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Abstract

The interaction of iron (III) with pipemidic acid, Hpipem, afforded the complex [Fe (pipem) (HO)2 (H2O)]2. The new complex has been

characterised by elemental analyses, infra-red, EPR and XPS spectroscopies. The monoanion, pipem, exhibits O, O ligation through the

carbonyl and carboxylato oxygen atoms. Six coordinate dimer distorted octahedral configuration has been proposed for [Fe (pipem)

(HO)2 (H2O)]2.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Pipemidic acid (PPA-i.e., 8-methyl-5,8-dihydro-5-oxo-2-
(1-piperazinyl)-pyrido[2,3-d]pyrimidine-6-carboxylic acid,
Hpipem. 3H2O) is a quinolone derivative with the
molecular structure shown in Fig. 1 [1]. It is well known
for its antibacterial activity via inhibition of the synthesis
of deoxyribonucleic acid (DNA). PPA is used in the
treatment of urinary-tract infections [2].

Iron is an essential trace element for many biological
functions, such as oxygen transport (through the haemo-
globin); the synthesis of DNA, RNA and proteins; electron
transport; cellular respiration; cell proliferation and
differentiation; regulation of gene expression. It serves as
a catalytic component in many enzymes [3].

Interactions of iron and others metalloelements with
drugs administered for therapeutic purposes are a subject
of considerable interest [2–5]. It is known, that some drugs
work by chelation or inhibiting the activity of metalloen-
zymes. Therefore, metal ions might play a vital role during
front matter r 2006 Elsevier Ltd. All rights reserved.
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the biological process of drug utilisation in the body [2].
Yang et al studied complexes of PPA with some rare earth
metals. The results suggested that metal ion coordination
might be involved in the antibacterial activity of PPA [2].
Synthesis and characterisation of copper and manganese
complexes of pipemidic acid have been referred [6].
In the present paper we report the EPR and XPS

spectroscopic study of novel iron (III) complex of PPA.
The analysis of electronic and magnetic properties is
important to establish the structure of the active compo-
nents of the pharmaceutical preparations.
2. Experimental procedure

2.1. General considerations

The reagents (Aldrich, Merck) were used as supplied,
while the solvents were purified according to standard
procedures. Pipemidic acid was a gift from Farmaceutici
Damor S.p.A. C, H and N analyses were carried out by the
microanalytical service of the University of Ioannina.
Melting points were determined in open capillaries and
are uncorrected. Infra-red and far-infra-red spectra
were recorded on a Nicolet 55XC Fourier transform
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Fig. 1. The zwitterionic form of Hpipem *3H2O [1].

Fig. 2. X-ray powder diffraction pattern of the Fe (III)–pipemidic acid

complex.
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spectrophotometer using KBr pellets (4000–400 cm�1) and
nujol mulls dispersed between polyethylene discs
(400–40 cm�1). UV spectra were acquired with a JASCO
V-570 spectrophotometer UV/VIS/NIR. The X-ray pow-
der diffraction (XRD) analysis was carried out with the use
of Siemens D5000 diffraction equipment. The filtered
CuKa radiation was selected and the scans were recorded
in a (5–1001), 2y range.

2.2. Synthesis of [Fe (pipem) (HO)2 (H2O)]2

Complex A: a solution of FeCl3 (0.0812 g, 0.5mmol) in
methanol (5ml) was added to a solution of pipemidic acid
(0.3030 g, 1mmol) in methanol (10ml). Drops of triethy-
lamine (N(eth)3) were added till the apparent pH value was
�7. The reaction mixture was stirred at room temperature
for 2 h and cooled to 5 1C in a refrigerator for 4 h. The
yellow powder was collected by filtration, washed with cold
methanol and diethyl ether and dried in vacuo to afford [Fe
(pipem) (HO)2 (H2O)]2. Anal. Calc. for C24H20FeN5O6: C,
41.00; H, 4.91; N, 17.08; Found: C, 41.23; H, 5.00; N,
16.80%. IR (KBr, cm�1): v (OH), 3418 (br s); v (NH), 2974
(m), v (CH), 2818 (m); v (CH2), 2720 (m); v (CQO), 1627
(s, br); vasym (COO), 1609; vsym (COO), 1362 (s); v (CQN),
1531 (ms); v (Fe–O–Fe), 620 (ms); v (F2OH2O), 389 (s); v

(Fe–OcQo), 319 (ms); v (Fe–Ooco), 303 (m). UV–Vis (H2O)
l/nm (e/lit mol�1 cm�1) 329 (12,000), 266 (46,000).

