
This article was downloaded by: [Renmin University of China]
On: 13 October 2013, At: 10:47
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Journal of Coordination Chemistry
Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gcoo20

Iron complexes with gallic acid: a
computational study on coordination
compounds of interest for the
preservation of cultural heritage
Sara Zaccaron a , Renzo Ganzerla a & Marco Bortoluzzi a
a Dipartimento di Scienze Molecolari e Nanosistemi , Università
Ca’ Foscari Venezia , Venezia , Italy
Accepted author version posted online: 26 Mar 2013.Published
online: 02 May 2013.

To cite this article: Sara Zaccaron , Renzo Ganzerla & Marco Bortoluzzi (2013) Iron complexes
with gallic acid: a computational study on coordination compounds of interest for the
preservation of cultural heritage, Journal of Coordination Chemistry, 66:10, 1709-1719, DOI:
10.1080/00958972.2013.790019

To link to this article:  http://dx.doi.org/10.1080/00958972.2013.790019

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all the information (the
“Content”) contained in the publications on our platform. However, Taylor & Francis,
our agents, and our licensors make no representations or warranties whatsoever as to
the accuracy, completeness, or suitability for any purpose of the Content. Any opinions
and views expressed in this publication are the opinions and views of the authors,
and are not the views of or endorsed by Taylor & Francis. The accuracy of the Content
should not be relied upon and should be independently verified with primary sources
of information. Taylor and Francis shall not be liable for any losses, actions, claims,
proceedings, demands, costs, expenses, damages, and other liabilities whatsoever or
howsoever caused arising directly or indirectly in connection with, in relation to or arising
out of the use of the Content.

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden. Terms &

http://www.tandfonline.com/loi/gcoo20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/00958972.2013.790019
http://dx.doi.org/10.1080/00958972.2013.790019


Conditions of access and use can be found at http://www.tandfonline.com/page/terms-
and-conditions

D
ow

nl
oa

de
d 

by
 [

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

] 
at

 1
0:

47
 1

3 
O

ct
ob

er
 2

01
3 

http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


Iron complexes with gallic acid: a computational study on
coordination compounds of interest for the preservation of

cultural heritage

SARA ZACCARON*, RENZO GANZERLA and MARCO BORTOLUZZI

Dipartimento di Scienze Molecolari e Nanosistemi, Università Ca’ Foscari Venezia,
Venezia, Italy

(Received 17 December 2012; in final form 27 February 2013)

The electronic structures of iron coordination compounds [FeL4H12]
�, [FeL4H12]

2�, [Fe3L8H22]
�,

and [Fe3L8H22]
2� (H4L= gallic acid, 3,4,5-trihydroxybenzoic acid) have been studied by density

functional theory calculations, together with the 1-D periodic complex [Fe3L6H15]∞. Data regarding
the ground-state spin multiplicities of these models for iron gall inks, the charge and spin distribu-
tions, the oxidation states of the metal centers, and the oxidizing potentials of the complexes have
been computed. The absorption properties of these compounds have been related to the electronic
structure of the coordinated ligands.

Keywords: Iron; Gallic acid; Gall inks; Cultural heritage; DFT

1. Introduction

Iron gall complexes are the main components of iron gall inks, which have been the most
used writing materials since the beginning of the eleventh century [1]. The ancient proce-
dure for preparation of these inks generally requires three main ingredients: tannins
extracted from plants (usually from gall nuts), vitriol (an historic term commonly referred
to iron(II) sulfate heptahydrate), and a binder such as arabic gum. Iron gall complexes can
be currently synthesized by reacting an iron(II) salt, for example iron sulfate, with gallic
acid (3,4,5-trihydroxybenzoic acid) under aerobic conditions in acidulated water. However,
iron gall derivatives can be obtained also starting from iron(III) salts, as an example
hydrated FeCl3.

