at 3415 cm−1

(down) and for Fe–IBA, at 3415 cm−1 (up)), showing rather
a weak perturbation (see IPA and Fe–IPA spectra as an ex-
ample in Fig. 6; other spectra not shown). The changes may
be ascribed to the alterations of the system of H-bonds in
the crystalline solid acids (involving both the COOH and, to
some extent, N–H moieties) upon their coordination via the
carboxylic groups. Thus, most probably the nitrogen of the
indole moiety (with its lone electron pair strongly involved
in the aromatic system including the pyrrole ring) does not
contribute to the coordination of the IAA, IPA or IBA lig-
ands with iron(III) in the complexes and, in particular, is
not deprotonated upon complexation. The broad band about
3000 cm−1 and weak features around 2600 cm−1, as well
as the strong C=O stretching band at 1700 cm−1 character-
istic of the carboxylic group (see Fig. 5A and Table 5) are
totally absent in the FTIR spectra of the complexes. Instead,
several new bands around 1580, 1525, 1430, 675, 625 and
550 cm−1 were recorded suggesting the presence of biden-
tate carboxylic groups, as can be seen from the proposed
assignments in Table 6. The new bands assigned to wagging,
twisting and rocking modes of CH2 groups can be explained
by conformational changes in the structure of IAA, IPA and
IBA ligands when they become coordinated to the metal. The
new C–C stretching bands of alkyl chains around 950 cm−1

can also be assigned to the conformational changes in the
ligand structures occurring upon complexation.

Merely from the O–H stretching modes it is not possible
to assign what type(s) of OH groups exist in the complexes. It

is known that hydroxo complexes exhibit the M–OH bending
mode around 1100 cm−1 and M–O stretching modes within
the range 550–440 cm−1. Since the vibrational spectra of
these compounds are rather complex in the case of IPA and
IBA, a deuteration experiment was performed. The Fe–IPA
and Fe–IBA complexes had been exposed to D2O vapour for
several days, and the resulting FTIR spectra were compared
in detail with FTIR spectra of the respective samples that had
been similarly treated with H2O vapour (in the latter case,
their spectra were virtually identical to the original spectra
of the complexes).

In line with our expectation, there are two types of ex-
changeable protons in the complexes: one type in the NH
moiety, the other type being in the expected OH group. The
spectrum of the deuterated Fe–IBA complex in the high-
frequency range is presented in Fig. 7. The new bands can
be clearly seen around 2500 cm−1. The two spectra were
subtracted from each other, and in the Fe–OH bending re-
gion the difference spectrum was obtained (Fig. 8), with
the bands facing upward and characteristic of M–OD group
and the bands appearing in the opposite direction referring
to M–OH fragment(s). The two major features at 1093 and
912 cm−1 can be clearly assigned to FeOH and FeOD bend-
ing modes of bridging OH/OD groups, respectively. Note that
there is lack of infrared spectroscopic data in the literature
concerning hydroxy-bridged complexes of transition metals.
For instance, a copper(II) bipyridyl complex was shown to
exhibit a bridging OH bending mode at 955 cm−1, which
shifts to 710 cm−1 upon deuteration [26]. These reported
bands are in agreement with our experimental observations.

The so-called deuterium-sensitive NH and OH group vi-
brations are listed in Table 7. Besides the above discussed, a
Fe2OH bridged moiety should exhibit isotope effects of the
Fe–O stretching, Fe2OH out-of-plane bending and Fe–O–Fe
deformation modes. The strongest frequency shift was ob-
served for the band at 480 cm−1 which moved to 473 cm−1

upon deuteration (Fig. 9). This band can be assigned to
one of the Fe–O stretching modes of the Fe2OH moiety.
Note, for example, that some oxalate and bipyridyl com-
plexes of Fe(III), Cr(III) and Co(III), containing bridging OH
groups, exhibit vibrational bands around 500–540, 550–570
and 550–580 cm−1 for Fe(III), Cr(III) and Co(III), respec-
tively [26]. The other two couples of bands marked in Fig. 9
at 582/578 and 281/278 cm−1 can be attributed to the out-of-
plane bending mode of Fe2OH/Fe2OD and the deformational
mode of Fe–O–Fe moieties, respectively.

