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Abstract

1,2,3,4,5,6 hexakis (di-hydrogen phosphate) myo-inositol, best known as phytic acid, is a very important molecule from a biological, environ-
mental and technological point of view. For a thorough understanding of phytate properties and the mechanisms involving this ligand, a careful study
of its acid—base behavior and of the formation and stability of its complexes in solution is necessary. Unfortunately, regarding the thermodynamic
data on phytate complexes in solution, some are lacking, while some others exhibit large discrepancies between different authors. This motivated
a detailed evaluation of the literature on this topic, aimed at identifying the most accurate data on phytate coordination chemistry in solution. This
review presents the results of this, reporting and analyzing the most significant thermodynamic parameters published for both phytate protonation
and complex formation with several metal and organometal cations, as well as polyammonium ligands.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

1,2,3,4,5,6 hexakis (di-hydrogen phosphate) myo-inositol
(Fig. 1), best known as phytic acid, was first identified in 1855
[1]. Phytates, its salts (the completely deprotonated form is
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Fig. 1. Basic structure of phytic acid.

and potassium mixed salts (also called phytines) [3]. The exis-
tence of this compound in seeds was first reported in 1903 [4]
and it is now accepted as being ubiquitous among plant seeds
and grains, comprising 0.5-5% (w/w) [2]. On the other hand,
although the first report that phytate is present in animal cells
appeared in 1941 (which turned out to be a case of mistaken
identity) [5], it only became clear in the late 1980s and 1990s
that it is also always present in eukaryotic species (typically
being the most abundant inositol phosphate in cells) [6]. As a
result of this widespread occurrence in nature, its important bio-
logical activity and the high number of applications, over the
last century it has been the subject of investigation for many
scientists in different fields, amply demonstrated by the huge
number of papers, reviews and books that have been published
(see, for example, references in some recent and past books and
reviews [1-3,5-12]). New functions, properties and applications
of phytate are being regularly discovered and reported in litera-
ture (see, e.g., some papers published in 2007 [13-17]). Here it
suffices to say that it modifies the bioavailability of several metal
ions (such as calcium, iron, zinc, copper: see, e.g. [18-22] and
references therein); it is regarded as the primary storage form of
both phosphate and inositol in plant seeds and grains (see, also
[23,24] and references therein); it has been reported to be an
antioxidant (see also [8,25-29]); it shows marked anticarcino-
genic/antineoplastic properties (e.g. [28,30-35]); it may reduce
and prevent kidney stone formation [36,37] and it plays key roles
in a number of crucial physiological activities, other than in the
treatment of different pathologies (thoroughly reviewed, e.g.,
in Refs. [2,5,6,11]). Among its industrial and/or technological
applications (some of them reviewed in [1]), of particular note is
the use of phytates in environmental remediation problems, such
as the immobilization and in situ treatment of soils contaminated
by many metals (including heavy metals and radionuclides, see,
e.g. [38-45]).

Most of these phytate properties and applications are sig-
nificantly influenced by its particular behavior in solution
(primarily aqueous media, such as biological fluids, natural and
waste waters, “soil solutions”), where it strongly interacts with

many metal and non-metal ions, proteins and starch, mainly
by electrostatic interactions [1,2,5,11]. Moreover, the peculiar
characteristics of its structure allow this ligand to assume two dif-
ferent conformations. While the hexaorthophosphate structure
of phytic acid proposed by Anderson [46] has been accepted
since the late 1960s [47], many studies have been carried out
during the last decades to understand better which phytate con-
formational states predominate in solution (e.g. [4,48-52]). It
transpires that, depending on the experimental conditions, this
ligand may exist in solution either in the so-called equato-
rial conformation in which one phosphate group is oriented
in the axial position and five are in the equatorial (1-ax/5-
eq), or in the inverted axial conformation (5-ax/1-eq). Various
techniques, including potentiometry [49], Raman spectroscopy
(48], "H NMR [49-52], 3C NMR [48,49] and *'P NMR spec-
troscopy [4,48,49,52], and molecular modeling [51] have been
used to probe phytate conformational preferences. These works
have demonstrated that the conformation in aqueous solutions
depends on many parameters, such as pH, ionic strength, ionic
medium (mainly due to the nature of the cation in the supporting
electrolyte). According to one of the most recent of these papers
[51], in which the effect of alkali metal ions on the conforma-
tion adopted by phytic acid was also investigated, this ligand
exists at pH <9 in the sterically unhindered 1ax/5eq form, and at
pH > 9.5 in the sterically hindered 5ax/1eq form. Moreover, these
authors showed that at pH 5.0, phytic acid adopts the lax/5eq
form regardless of the alkali metal cation present as counter ion.
On the contrary, at pH 11, the exclusive presence of the Sax/leq
form was observed with Na*, K*, Rb*, Cs*, whilst with Li* ions
the two conformations are simultaneously present.

For all the above-cited reasons, to gain a thorough under-
standing of phytate properties and the mechanisms involving this
ligand, a careful study of its acid base behavior and of the forma-
tion and stability of its complexes in solution is necessary. After
some years of studies on this direction, we realized that, regard-
ing the thermodynamic data on phytate complexes in solution,
some are lacking, while some others exhibit large discrepancies
between different authors. This motivated a detailed evaluation
of the literature on this topic, aimed at identifying the most accu-
rate data on phytate coordination chemistry in solution. This
review presents the results of this, reporting and analyzing the
most significant thermodynamic parameters published for both
phytate protonation and complex formation with several metal
and organometal cations (some protonation and complex forma-
tion constants are reported in Tables 1 and 2, respectively), as
well as other organic ligands. Potentiometry and multinuclear
NMR have been the main instrumental techniques used for the
determination of stability constants, as recommended by [UPAC
[53], while calorimetry has been applied in the determination of
protonation and complex formation enthalpies.

2. Acid-base properties

Compared to the large number of papers published on
phytate properties and applications, relatively few report
quantitative data on the acid—base behavior of this ligand
[4,18,22,48,49,54-68], despite being well known that acid—base
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