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Abstract
Recently, there has been growing international interest regarding food safety. Unlike

many physical elements, the impact of most chemical and biological hazards is complex and
has not been fully characterized. Establishing a database of parameters associated with
such molecular interactions would not only be beneficial for the scientific community, but
may allow consumers to wisely choose certain food products.  By examining the interaction
between a simple phenol and the divalent magnesium ion, we propose a new approach to
assess the interactions between biologically relevant compounds using widely accepted
theoretical methods such as ab initio computations, while taking into consideration recent
developments in the field. Certain theoretical cases were examined, while others were
collected from scientific literature on phenols/phenolics. Experimental and theoretical
methods should complement each other to provide a more complete picture of molecular
interactions. A common database of interactions between common chemicals detectable in
foodstuffs and human systems will enable consumers to make more informed decisions
regarding their purchases.
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Resumen
Recientemente ha habido un creciente interés por la seguridad en los alimentos. A

diferencia de muchos de los factores físicos, el impacto de la mayoría de los peligros químicos
o biológicos son complejos y no han sido completamente caracterizados. El establecer una
base de datos de parámetros asociados con tales interacciones moleculares no sería
solamente beneficioso para la comunidad científica sino que le permitiría a los consumidores
elegir mejor ciertos productos alimenticios. Examinando la interacción entre un simple
fenol y el ion magnesio bivalente, proponemos una nueva aproximación como medida para
la interacción entre compuestos biológicamente relevantes usando métodos teóricos
altamente aceptados tales como cálculos ab initio, considerando recientes desarrollos en
el campo. Algunos cálculos teóricos fueron examinados, mientras que otros fueron obtenidos
a partir de la bibliografía sobre fenoles/fenolicos. Métodos experimentales y teóricos se
complementarían entre sí para proveer una mas completo cuadro de las interacciones
moleculares. Una base de datos común de interacciones entre químicos comúnmente
detectable en materia alimenticia y sistemas humanos les permitiría  a los consumidores
tomar decisiones más informadas respecto a sus compras.

Introduction
Phenols are a well-known group of compounds that include flavonols, flavones and

isoflavones [1].  Due to their antioxidant activities, phenolics have attracted broad interest in
recent years.  As such, their structures have been examined experimentally as well as theoretically.
The beneficial effect of the consumption of phenolics has been pointed out [2]. There are certain
phenolic compounds that are commonly used as food additives (butylated hydroxytoluene).
However, some phenolics are fungicides (orthophenyl phenol), as well as toxic by-products of
detergent degradation (4-nonylphenol) [3].

Chemical and biological contaminants including chemical residues and additives may lead
to health hazards in ingested food products. Unfortunately, there is limited empirical documentation
of the interactions between exposure to such pollutants and human beings, creating an undesirable
level of uncertainty when assessing the safety of food products. This paper will attempt to outline
sound scientific procedures that should be implemented when characterizing these intermolecular
interactions.

Independent experts recently stated that it is important to improve theoretical methods that
could provide a better knowledge on how chemicals act on life processes [4]. A large number of
scientists are convinced that computing methods based on molecular physics are applicable to
this purpose. There is also a need to increase the research and development of experimental (e.g.
analytical, spectroscopic, and crystallographic) procedures.  It has also been suggested that the
inclusion of some statistical procedures would allow for estimates to be made concerning biological
interactions.  Key parameters associated with uncertainties are not always given in literature,
although these are increasingly expected to be carefully analyzed [5].  Some guidelines concerning
food consumption and regulations in the EU are especially unclear (such as GEOs and GMOs).
Consumers should be given access to data derived from independent sources in order to make
informed decisions.

Both experimental and theoretical investigations have been carried out for mono-, di- and
triphenols and the results obtained are often compared with the outcomes derived from the
studies performed on more complex phenolics [6]. The possibility for the comparisons arises



171A Model Approach for Food Safety: The Assessment of Interactions by Computing

from certain topological similarities between phenols and phenolics. The mono-phenol molecule
was thus selected as the first target in our study.  Although this molecule has been extensively
studied ([7] and references therein), we first intend to perform a systematic series of investigations
of various simple phenols; analysis of phenolic compounds will be targeted in our forthcoming
studies. In addition to the number and the position of OH groups, the impact of metal ions is also
an important step in antioxidant activity. For this reason, the interaction between phenol and
Mg2+ will be examined. In addition, the study of this interaction would allow considering the
effect of the change of the geometric parameters of the phenol molecule.

In the present work, we have attempted to characterize the interaction between phenol
and the Mg2+ ion using the ab initio/Separated Molecular Orbitals method.  This has allowed us
to develop a model system for further investigation of the interactions between various biologically
relevant compounds such as phenol derivatives.  The proposed computational method will be
able to complement traditional discovery techniques and remove some of the uncertainty
surrounding qualitative experiments.