One of the most important features in vibrational spec-
troscopic characterisation of metal complexes is the obser-
vation and assignment of metal–ligand stretching modes. As
was described above, the stretching modes of the bridging
OH group can be assigned on the basis of adequate fre-
quency shifts due to deuteration (see Table 7). As for the
carboxyls, generally the metal–oxygen stretching bands of
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Table 4 Mössbauer
parameters for the complexes of
iron(III) with IAA, IPA and IBA
dissolved in acetone (0.1 M
relative to total Fe3+)

Spectral
Complex component δa (mm/s) �b (mm/s) �c (mm/s) Sr

d (%)

(a) No water added
Fe–IAA Fe3+ 0.517(4) 0.538(7) 0.60(1) 100.0
Fe–IPA Fe3+ 0.528(4) 0.659(7) 0.51(1) 100.0
Fe–IBA Fe3+ 0.527(7) 0.62(1) 0.43(2) 100.0

(b) Water added (2 v/v%)
Fe–IAA Fe3+ 0.498(8) 0.73(1) 0.65(2) 100.0
Fe–IPA Fe3+ 0.520(6) 0.82(1) 0.54(1) 100.0
Fe–IBA Fe3+ 0.512(8) 0.75(1) 0.52(2) 100.0

All measurements were performed at T = 80 K for solutions rapidly frozen in liquid nitrogen.
aIsomer shift (relative to α-Fe at room temperature).
bQuadrupole splitting.
cFull-line-width at half maximum.
dPartial resonant absorption areas of spectral components which represent relative contents of the correspond-
ing iron form assuming a common recoilless fraction for all forms.

bidentate carboxylate groups are expected to show up in
the far-infrared region, commonly within a spectral range
of 600–300 cm−1. For Fe–IBA, the new features (see the
dashed bands in Fig. 10) obtained in this region are bands
at 385, 347 and 324 cm−1 which are the best candidates for
Fe–O stretches of the carboxylic ligands. A single Raman

band was observed for Fe–IBA complex at 340 cm−1 (see
Table 6). The low-frequency bands (below 300 cm−1) can be
assigned presumably to skeletal deformation modes of the
complex. The same spectral range is shown for Fe–IPA in
Fig. 11.
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Fig. 4 Mössbauer spectra of 0.1 M acetone solutions of the complexes after adding 2 v/v% water to the samples: (a) Fe–IAA, (b) Fe–IPA, (c)
Fe–IBA (measured at T = 80 K)
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a)

b)

c)

A)
 

B) 

a)

b)

c)

Fig. 5 Infrared (A) and Raman
spectra (B) of indole-3-acetic
acid (a), indole-3-propionic acid
(b) and indole-3-butyric acid (c)
in the spectral range
4000–200 cm−1

Table 5 NH stretching and
− COOH group frequenciesa

(cm−1) obtained in the Fourier
transform infrared and Raman
spectra of solid indole-3-acetic
(IAA), -propionic (IPA) and
-butyric (IBA) acids

IAA IPA IBA
IR Raman IR Raman IR Raman Assignments

3390 vs 3387 vw 3444 vs 3441
vw

3395 vs 3393
vw

NH stretch

2736 w,b – 2655 w,b – 2689 w,b – Overtones and combinations of OH
deformations and C–O stretches of
–COOH group

2636
vw,b

– 2616 vw,b – 2632
vw,b

–

2539 w,b – 2535 vw,b – 2544 vw –
1700 vs – 1700 vs – 1696 vs – C=O stretch
1305 m 1306 vw 1289 s 1283 m 1280 m – C–O stretch
1208 m – 1208 m – 1210 m – OH in plane bend
– 904 w – 921 m – 930 m,b OH out of plane bend
684 w 674 w 672 w 665 w 672 w – C=O in plane def
601 w – – – – – COO waging
518 w,b – 469 m 470 vw 502 m,b 500 vw COO rocking

aBand notations: b, broad; s,
strong; vs, very strong; m,
medium; w, weak; vw, very
weak.
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Table 6 Selected infrared and
Raman frequenciesa (cm−1) of
the complexes different from the
free ligand bands