Attempts to synthesise the Fe (II) complex of pipemidic
acid, under nitrogen, were unsuccessful. During synthetic
process an oxidation takes place and instead of Fe (II), the
same complex is obtained.

The compound studied in this work was used in the form
of solid sample. The crystalline structure was investigated
by powder X-ray diffraction. The X-ray diffraction pattern
of Fe (III)–PPA complex in Fig. 2 indicates that this
compound is poorly crystallised. EPR, IR, UV-Vis. and
XPS spectroscopies have proved to be a powerful tool for
identifying the coordination site, the oxidation and spin
states of paramagnetic elements and the local order around
the central metal ion.
2.3. Methods

The EPR spectra were recorded on Radiopan SE/X
spectrometer with TE102 rectangular cavity and 100 kHz
field modulation, equipped with an Oxford Instruments
ESR 910 helium flow cryostat. The microwave frequency
was measured using Hewlett Packard 534 microwave
frequency counter and the magnetic field strength was
monitored by a NMR teslameter. The temperature
dependence measurements were performed in the tempera-
ture range from 3 to 300K. The EPR parameters were
confirmed by simulation using Bruker-Symphonia software
package.
The XPS spectra were obtained using a PHI 5700/660

Physical Electronics Photoelectron Spectrometer with
monochromatized Al Ka X-ray radiation (1486.6 eV). The
XPS spectra were calibrated using the Au 4f7/2 signal from
an Au-foil whose binding energy is 84 eV. The pass energy
value used for the high-resolution spectra acquisition
together with the full-width at half-maximum height
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(FWHM) obtained on a metallic sputtered Ag were 11.75
and 0.63 eV, respectively. So, the resolution value is around
0.7 eV. The compounds in powder form were mounted
onto standard sample holder by means of double-sided
adhesive carbon disc. The measurements were performed
from a surface area of 800� 2000 mm under UHV
conditions, 10�8 Pa. In every case the neutraliser was used
due to a charge effect that occurs for non-conducting
samples. The binding energy was determined by reference
to the C1s component from hydrocarbons at 284.5 eV [7].
The peak shapes were fitted after Shirley background
subtraction, using the Gaussian–Lorenzian function.

3.Results. and discussion

3.1. IR spectra

The IR spectra of Hpipem.3H2O do not have a v

(CQO) absorption according to the crystal structure of
Hpipem, where the carboxylic group is deprotonated and
the molecule exists in zwitterionic form [1]. It is known that
ionic carboxylates [4] show no carbonyl stretching at about
1700 cm�1, but have two characteristic bands in the range
of 1650–1510 cm�1 and 1400–1280 cm�1 that could be
assigned as vasym and vsym (COO) stretching vibrations. As
the carboxyl hydrogen is more acidic than the amino
hydrogen the deprotonation occurs in the carboxylic
group. This is confirmed by the IR spectra of the
complexes, showing the characteristic bands for the
secondary amino groups and for the coordinated carbox-
ylato group. The IR of Hpipem.3H2O and [Fe (pipem)
Fig. 3. The EPR spectra of solid ferric–PPA complex at a room temperature an
(HO)2 (H2O)]2 gave band at 3021, 2960 and 2974 and
2934 cm�1, respectively attributable to intra- or intermole-
cular NH–O hydrogen bonds. A broad absorption at
�3400 cm�1 in the spectra of the complexes was attributed
to the presence of coordinated water [8]. The vasym (COO)
and vsym (COO) bands appear at 1609 and at 1362 cm�1,
respectively. The difference, D[vasym (COO)-vsym (COO)]
between these frequencies is 247. This value is consistent
with monodentate coordination of the carboxylato group
[9]. The non-ligand band at 620 for [Fe (pipem) (HO)2
(H2O)]2 is assigned to v (Fe–O–Fe) mode. The non-ligand
bands at 391, 319 and 277 cm�1 are tentatively assigned to
v (F2OH2O), v (Fe–OcQo) and v (Fe–Ooco) modes,
respectively [2]. These data indicate coordination through
the oxygen atoms of the carboxylato group, carbonyl
group and water molecule and no interaction between the
endocyclic nitrogens (CQN) and metal ions.