Methods
Molecular properties can be determined by various experimental methods to a certain

extent. When determining the uncertainty associated with experimental studies, some key
parameters are traditionally used. A protocol for the analytical measurement to determine the
amount of a phenolic compound in a given sample requires establishing parameters such as
accuracy and precision. When using quantum chemical approaches, the level of uncertainty is
linked to the type of the approximations applied. This also holds for ab initio methods. The
geometric conformation of the molecular structures under investigation and a well-balanced basis
set a priori are needed to obtain results by ab initio computations. It follows, then, that the
geometry and the selected basis set could key parameters to uncertainty.

The success of theoretical methods depends on the geometry used for the system, and a
key parameter could certainly be associated with geometric conformation. To assess the impact
of geometry on the uncertainty, however, there has been a historical debate about which of
experimentally or theoretically determined geometry data are applicable for ab initio calculations
[8].  This arises from the fact that experimental methods are continually developing, and the size
of the molecular structures under study is increasing and the structures themselves are becoming
more and more complex. The long-standing goal of quantum chemistry is that theoretical treatments
would support experimental measurements [9]. Structural chemistry may produce a skeleton
conformation, which would then be successively filled by a theoretical scientist with the coordinates
of atoms using ab initio calculations. However, the conformation of large molecular systems
often cannot be uniquely determined, and model geometric values would thus be assigned with
much difficulty. In general, this does not hold for weakly interacting molecular structures.
“Independent” monomers, usually those with well-defined structures, are present in these systems.

Basis set dependence of quantum chemical means such as ab initio methods has been
observed since the establishment of the procedure [10]. Although the variational method ensures
that the total energy of the system under study could not increase as the basis set is extended, no
universal technique has been developed to improve the quality of the basis set. Various basis sets
have been established and are even currently under development [11]. The impact of the basis
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set on a theoretically calculated molecular property could therefore be a key parameter linked to
uncertainty.

The method of Separated Molecular Orbitals (SMO) has already been used successfully
to study various weakly interacting systems [12, 13]. Not only have molecule-molecule been
investigated, but also molecule-ion structures. Total energy partitioning can be done using both
the Hartree-Fock (also known as a self-consistent field), and the second, third and fourth order
level of correlation using the many-body perturbation theory (MBPT). Recently, special attention
has been paid to develop and apply the SMO method to describe the energetic components
arising in interacting systems of four to six components. Encouraging results were obtained while
analyzing various water clusters. Systematic basis set dependence studies accompanied the analyses
in each case. The advantage of the SMO method lies in its simplicity. When considering self-
consistent field (SCF) calculations, reliable information is provided for the interaction ability of
contributing systems. The electronic structure of the supersystems is the readout, and no additional
calculations, including corrections for basis set superposition error, are needed.

Results
We chose to use the HF SCF level of theory to study the phenol-Mg2+ interaction since the

ab initio/SMO method generates the suitable energetic quantity of the monomeric behavior in
weakly interacting systems.  In this study, the effect of the Mg2+ ion approaching from different
directions toward the phenolic OH group was examined. Each partitioned energy quantity, including
the interaction energy as a contribution to the total energy at the HF level, is influenced by the
quality of the basis set. As such, the impact of the basis sets on the partitioned interaction energy
(PIE) was investigated. On one hand, the PIE value is a quantity that arises primarily from
electrostatic interaction energy. Yet, the partitioned total energies of the monomers reflect the
suitability of the applied basis set (see previous results obtained by the SMO method). This is
expected from the partitioning scheme.

Calculations performed for the phenol-Mg2+ system were done using two well-known
basis sets, 6-31G* and 6-311G*. The initial optimized geometry of phenol obtained by 6-31G*
basis set was used when bringing the molecule to higher levels of theory and at different
conformations (coordinates listed in Table I).  Four different conformations were considered
(Figure 1). The corresponding values are grouped in Table II.

The Mg2+ ion approaches the oxygen atom of the OH group from its open side (Series A
in Figure I). Series B records the values of PIE when the ion is approaching from the opposite
side. Similarly, Series C and D represent the calculated PIE values when the hydrogen atom of
the hydroxyl group is perturbed by a Mg2+ ion. The effect of the geometry parameters on PIE
was considered by using both experimentally and theoretically determined configurations for the
phenol molecule. The A1, B1, C1 and D1 series belong to the former conformation, while the
A2, B2, C2 and D2 series represent the values obtained by using the latter geometric arrangement
for phenol.

The results can be summarized as follows. PIE values shed light on the different attractive
ability of the hydroxyl group, which also depends on the orientation of the approaching Mg2+ ion.
In addition, analysis of the results affirms that the proposed method of assessing molecular
interactions is sufficiently sensitive for the detection of different interaction capabilities.  However,
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the geometric orientation of the atoms in phenol determined by both experimental measurement
and theoretical optimization does not have a significant effect on PIE values.

We do not intend to generalize the conclusions prior to extensive calculations for studying
interaction abilities in other molecular and/or ionic structures.

Discussion and Conclusion
Due to constraints in computing capabilities, only a skeleton of the model approach has

been examined at great length here. This sample case examining the interaction between phenol
and a single metal ion, however, allows us to demonstrate the manner in which the “geometry”
parameter with its accompanying uncertainty could be considered. The results suggest that variation
in the geometry of the monomer (phenol) does not only have a significant effect on PIE values,
but that this influence is consistent along the series at each inter-atomic distance as well. The
deviations do not exceed 1%.  This is certainly due to the dominant electrostatic interaction that
arises in the phenol-Mg2+ system and to the energy partitioning scheme applied at the HF level of
theory in combination with the SMO method.