Molecular structures of most of the iron coordination compounds present in iron gall
inks are still not completely ascertained. Single-crystal X-ray diffraction measurements
have been carried out by Wunderlich and co-workers on the product formed by reaction of
iron(III) chloride and gallic acid [2], which have formula [Fe(H3O)(H2O)(L)]n (H4L= gallic
acid). To the best of our knowledge, this compound is the only structurally characterized
iron gall ink. This species is a 3-D periodic polymer (trigonal space group, a = 8.664Å,
b= 8.664Å, c= 10.861Å, α= 90°, β= 90°, γ= 120°, cell volume = 706.05Å3, symmetry
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group P3121) where several iron ions are bridged by the conjugate base of gallic acid. The
iron centers have slightly distorted octahedral geometry with six Fe–O bonds. Two
oxygens mutually in cis position belong to two separate carboxylic moieties and the
corresponding Fe–O bond lengths are 2.006Å. Two L are mutually cis and coordinate
iron, each with two phenate-type oxygens. The corresponding Fe–O bonds are 2.000
(oxygen in positions 3 and 5) and 2.028Å (oxygen in position 4). Each carboxylate is a
bridging ligand between two iron centers, whereas the three phenate-type oxygens of every
ligand chelate two metal ions. The oxygen atom in para position with respect to carboxyl-
ate acts as bridging atom. The 3-D structure of [Fe(H3O)(H2O)(L)]n, the inner coordination
sphere of the iron centers and the coordination of the conjugate base of gallic acid to the
metal ions are reported in figures 1 and 2 for clarity.

The deep blue color of iron gall species is attributable to a strong electronic delocaliza-
tion among the metal ions, but the lack of detailed studies in the current literature make
the real oxidation and spin states of the iron centers not unambiguously ascertained.
Besides interest towards light absorption properties of these materials, important historical
objects in libraries and archives show noticeable degradation caused by the destructive
effects of metallo-gallate inks interacting with cellulose and sizing. Comparable degrada-
tion effects are also known for other substrates of interest for cultural heritage, for example
wool fibers. The chemical phenomenon of corrosion caused by iron gall inks has been
intensively studied for many years, and acid hydrolysis and after-effects of Fenton reac-
tions have been blamed [3]. Unfortunately, the incomplete information in the literature
about electronic features of iron gall inks makes some degradation pathways unclear.

A deeper knowledge about the electronic configuration of these inks is therefore of para-
mount interest for the development of methodologies useful for preservation and restora-
tion of cultural heritage. For these reasons, as a continuation of our recent computational
studies on coordination chemistry of group eight elements [4], in the present article we
report a computational density functional theory (DFT) study on the electronic structure of
mono- and tri-nuclear coordination compounds, which have been used as simplified mod-
els for iron gall inks.

2. Computational details

Model compounds [FeL4H12]
n� and [Fe3L8H22]

n� (n = 1, 2) have been built on the basis
of the deposited X-ray data regarding the isolated product of the reaction between iron(III)
chloride and gallic acid [2]. The internal coordinates concerning the conjugate base of gal-
lic acid (L) and its interactions with iron centers have not been changed with respect to
the experimental values. Hydrogens have been added to carbons of L in position two and
six and their coordinates have been optimized using the MMFF94 force field, keeping all
the other atoms frozen [5]. Further, hydrogens have been added on phenate and carboxyl-
ate oxygens to achieve the desired charge and their positions have been optimized using
MMFF94. Cartesian coordinates of the structures are collected in the Supplementary Mate-
rials file. Also, the 1D periodic complex [Fe3L6H15]∞ has been built on the basis of
reported experimental data [2]. Periodicity along the translation vector c (10.861Å) has
been maintained with respect to the original structure, together with all the internal coordi-
nates. Hydrogens have been added on the phenyl rings in positions two and six and on
oxygens to obtain a neutral primitive cell. A mesh of 62 points has been used for the sam-
pling of the reciprocal space [6].