FeIAA FeIPA FeIBA
IR Raman IR Raman IR Raman Assignments

≈3530 mb ≈3550 m,b 3560 m,b OH stretch
3415 s 3415s,b 3415 s NH stretch
1590 vs 1597 vw 1586 vs 1584 vs COO asymmetric stretch
1531 m,sh 1525 s 1523 s
1430 vs (1426 vs)b 1440 s 1421 s COO symmetric stretch

(1336 m)b 1312 w 1318 w,sh CH2 wagging
1282 w,m 1280 w,b 1281 vw

1223 m 1225 w 1226 w 1205 w
1150 w 1168 w 1167 w 1170 w 1158 vw CH2 twisting

1062 w 1070 w 1092 vw, sh FeOH deformations
1027 w

988 vw CC stretch
945 w,b 948 w

889 w
815 w 796 w, str CH2 rocking

761 s
708 w 713 w

669 w,b 688 w COO scissoring
637 w 607 w,b 622 vw COO wagging

562 w (546 w) b 555 w 558 w COO rocking
526 m

458 m 460 m 480 vw Fe–OH stretch
399 s 403 w Fe–O stretches

395 m 385 m
387 w

359 w
347 w

340 vw
325 m 324 w, sh
316 m,sh 314 w

285 w 279 w Skeletal deformations
228 m 227 m 223 m

206 m
185 vw, b

aBand notations: b, broad; s,
strong; vs, very strong; m,
medium; w, weak; vw, very
weak; sh, shoulder.
bBands overlapping with the
ligand modes.

a)

b)

Fig. 6 Infrared spectra of free
IPA (a) and the Fe–IPA complex
(b) in the range of OH, NH and
CH stretching regions
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a)

b)

Fig. 7 Infrared spectra of the
deuterated sample of the
Fe–IBA complex (a) and the
original nondeuterated sample
(b)

11
3

9

1
11

9

10
93

91
2

8
50

11
4

1

1
12

0

1
09

4

10
6

9

9
11

8
51

1150 1100 1050 1000 950 900 850 800

(b)

(a)

Wavenumber (cm-1)

A
bs

or
ba

nc
e

1
0

68

Fig. 8 Spectral difference between deuterated iron complexes (upward
bands) and nondeuterated sample (downward bands) in the region of
FeOH/FeOD deformational vibrations. (a) (Fe–IPA complex + D2O

vapour) − (Fe–IPA complex + H2O vapour); (b) (Fe–IBA complex
+ D2O vapour) − (Fe–IBA complex + H2O vapour)

Infrared spectra of the Fe–IPA and Fe–IBA complexes
in D6-acetone were also recorded, and selected bands are
presented in Table 8. Stretching frequencies of OH and
NH groups were observed at almost the same positions
as for the solid samples. Extra features, such as medium-
intensity broad bands, were observed around 2520 and
2490 cm−1 characteristic of uncomplexed COOH groups.
These bands had not been observed in the IR or Ra-
man spectra of the solid complexes and can be attributed
to the ligand exchange due to water traces, as discussed
above.