Table I: Geometry data of phenol (in Ångstroms)

 Input geometry Optimized geometry

x z x Z

1 0.000000 0.000000 0.000000 0.000000

2 0.000000 1.389520 0.000000 1.387245

3 1.199607 2.093138 1.189497 2.092214

4 2.402039 1.387712 2.389372 1.392757

5 2.406507 0.001993 2.404036 0.011410

6 -0.951142 -0.545864 -0.931041 -0.541944

7 -0.952348 1.927980 -0.938547 1.912499

8 1.199153 3.185959 1.185852 3.166873

9 3.353390 1.927845 3.321964 1.928555

10 3.335843 -0.572058 3.325752 -0.540148

11 1.276202 -2.070469 1.268583 -2.037631

12 0.351737 -2.456646 0.399727 -2.413914

13 1.203144 -0.704752 1.203489 -0.686403

In regards to basis set dependence, the results suggest that there are systematic differences
between different basis sets based on the calculated PIE values. The influence of the basis set
variation on the partitioned energy terms obtained by the SMO method at the HF level has
already been published for a large number of (weakly) interacting molecular structures [11-14].
Our results confirmed that the impact of the basis set is systematic in each case. This may be a
result of the careful construction of the basis sets (all are well-balanced); this trend does not
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deteriorate when energy partitioning in the SMO method is applied. In this work, two basis sets
were used; the deviations obtained for the PIE values were approximately 5% at each intermolecular
distance.

Table II: Calculated partitioned interaction energies (in Hartrees). The distances (d)
between the parent systems numerical values are given in atomic units.

A: Mg2+/Ox´ d 6-31G* 6-311G*
2 -0.8790 -0.8485
3 -0.4192 -0.4204
4 -0.2438 -0.2513

4,5 -0.1922 -0.1971
5 -0.1503 -0.1527
6 -0.0884 -0.0894
7 -0.0524 -0.0539
8 -0.0341 -0.0357
9 -0.0248 -0.0262

B: Mg2+/Ox γ d 6-31G* 6-311G*
1 -0.1742 -0.2112
2 -0.1421 -0.1053
3 -0.1222 -0.1343
4 -0.0777 -0.0752
5 -0.0292 -0.307

5,5 -0.0052 -0.0042
6 0.0024 0.0052

6,5 0.0100 0.0126
7 0.0147 0.0167

C: Mg2+/H1γ d 6-31G* 6-311G*
1 -0.6526 -0.6671 
2 -0.5833 -0.5990
3 -0.3269 -0.3506
4 -0.2613 -0.2798

4,5 -0.2085  -0.2114
5  -0.1807 -0.1789

5,5 -0.1314  -0.1407
6 -0.0787  -0.0833
7 -0.0479 -0.0517
8 -0.0321 -0.0348
9 -0.0238  -0.0249
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D: Mg2+/H1´ d 6-31G* 6-311G*
3 -0.1302 -0.1478
4 -0.1170 -0.1239
5 -0.0717 -0.0633
6 -0.0244 -0.0196
7 0.0044 0.0087
8 0.0149 0.0159
9 0.0158 0.0171

10 0.0143 0.1737
11 0.0125 0.0154

Figure 1. The interaction of the Mg2+ ion and the phenol molecule is investigated at four
conformations.

Our model approach could therefore be implemented using the following steps. First, the
coordinates of the monomers are to be fixed.  These values may be obtained using experimentally
or theoretically determined values (depending on time constraints).  Uncertainty is not a large
factor at this stage.  Model structures might also be used, this possibility and its risk assessment
will be discussed in a future work. Second, well-known basis sets must be chosen.  We have
shown that established basis sets provide reliable results with uncertainty limited in the range of
5%. Third, data collection must be systematic. While varying interatomic or intermolecular distances
between the monomers involved in the interaction, PIE values should be computed using the ab
initio/SMO method. Regular variations are expected when the distance between the approaching
monomers is changing. Fourth, PIE values must be analyzed for variation so that conclusions
could be drawn about possible affinities and interactions of the monomers. As affinity certainly
depends on the actual conformations of the two molecules, all possible (“realistic”) configurations
should be tested for the ability to interact. The analyses are expected to enhance the understanding
of interaction processes and may also allow for the prediction of favorable interactions.
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Implementing some key parameters related to uncertainty in calculations would contribute
to the harmonizing experimental and theoretical methods. Expressing uncertainty in a quantitative
and coherent fashion would enhance the profile of the ab initio method for those who are not
familiar with quantum chemistry. In addition, experimental and theoretical methods would be able
to complement each other more fully. Interaction parameters for various molecular structures
obtained through various methods will contribute to a much-needed database that will provide
preliminary and explicit information on the interaction abilities of certain molecular structures.
This protocol would enable the characterization of interactions between known chemicals and
human systems, which could be deposited into a database accessible by both scientists and the
consumer concerned with food safety.
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