1710 S. Zaccaron et al.
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DFT calculations have been carried out without symmetry constraints using a pure DFT
Generalized Gradient Approximation (GGA) functional (PBEPBE [7]) and two hybrid
DFT functionals (B3PW91 [8], M06 [9]) in combination with split-valence double- and
triple-ζ quality basis sets and small-core pseudopotentials for the irons. In particular,
double-ζ quality calculations have been performed using the D95V [10] basis set for car-
bon, oxygen, and hydrogen and the ECP-based SDD basis set for iron [11]. A further
refining has been carried out for selected cases using the polarized 6-311G(d,p) basis set
on C, O, and H [12] and the polarized ECP-based LANL2TZ(f) basis set on Fe [13].

Figure 1. Structure of [Fe(H3O)(H2O)(L)]n. (A) View along α vector. (B) View along b vector. (C) View along c
vector. Data are from [2].

Iron complexes with gallic acid 1711
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Implicit solvation has been added for non-periodic models by applying the C-PCM model
for water using Universal Force Field atomic radii [14]. The same computational
approaches have been applied for the optimization of [Fe(H2O)6]

n+ (n= 2, sextet state;
n= 3, quintet state) and [Fe(EDTA)]n� (n= 1, sextet state; n = 2, quintet state;
H4EDTA= ethylenediaminetetraacetic acid). Cartesian coordinates of the optimized com-
plexes are collected in the Supplementary material.

The simulations of the UV–VIS transitions of the radical species [L]3�, [H2L]
�, and

[H3L] (doublet state; hydrogens on the phenate oxygens) have been carried out, after
geometry optimization, on the basis of the TD-SCF approach [15]. The DFT methods here
applied have been verified by comparing the simulated (harmonic approximation) and
experimental IR spectra of gallic acid [15]. Spectra are reported in the Supplementary file.

In all calculations the unrestricted approach has been used and the absence of meaning-
ful spin contamination has been verified through comparison of the computed < S2 > values
with the theoretical ones [15]. Population analyses have been performed on the basis of
the Mulliken, Natural and Hirshfeld distributions [16].

All calculations based on DFT have been carried out with Gaussian 09 [17]. Preliminary
MMFF94 optimizations of the positions of the hydrogens have been performed with
Spartan 08 [18].

3. Results and discussion

The structures of [FeL4H12]
n�, [Fe3L8H22]

n� (n = 1, 2), and [Fe3L6H15]∞ (H4L= gallic acid)
are reported in figures 3–5. For all these species electron density is localized on the non-
metal atoms and on the C–H, C–C, C–O, and Fe–O bonds but no meaningful direct cova-
lent interaction is present among the metal centers. Calculations have been carried out with
several DFT functionals in order to ascertain the ground-state multiplicity of [FeL4H12]

n�

and [Fe3L8H22]
n� (n= 1, 2). All the computational models used (PBEPBE, B3PW91, and

M06 DFT functionals) have led to comparable results and in all the cases the highest mul-
tiplicity corresponds to the most stable ground-state electronic structure. In particular, the
energy difference between high-spin (sextet state) and low-spin (doublet state) configura-
tions for [FeL4H12]

� is around 60 kcal mol�1. The high-spin state (quintet) of [FeL4H12]
2�

Figure 2. (A) Octahedral coordination sphere around each iron center in [Fe(H3O)(H2O)(L)]n. (B) Coordination
of L to the iron centers in [Fe(H3O)(H2O)(L)]n. Data are from [2].