Because of the strong overlap with the corresponding
(CD3)2CO absorption, the very strong C=O stretching mode
of the –COOH group at 1700 cm−1 could not be observed.
The existence of the –COOH group and the rather high fre-
quency of the Fe–O stretching modes around 430 cm−1 (see
Table 8) indicate that in solution the structure of the co-
ordination sphere of iron in the complexes undergo some
changes, as compared to that established for solid samples.
These results are in agreement with the Mössbauer data (see
above).
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Table 7 Selected FTIR bandsa

of Fe–IPA and Fe–IBA
complexes shifted due to D2O
exposure

Fe–IPA + Fe–IPA + Fe–IBA + Fe–IBA +
H2Ob D2Ob H2Ob D2Ob Assignments

3606 w 2693 vw 3613 w 2696 w OH/OD stretch
3552 w 2566 w, sh 3554 w 2613 w
3412 s 2539 s 3410 s 2538 s NH/ND stretch
3340 m, b, sh 2471 w, sh 3331 m, b, sh 2489 m, b, sh OH/OD stretches

of strongly
H-bonded
groups or
overtones of
NH/ND deform

2415 w, b 2399 w, b, sh
3117 w, b 2365 w, b 3114 w, b 2377 w, b

2260 w, sh
1582 w c 1237 m 1581 w c 1237 m NH/ND in-plane

deformations
1225 w 1141 w 1226 w 1139 w CN stretch (ring)
1094 w 911 w, m 1093 m 912 w, m OH / OD

in-plane
deformations

1069 w 851 w, m 1068 vw 850 w, m

585 m 571 m 582 m 578 m OH out-of-plane
deformations

471 w 446 m 480 m 473 m FeO stretch

228 w 210 vw, sh 233 vw 228 w FeOFe deform

aBand notations: b, broad; s,
strong; vs, very strong; m,
medium; w, weak; vw, very
weak; sh, shoulder.
bAll bands were obtained as the
differences of [complex +
H2O(vapour)] – [complex +
D2O(vapour)].
cStrong overlapping with the
H–O–H deformational band of
adsorbed H2O.
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Fig. 9 Far-infrared spectra of the Fe–IBA complex (a) and the corresponding deuterated Fe–IBA sample (b). The strongest frequency shifts are
marked with solid lines

Solution X-Ray diffraction study

Method of Structural Analysis

The observed structure functions kh(k) and pair correlation
functions g(r) are shown in Fig. 12. As a first step, a visual

evaluation and a preliminary semi-quantitative analysis was
performed. Further on, the observed data were analysed by
geometrical model constructions and fitting the model struc-
ture functions to the corresponding experimental ones by
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Fig. 10 Far-infrared spectra of the Fe–IBA complex (a) and free IBA (b). The new bands appearing in the complex are marked with shaded
maxima
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Fig. 11 Far-infrared spectra of the Fe–IPA complex (upper spectrum) and free IPA (lower spectrum). The new bands appearing in the complex
are marked with shaded maxima

the non-linear least-squares method. The quality of fit was
monitored through the Sres factor as

Sres =
kmax∑

kmin

k2[h(k)exp − h(k)calc]
2
. (3)

The theoretical intensities h(k)calc were calculated using the
formulae

hcalc(k) = hd (k) − hc(k); (4)

cαβ (k) = (2 − δαβ)xαxβ fα fβ
M(k)

; (5)
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Table 8 Selected FTIR bandsa of Fe–IPA and Fe–IBA complexes
dissolved in D6-acetone

Fe–IPA Fe–IBA Assignment

3591 m, b 3595 m OH stretch
3545 m, b 3550 m, sh
3415 m, sh 3415 m, sh NH stretch
3392 vs 3379 vs
3339 m, sh 3340 m, sh
2617 w 2617 w, sh Overtones and

combinations of OH
deformations and
C–O stretches of
–COOH group

2585 w 2578 w, sh
2524 m 2523 m
2493 m 2493 m
2406 w, b 2412 w, sh
891 w 892 w C–C stretch and CH2

rocking
884 w
817 w, b 812 w, b
598 w, b 615 w, b COO rocking
427 m 426 m Fe–O stretch
233 vw, b 233 vw, b Skeletal def. (OFeO)

aBand notations: b, broad; s, strong; vs, very strong; m, medium; w,
weak; vw, very weak; sh, shoulder.

hd (k) =
∑

αβ

cαβ(k)
nαβ

xβ

sin(krαβ)

krαβ

exp

(

−σ 2
αβ

2
k2

)