3.2. EPR studies

Fig. 3 shows the EPR spectrum of Fe (III)–PPA complex
recorded at a room temperature. There are some char-
acteristic features, which imply the presence of more then
one type of paramagnetic species in the sample. The
observed spectrum is attributed to a combination of
isolated paramagnetic ions in different environments and
magnetically coupled Fe3+ ions.
A characteristic feature of the spectrum is the dominat-

ing absorption at geff ¼ 4.3. This absorption is, as a rule,
observed in Fe3+-doped disordered media [10–12] and it is
generally assigned to Fe3+ in a weak crystal field
d at T ¼ 3K. The insert shows the low-field HS peaks and their simulation.
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Fig. 4. The temperature evolution of the experimental EPR derivative

spectra for the Fe (III)–PPA complex.
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environment. In this system, the 6A1 ground state is split
into three Kramers doublets due to spin-orbit mixing with
excited states. These doublets are split by an applied
magnetic field and the near isotropic g-factor of 4.3 is
assigned to a transition within one of them [11]. Many
authors [13] have discussed the matter from different points
of view. Kliava [10] analysed the EPR spectra of glasses on
the basis of a spin- Hamiltonian equivalent to

H ¼ gmBBSþD S2
z � 35=12

� �
þ 1=2E S2

þ � S2
�

� �
(1)

with S ¼ 5/2 and g ¼ 2. Here D and E are the axial and
rhombic fs parameters. This Hamiltonian contains no
quartic crystal field terms. An isotropic g of 30/7 from a
high-spin (HS) d5 ion in a site of rhombic symmetry can
only appear if the symmetry is completely rhombic
(l ¼ E/D ¼ 1/3), making quartic crystal field terms are
insignificant. Such interpretation was supported also by
successful simulation of the spectra [14,15].

Less pronounced absorption in the EPR spectra of Fe
(III)–PPA complex is observable at geff ¼ 6.7. The case
l ¼ 0, D 6¼0, corresponds to purely axial symmetry of the
environment of the paramagnetic ions. This circumstance
leads to highly anisotropic g-factor (gkeff ¼ 2; g?eff ¼ 6),
which was found for many high-spin ferric heme proteins
[16,17]. Additionally, Fe3+ spectra in phosphate and
borate glasses in which an additional absorption was
observed in low magnetic field have been simulated using a
fine-structure Gaussian distribution density by Yahiaoui et
al. [14]. The agreement between the experimental and
computer-simulated spectra suggests the existence, besides
orthorhombic symmetry sites (with l ¼ 1/3), of a consider-
able number of Fe3+ sites with axial or weakly rhombic
distortions (lp0.08). In this context, we think that features
A and B (see Fig. 3) in EPR spectrum of Fe (III)–PPA
complex are due to magnetically isolated HS Fe3+ ions in:
(i) a completely rhombic and (ii) weakly rhombic environ-
ment, respectively. The insert in Fig. 3 shows the low-field
peaks and simulation which was carried out using
Hamiltonian (1) with the following parameters:
D ¼ 0.5072T and E ¼ 0.2050T and software package used
for studying polycrystalline powder.

The X-band spectrum of Fe (III)–PPA exhibits also
resonance with geff ¼ 3.4 (denoted as C—see Fig. 3).
Golding et al. [13] considered a more general spin-
Hamiltonian, in comparison with Eq. (1), with fourth-
order terms for HS d5 ions (Eq. (1) in [13]). They presented
formulas for the energies and principal g-values, when the
symmetry is tetragonal (E ¼ 0) and a 6¼0 and F6¼0. The
conditions given by Golding are