1712 S. Zaccaron et al.
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is more stable by about 50 kcal mol�1 with respect to the singlet configuration. For
[Fe3L8H22]

�and [Fe3L8H22]
2� the pairing of two electrons with respect to the highest mul-

tiplicities (15 and 14 unpaired electrons, respectively) causes a strong energy increase,
more than 30 kcal mol�1 in the first case and about 40 kcal mol�1 for the second complex.
Additional electron pairings cause a further increase of the total energy for both the
models. The greatest stability of the systems having the maximum number of unpaired
electrons is confirmed by DFT PBEPBE calculations carried out on the linear periodic
model [Fe3L6H15]∞ extrapolated from the original structure. Also in this case, the most
stable electronic configuration corresponds to the maximum multiplicity, i.e. 15 unpaired
electrons in the primitive cell. The results for spin multiplicity obtained for [Fe3L8H22]

�

Figure 3. Structures of models [FeL4H12]
n� (n= 1, 2).

Figure 4. Structures of models [Fe3L8H22]
n� (n= 1, 2). Hydrogens have been omitted for graphical clarity.

Iron complexes with gallic acid 1713
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and [Fe3L6H15]∞ nicely agree with plane-waves GGA DFT calculations recently carried
out on the 3D [(Fe3L3)

3�]∞, for which an integral value for spin density over the primitive
cell of 7.50 hbar has been computed [19].

Tables 1 and 2 collect the spin densities on the atoms of [FeL4H12]
n� and [Fe3L8H22]

n�

(n= 1, 2), taken with their most stable electronic configuration (i.e. highest multiplicity).
Spin density is localized on the iron centers and, to a lesser extent, on the phenate and
carboxylate oxygens bonded to iron (see for example figure 6), while it is meaningfully
lower on the other oxygens and on carbon of the aromatic rings and of the carboxylates.
Finally, spin density is virtually zero on hydrogens.

The expected electronic structures for [FeL4H12]
� and [Fe3L8H22]

� are formally iron
(III) complexes stabilized by diamagnetic conjugate bases of gallic acid. However, data
reported in tables 1 and 2 do not support such an idea. In fact, in all the cases spin densi-
ties are meaningfully closer to the values expected for high-spin iron(II) and detailed popu-
lation analyses, based on both the Mulliken and the Natural approaches, are in agreement
with a d6 configuration of the iron centers, with five up electrons and one down electron.

Table 1. Atomic spin densities (M06/C-PCM calculations, a.u., average values) for [FeL4H12]
n� (n= 1, sextet;

n= 2, quintet).

Atom

[FeL4H12]
� [FeL4H12]

2�

Mulliken Hirshfeld(a) Mulliken Hirshfeld(a)

Fe(b) 4.1756 4.1166 3.7710 3.6254
O (Fe–O carboxylate) 0.0993 0.1048 0.0132 0.0408
O (Fe–O phenate) 0.1279 0.1319 0.0303 0.0523
O (not coordinated) 0.0019 0.0017 0.0012 0.0013
C (carboxylate) �0.0005 0.0033 0.0058 0.0051
C (phenate) 0.0038 0.0046 0.0017 0.0019
H(CH) �0.0004 – 0.0000 –
H(OH) 0.0002 – 0.0001 –

(a)Hydrogen atoms summed into heavy atoms. (b)Natural atomic spin density on Fe for [FeL4H12]
� = 3.9860 a.u.;

for [FeL4H12]
2�= 3.6061 a.u.

Figure 5. Structure of the primitive cell of [Fe3L6H15]∞ and translation vector. Hydrogens have been omitted for
graphical clarity.

1714 S. Zaccaron et al.
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The residual spin density, localized on the coordinated oxygens of the ligands, phenate-
type in particular, is probably due to the fact that gallic acid molecules in these compounds
behave as radical species, because a formal ligand-to-metal reduction has occurred [20].
Comparable results have been obtained from PBEPBE calculations on the 1D coordination
polymer [Fe3L6H15]∞, where the average spin density on the iron centers of the primitive
cell is about 4 a.u. (Mulliken: 4.108 a.u.; Hirshfeld: 4.080 a.u.), and the residual spin densi-
ties are mainly on the coordinated phenate (Mulliken: 0.1481 a.u.; Hirshfeld: 0.1787 a.u.)
and carboxylate (Mulliken: 0.1083 a.u.; Hirshfeld: 0.1283 a.u.) oxygens.