; (6)

hc(k) =
∑

αβ

4πρ0cαβ(k)
k Rαβ cos(k Rαβ) − sin(k Rαβ)

k3

exp

(

−�2
αβ

2
k2

)

, (7)

where cαβ means k-dependent weights of different scatter-
ing contributions; α, β refer to scattering centres of different
chemical types; δαβ is the Kronecker constant with values
δαβ = 1 if α =β and δαβ = 0 if α �= β. The first term hd(k)
(discrete part) represents the short-range interactions charac-
terised by the interatomic distance rαβ , the root mean square
deviation σαβ and the coordination number nαβ . The second
term hc(k) (continuum part) accounts for the uniform distri-
bution of β type particles around α types beyond a given
distance; Rαβ and �αβ define the related boundary of the uni-
form distribution of α, β type distances and their root mean
square deviation, respectively. Consequently, one contribu-
tion for each type of interaction was involved in hd(k) and
hc(k) functions (Eqs. (6) and (7)), as shown in Table 9.

A visual inspection of the radial distribution functions
indicated that they are rather composite, and no peaks, not

Table 9 Structural parameters for [Fe2(OH)2(IA)4] (where IA is
indole-3-acetate) dissolved in methanol (with the estimated errors in
the last digits)

Complex
Bond r (A

◦
) n l

Fe–O 2.00 (0.01) 5 (0.01) 0.10
Fe–Fe 3.01 (0.01) 1 (0.01) 0.20
Fe–C1 2.9 (0.02) 2 (0.05) 0.2
Fe–C2 3.96 (0.05) 3.8 (0.5) 0.25
Fe–C3 4.64 (0.05) 3.4 (0.5) 0.35
Fe–C4 5.00 6 0.35
O–Oa 2.50 (0.03) 1 (0.02) 0.10
O–Ob 2.83 (0.02) 2.8 (0.05) 0.10
C–C1 4.75 2 0.25
C–C2 5.20 2 0.30
Solvent
O–O 2.85 (0.05) 1.6 (0.5) 0.17
C–O 3.46 (0.05) 2.8 (0.5) 0.25
C–C 4.61(0.05) 4.6 (0.5) 0.40
Complex–solvent
C–O 3.58 (0.08) 2 0.30

The distances (r) and the mean square deviations (σ ) are given in A
◦
.

Parameters without estimated errors were derived from the model and
kept constant.
aHydroxo-bridge.
bAround Fe atom.

even the main peak, can be uniquely assigned to a certain
kind of interactions. The first peak is centred around 1.45 A

◦
,

the second one around 2 A
◦
. As can be seen in Fig. 13, more

than one interaction gives rise to these peaks. In order to
give a quantitative description of the structure (i.e., to derive
the structural parameters, the coordination numbers, mean
interatomic distances and their root mean square deviations,
at least for the contributions of the predominant interactions),
the construction and fitting of extensive structural models
were necessary.

Fig. 12 Structure functions h(k) multiplied by k for [Fe2(OH)2(IA)4]
(where IA represents indole-3-acetate) in methanol solution. The ex-
perimental values are given by points, and the theoretical values by
solid lines
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Fig. 13 Pair correlation functions g(r) and intramolecular contribu-
tions for [Fe2(OH)2(IA)4] (where IA represents indole-3-acetate) in
methanol solution. Open circles: total pair correlation function; circles:
intramolecular contribution from the ligand; open downward triangles:
intramolecular contribution from the solvent; solid line: difference pair
correlation

The fitting strategy was the following. At the begin-
ning, the “rough” structure of the complex was fixed by
inputting the structural parameters obtained from the pre-
liminary single-crystal study of the ligand [27]. The param-
eters of the discrete structure were kept constant and those
for the continuum were adjusted. Then the complex–solvent
and solvent–solvent interactions were included in the fit-
ting procedure. The refinement extended over the k range
0.2 ≤ k ≤ 15.3 A

◦−1. In the next step, all coordination num-
bers were kept constant, whereas distances and root mean
square deviations were adjusted. Next, most of the coordina-
tion numbers were allowed to vary. This process was repeated
alternately several times until the minimum Sres factor had
been reached. Finally an overall check was run, letting all
parameters vary, covering the entire k range. As can be seen,
the data evaluation procedure did not comprise any geomet-
rical constraint between the distance parameters computed
by any assumed regular symmetry. The models suggested
were built up on the basis of parameters obtained from the
fitting procedure.