g ¼ 3:3 for 3Dþ 3aþ F ¼ 0; E ¼ 0

and 3Dþ F ¼ 0; E ¼ 0

and are fulfilled when the predominance of quartic fine-
structure parameters in comparison with Zeeman term
takes place. However, it is not observed in experiments (see
discussion in [14]). Therefore, we explain the C feature in
EPR spectrum of Fe (III)–PPA complex as assigned to
Fe3+ in a strong crystal field environment. These low-spin
(LS) ferric centres have been found in a number of heme
proteins and small-molecule ferric porphyrin complexes
[18–21] and are characterised by ‘‘large gmax’’ EPR spectra
with gX3.3. This EPR spectral feature has been associated
with ‘‘highly anisotropic low-spin (HALS)’’ species [20]
and their presence is connected with the change of type and
orientation of axial ligands. The observed intensity of this
spectral feature is very temperature dependant what is
shown in Fig. 4.
The broad line (denoted as D in Fig. 3) characterised

with geff ¼ 2 demonstrates that a fraction of the ferric ions
in the sample is aggregated, i.e. the dipole–dipole and the
exchange interactions between ferric ions are present. The
magnetic properties of Fe (III)–pipem complex are
represented in the form of the spin susceptibility versus T

curves. In Fig. 5a, temperature evolution of EPR intensity,
calculated as double integration of the spectrum of ferric
complex is shown. The temperature dependence of the
corresponding inverse intensity is illustrated in Fig. 5b.
Additionally, in Fig. 5c and d, the intensity of components
A and D (estimated as the product of peak-to-peak height
and square of its width: P ¼ Ipp(DBpp)

2), is reported. This
behaviour can be explained as follows: the dependence of
inverse spin susceptibility in the range 3KpTp300K is
not linear as expected for a well-behaved paramagnet. With
decreasing temperature the intensity of signal C decreases
as well. It is known that the ferric ion in several materials
[17,22,23] exhibits a thermally induced change of spin-
state. The temperature dependence of the intensity of the
geff ¼ 4.3 line follows the Curie law, which means the
absence of the exchange interaction between ferric ions
contributing to A line. At the same time, it was established
that the intensity of geff ¼ 2.0 component follows the
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Fig. 5. The temperature evolution of EPR intensity for Fe (III)–PPA complex: (a) the plot of spin susceptibility vs. temperature calculated as double

integration of the spectrum; (b) the temperature dependence of the corresponding inverse spin susceptibility; (c) and (d) the temperature dependence of the

intensity of components A and D, respectively (estimated as the product of peak-to-peak height and square of its width: P ¼ Ipp(DBpp)
2). The solid line in

(c) is calculated using Curie–Weiss law.
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Curie–Weiss law with relatively weak exchange interac-
tions. The small increase of this line at T4100K can be
explained by the growth of the population of the levels of
the spin multiplets at the high temperatures.

Concluding, the EPR investigations demonstrate that
there are ferric ions in the Fe (III)–PPA complex in the
different environments. The most of the paramagnetic
centres, HS–Fe3+, are located in the site of completely
rhombic symmetry (line A). Besides, we observed the
presence of HS ferric species in tetragonal local symmetry
with the rhombic distortion (line B) and the LS ferric
species in the rhombic symmetry (line C). It is also
observed, that a fraction of the iron is aggregated (line D).

A number of the investigations by EPR technique of
biologically important ferric complexes [18–21] show that
Fe (III) may be characterised either as HS or LS states
depending on the nature of the axial ligands. Besides, the
characteristic features of disordered solids are distribution
of the short-range order parameters, namely bond lengths
and bond angles. For the confirmation of the proposition
that iron (III) ions exhibit distorted octahedral configura-
tion with the carbonyl and carboxylato oxygen atoms of
the pipem and with oxygen atom of water molecule
occupying the apical position, the XPS studies of
investigated complex were carried out.
3.3. XPS studies

The XPS measurements were based on the 2p lines for
iron and O1s, C1s, N1s lines in PPA and Fe–PPA complex.
The spectra of these regions are shown in Figs. 7–11. The
corresponding binding energy values are listed in Table 1.
Fig. 6 represents the XPS survey spectrum of the Fe

(III)–PPA complex and clearly shows the presence of the
chlorine atoms in the sample. We obtain the high-
resolution spectrum of Cl2p signal with energy position
at 198.5 eV. This value is characteristic for chlorine ions in
FeCl3 [24] Because of the chemical analysis excluded the
presence of chlorine in the complex, we believe that Cl2p
signal arises from residue of reagent. The Si2p signal visible
in survey scan is descended from pipemidic acid.