The same qualitative picture about gallic acid – iron systems was obtained during our
previous studies from plane-waves calculations on the 3D model [(Fe3L3)

3�]∞. Also for
that system charge and spin distributions suggested the presence of high-spin iron(II)

Table 2. Atomic spin densities (M06/C-PCM calculations, a.u., average values) for [Fe3L8H22]
� (15 unpaired

electrons) and [Fe3L8H22]
2� (14 unpaired electrons).

Atom

[Fe3L8H22]
� [Fe3L8H22]

2�

Mulliken Hirshfeld(a) Mulliken Hirshfeld(a)

Fe(b) 4.1832 4.1393 4.1001 4.0312
O (Fe–O carboxylate) 0.0860 0.0940 0.0666 0.0781
O (Fe-O phenate) 0.1628 0.1615 0.1303 0.1293
O (not coordinated) 0.0021 0.0024 0.0005 0.0000
C (carboxylate) 0.0056 0.0080 �0.0179 �0.0019
C (phenate) 0.0047 0.0058 0.0025 0.0031
H(CH) �0.0002 – 0.0003 –
H(OH) 0.0001 – 0.0001 –

(a)Hydrogen atoms summed into heavy atoms. (b)Average natural atomic spin density on Fe for [Fe3L8H22]
� =

4.0017 a.u.; for [Fe3L8H22]
2�= 3.9206 a.u.

Figure 6. Plot of spin density for [Fe3L8H22]
� (15 unpaired electrons, M06/C-PCM). Hydrogens have been

omitted for graphical clarity.
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bridged by radical ligands [L]3�, formally in doublet state. The similarity of the simulated
absorption spectrum with the experimental ones supported the relative accuracy of that
model [19]. Therefore, the intense blue color of iron gall inks could be attributed to the
pseudo-radical electronic structure of the conjugate bases of gallic acid in iron gall inks.
Effectively, simulated UV–VIS spectra of radical species such as [L]3�, [H2L]

�, and [H3L]
confirm such hypothesis, showing absorption bands centered at the end of the red region
or at the beginning of the NIR region. As an example, the simulated UV–VIS spectrum of
[L]3� depicted in figure 7 predicts a low-energy band having wavelength comparable with
those commonly reported for iron gall inks [1, 2] (see also figures S1 and S2 for examples
of experimental spectra in solution and in the solid state).

Addition of one electron to [FeL4H12]
� and [Fe3L8H22]

� leads to doubly-negative
charged systems. Spin density remains mainly localized on iron and coordinated oxygens,
as observable from data collected in tables 1 and 2. In particular, the variation of spin den-
sity on the metal centers on comparing the two [Fe3L8H22]

n� systems (n= 1 and 2) is neg-
ligible, around 0.08 a.u. average value for this difference on considering the Mulliken and
Natural analyses and around 0.11 a.u. using the Hirshfeld population analysis. The addition
of one electron to [Fe3L8H22]

� leads instead to a reduction of spin density mainly for the
sum of the atoms constituting the ligands. The fact that one-electron reduction has small
influence on the electronic configuration of iron ions is confirmed by comparison of the
iron atomic charges between [Fe3L8H22]

� and [Fe3L8H22]
2�. In the first case, average val-

ues of 0.605 a.u. (Mulliken) and 1.255 (Natural) have been computed (M06/C-PCM calcu-
lations) and quite similar average charge have been obtained for the reduced compound,
0.533 a.u. (Mulliken) and 1.181 (Natural). The behavior towards reduction of [Fe3L8H22]

�,
in particular the apparently slight role of the metal centers, can be explained by study of
the molecular orbitals of this compound. In particular, the lowest energy unoccupied orbi-
tals are mainly localized on the π-systems of coordinated ligands and not on the metal cen-
ters (see figure 8).