Results of the solution X-Ray diffraction measurements

As mentioned above, the experimental and theoretical X-ray
structure functions obtained are shown in Fig. 12; the g(r)
functions are shown in Figs. 13 and 14.

The following intramolecular contributions give rise to
the first peak centred around 1.45 A

◦
: intramolecular contri-

butions from methanol, C–O, C–H, O–H; from the ligand,
C–O, C–N, C–H, O–H. All these intramolecular interactions
are shown in Fig. 13. These interactions contribute obviously
to the next peak, at 2 A

◦
, too. After subtracting the above in-

tramolecular contributions from the total partial correlation
function of the solution, the difference partial correlation
function was obtained, as shown in Fig. 14. With this op-

r/Å

Fig. 14 Difference pair correlation functions g(r) and intramolecu-
lar contributions for [Fe2(OH)2(IA)4] (where IA represents indole-3-
acetate) in methanol solution. Points: experimental values; solid line:
theoretical (fitted) values

eration, the evaluation of the peak at 2 A
◦

becomes more
obvious. For this peak, the Fe–O interaction is responsible.
A shoulder can be observed at 2.9 A

◦
; there appear the O–O

interactions from the solvent and the complex, further on the
Fe–C and Fe–Fe interactions. A rather complex main peak
can be observed around 3.5 A

◦
. This peak can be assigned to

two types of C–O interactions, first between the methanol
molecules, second between the carbon atom of the complex
and oxygen atom of the surrounding methanol molecules.
Another broad peak appears in the range 4–6 A

◦
. Carbon–

carbon interactions from the complex and from the solvation
shell around the complex are responsible for these peaks,
which are difficult to resolve because of their complexity,
and therefore a model analysis can only tentatively reveal
the major contributions to them.

The structural parameters, obtained from the least-squares
fit of the structure functions kh(k) shown in Fig. 12, are given
in Table 9. An examination of the weights of the contribu-
tions to the structure function shows that the ion–ion type
interactions are negligible compared to the others.

Accordingly, in hd(k) and hc(k) functions (Eqs. (6) and
(7)) only one contribution for each type of interaction, listed
in Table 9, was included. The fitting procedure resulted in
2.00 ± 0.01 A

◦
for the Fe–O distance. The Fe–Fe distance

was found to be 3.01 A
◦
. The average Fe–O coordination

number is 5 ± 0.01; O–O, corresponding to the hydroxo-
bridge and Fe–Fe coordination numbers are 1. These data
can be interpreted with a structure represented in Fig. 15.
Each iron atom is surrounded by six oxygen atoms as fol-
lows: four from two deprotonated IAA ligands and two from
the dihydroxo-bridge linking the two iron atoms. This con-
figuration is also supported by the values of distances found
for the O–O interaction around the iron atom (2.83 A

◦
), Fe–C

and C–C interactions obtained.
The O–O interaction in the solvent gives the value around

2.85 A
◦

, while the O–O coordination number sums up to
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Fig. 15 Schematic
ball-and-stick representation of
the [Fe2(OH)2(IA)4] complex
(IA represents indole-3-acetate)

1.6 ± 0.5. For comparison, it is worth noting that in pure liq-
uid methanol the corresponding O–O distance was reported
[28] to be around 2.80 A

◦
and the coordination number about

1.8. The complex is surrounded by methanol molecules, thus
forming an additional second shell around the central iron
ions. About two methanol molecules are located at a distance
of 3.58 A

◦
from each carbon atom of the ligand.
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