ARTICLE IN PRESS

Table 1

Core-level binding energies (eV) of N1s, C1s, O1s and Fe2p

Compound N1s C1s O1s Fe2p

C–N+H2–C CQN–C N(–C)3 C/H C/N C/O 2p3/2* 2p1/2*

CQO C–O H2O

PPA BE 398.1 399.7 401.2 284.5 286.2 288.6 531.0 532.2 533.4 — —

FWHM 2.3 2.3 2.3 3.0 2.6 2.6 2.3 1.9 2.1

% areaa 20.0 40.0 40.0 23.0 61.5 15.4 50.0 25.0 25.0

% areab 19.6 41.0 39.3 21.4 64.2 14.3 45.7 26.7 27.6

CQO CQO OH C–O H2O

(b) (b)

Fe(III)PPA BE 399.0 400.0 401.5 284.5 286.2 288.6 530.1 531.2 532.0 532.5 533.8 711 724.8

FWHM 2.3 2.3 2.3 2.5 2.3 2.3 1.8 1.8 1.8 1.8 1.8

% areac 20.0 40.0 40.0 23.0 61.5 15.4 16.7 16.7 33.3 16.7 16.7

% areab 19.5 41.6 39.0 20.0 65.1 14.8 16.7 16.7 33.3 16.7 16.7

BE—binding energy; FWHM—full-width at half-maximum; (b)—bonded; *—maximal component.
aCalculated from molecular formula.
bCalculated from fitting of experimental signal.
cCalculated from proposed of molecular formula of Fe–PPA complex.

Fig. 6. The XPS survey spectrum of Fe (III)–PPA complex.
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The Fe peak has complex structure (see Fig. 7) and this
feature indicates that it is a composition of several
contributions. One of the useful features of XPS spectro-
scopy is the shift in binding energy (BE) of core electrons of
atoms in different chemical environments. These chemical
shifts are associated with the effective charge on the atom
from which the photoelectron originates. The BEs of
several transition metal complexes have been reported by
Feltham and Brant [25]. The results of these studies are
that the metal BEs generally increase with the oxidation
state of the metal and with the electron-withdrawing power
of the ligand. Approximate values of BE for the transition
metal in any complex, when the oxidation state of the
central metal is constant and the coordination sphere
differs, Feltham and Brant described as the following
empirical rule:

MBEðeVÞ ¼
X

ligand

DM þN þM 0ð0Þ,

where the first term is the summation over all ligand group
shifts, N is the metal oxidation state and M0(0) is the
‘‘bare’’ (uncharged and unligated) metal BE.
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Fig. 7. The observed XPS spectrum of Fe2p for Fe (III)–PPA complex.

Fig. 8. The comparison of XPS VB of PPA and Fe (III)–PPA complex.

Fig. 9. The observed and deconvoluted XPS spectra of N1s for PPA and

Fe (III)–PPA complex.
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The empirically derived values for the ligand group shifts
fall into two categories: negative value for s-donor ligands
(for example: for Cl: �0.5 eV) and positive shifts for p-
acceptor ligands (for example: for C–O: +0.6 eV). Gen-
erally, these empirically derived values of the group shifts
have a linear correlation with ligand electronegativity. In
accordance with Fig. 7, the values of BE in maximum of
Fe2p3/2 and Fe2p1/2 signals are typical for Fe (III).
However, the shape of spectrum is the envelope of some
components corresponding to different surroundings of
iron and this result confirmed our conclusions from EPR
investigations. Veal and Paulikas [26] showed the systema-
tic dependence of energy separation between main line and
satellites in XPS spectra of cation 2p3/2 levels versus ligand
electronegativity (Pauling scale). In comparison with
this data it was confirmed that iron cations are ligated
to oxygen neighbours (energy separation is 8.4 eV in our
case) [27].
The experimental valence-band spectra of PPA and Fe