Figure 7. Simulated UV–VIS spectrum of [L]3� (FWHM=3000 cm�1).

1716 S. Zaccaron et al.
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The computed data for the [FeL4H12]
n� systems allow considerations comparable with

those described for the tri-nuclear models. For both the oxidized and reduced models, the
spin densities on iron are near the ideal value for free high-spin Fe(II). Moreover, the one-
electron reduction leads to a decrease of spin density over the coordinated ligands also for
the simpler model [FeL4H12]

�. In fact, as for [Fe3L8H22]
�, also for [FeL4H12]

� the low-
energy unoccupied orbitals are localized on the conjugate bases of gallic acid (see figure 8).

Energies (E +ΔGsolv) of the mono- and tri-nuclear complexes in oxidized and reduced
forms have been used to study the relative oxidizing potentials of these models for iron
gall inks [21]. Data are collected in table 3, together with those obtained at the same com-
putational level for [Fe(H2O)6]

n+ (n= 2, sextet state; n = 3, quintet state) and [Fe(EDTA)]n�

(n= 1, sextet state; n= 2, quintet state), used as references.
The energy difference calculable from the data presented in table 3 for the [Fe(H2O)6]

n+

couple is �0.22553 a.u. and corresponds to an experimental reduction potential (vs. NHE)
of 0.77V [22]. The energy variation from the oxidized to the reduced form of the iron-
EDTA complex, �0.13092 a.u., is instead related to an experimental potential value of
�0.12V [22]. Assuming a linear relationship between experimental and computed data,
we can estimate the reduction potentials of [FeL4H12]

� and [Fe3L8H22]
�. Both the models

proposed in this work for iron gall inks have quite negative potentials for the one-electron
reduction, about �0.27V for the mononuclear system and �0.34V for the trinuclear
complex. The most negative potential is for the most complex system, i.e. the most similar
to the experimental structure. In fact, the reduction of [FeL4H12]

� is about 5 kcal mol�1

Table 3. Energy values (E +ΔGsolv, M06/C-PCM, a.u.) for systems [FeL4H12]
n�, [Fe3L8H22]

n� (n= 1, 2),
[Fe(H2O)6]

n+ (n= 2, 3) and [Fe(EDTA)]n� (n= 1, 2).

Model Oxidized form Reduced form

[FeL4H12]
n� �2706.02468 �2706.14008

[Fe3L8H22]
n� �5534.66343 �5534.77144

[Fe(H2O)6]
n+ �581.90970 �582.13523

Fe(EDTA)n� �1223.16037 �1223.29129

Figure 8. Plot of the LUMOs of [FeL4H12]
� (A) and [Fe3L8H22]

� (B).
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more favored than that of [Fe3L8H22]
�. However, in both cases the estimated potentials

indicate a quite scarce oxidizing behavior of the iron complexes with gallic acid.

4. Conclusions

The results reported in this work on simple mono- and tri-nuclear models for iron gall inks
strongly support the idea that a qualitatively correct description of the electronic structures
of these compounds could be based on the presence of high-spin Fe(II) metal ions coordi-
nated to partially oxidized conjugate bases of gallic acid, in agreement with previous stud-
ies on 3D periodic models. The partially radical character of the oxygen-donor polydentate
ligands in these complexes can also explain the absorption properties of these materials.

The computed energy variations associated to one-electron reductions and their compari-
son with data obtained for other known iron complexes indicate that the oxidizing poten-
tial of iron gall inks is low. This evidence suggests that the direct oxidation of substrates
of interest in the field of cultural heritage by iron gall inks is an improbable pathway for
the commonly observed corrosion reactions.

Supplementary material

Examples of experimental absorption spectra of an iron gall ink in water solution and in
the solid state. Experimental and computed IR spectra of gallic acid. Cartesian coordinates
of the model compounds considered in this work.
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