(III)–PPA complex are shown in Fig. 8. The sharp peak at
the valence-band edge corresponds to excitation from the
3d level of the ferric ion. The satellite feature on the high
binding energy side is very broad. This observation is clear
in the light of calculations of theoretical valence-band of
Fe2O3, which was done by Fujimori et al. [28]. These
authors, using configuration-interaction theory based on a
FeO6-cluster model, explained VB structure as the multi-
plet structure of the mixed d4, d5L and d6L2 configurations.
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In Table 1, the core-level binding energies, FWHM and
peak areas for pipemidic acid and its Fe (III) complex
are shown. The XPS spectrum of N1s (Fig. 9) was
deconvoluted into three components corresponding to
three kinds of nitrogen in free ligand. The first one at
binding energy 401.2 eV can be attributed to N(–C)3
bonding, second one at 399.7 eV to CQN–C bonding
and third one at 398.1 eV to C–N+H2–C bonding [29,30].
The binding energy values change around 0.3 eV for the
complex. This is indication that nitrogen is not directly
bound to the metal ion. The greater chemical shift of last
component is attributed to NHyO hydrogen bonds as
results from IR studies.

In Fig. 10, the C1s spectra of PPA and Fe (III)–PPA are
shown. The C1s signal was fitted to three components with
the following contents: 21.4%, 64.2% and 14.3% corre-
sponding to different surroundings of carbon. The main
maximum has binding energy of 286.2 eV and corresponds
to carbon in C–N group. The second and the third maxima
(E1

bC1s ¼ 284.5 eV, E3
bC1s ¼ 288.6 eV) correspond to hy-

drocarbon and carbon connected with oxygen atoms,
respectively [29]. These values are the same for free ligand
and the complex.
Fig. 10. The observed and deconvoluted XPS spectra of C1s for PPA and

Fe (III)–PPA complex.

Fig. 11. The observed and deconvoluted XPS spectra of O1s for PPA and

Fe (III)–PPA complex.
The XPS spectrum of O1s of PPA is shown in Fig. 11. A
low energetical maximum defines bonds of CQO
(E1

bO1s ¼ 531.0 eV), second maximum (E2
bO1s ¼ 532.2 eV)

refers to bond of O–C [29] and third component
(E3

bO1s ¼ 533.4 eV) is due to the presence of water
molecules in free ligand [31,32]. In the Fe (III)–PPA
complex, the spectrum was deconvoluted into five lines.
On the basis of this fit and of the literature [32–37], we
suggest the following assignment: the main peak at
532.0 eV is assigned to hydroxyl group OH–bonded to
iron; the low energetical signals located at 530.1 and
531.2 eV correspond to two kinds of oxygen e.g. oxygen
from carbonyl group no bonded to iron (531.2) as in the
free ligand (Table 1) and oxygen from carbonyl group
bonded to iron (530.1 eV); the signal at 532.5 eV can be
identified as the bonded oxygen of C–O–Fe; the high
energetical signal located at 533.8 eV is attributed to one
bonded water molecule. These results corroborate the
hypothesis about the proposed structure of the Fe
(III)–PPA complex.
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Fig. 12. The proposed structure of the dimeric iron (III) complex of

pipemidic acid.
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4. Conclusions

The EPR and XPS study of Fe (III) complex of
pipemidic acid leads to the following conclusions:
�
 The character of the spectroscopic spectrum is deter-
mined by a poor crystallisation of the sample:
(a) the observed EPR spectrum consists of several

components. The complexity of the EPR spectra
for examined Fe (III)–pipem complex results from
extreme sensitivity to geometry of iron (III) chro-
mophore. Therefore, it is directly connected with the
crystallinity of this compound. Additionally, the
thermally induced change of spin-state of Fe (III)
ions was observed.

(b) FWHM of XPS components is up to 2.6 eV.
They are characteristic features of disordered solids
namely, distribution of the short-range order para-
meters: bond lengths and bond angles.
It is worth noting that title compound—iron
(Fe)–pipemidic acid (PPA) complex—is a novel
material and the first time is characterised. Our
attempts to produce the single crystals of obtained
Fe–PPA complex have unfortunately failed because
of a weak solubility of the compounds.
�
 The EPR and XPS results confirm the optical spectro-
scopic and elemental analysis conclusions that iron
cations are bonded to oxygen neighbours.

�
 In Fig. 12 is shown the tentative structure of Fe (III)

complex of pipemidic acid. Six coordinate dimer
distorted octahedral configuration has been proposed
for [Fe (pipem) (HO)2 (H2O)]2.
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