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Metal Interaction with Organic Acids: Semiempirical Molecular Modeling Approach
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Abstract: Metal interaction with organic acids is an important aspect in the environment. Both, acetic
acid and benzoic acid were chosen as model molecules for aliphatic and aromatic structures,
respectively. Monovalent alkalis were interacted with each acid through the hydrogen bonding of the
COOH group. Divalent alkalis and heavy metals were interacted through hydrogen bonding with two
acid units. PM5 semiempirical quantum mechanical calculations indicate that the interaction transform
carboxyl band into metal carboxylate with a shift toward lower wavenumber. Monovalent metals
showed reactive complexes which are further dedicated for interaction. Divalent metals showed stable
complexes according to their lower dipole moment values, leaving no further interactions for these
complexes. Increasing the hydrocarbon chain is not affecting either the vibrational characteristics or
the reactivity of metal carboxylate in the environment. Higher level of theory indicates the suitability
of PM5 method for this study.
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INTRODUCTION

Studying acetate group and organic structures containing acetate is a very important research topic. In
chemistry and environment, this group leads the interaction between organic as well as inorganic structures
Ibrahim, M., and Koglin, E. (2004); Ibrahim, M. et al. (2005); Ibrahim, M. and El-Haes, H. (2005). It controls
the process of transport of pollutants from place to another in the aquatic environment and from sediment to
water and vice versa Ibrahim, M. and Abd-El-Aal, M. (2008); Ibrahim, M. et al. (2008); Ibrahim, M. (2009).
It is an important group in biology as it characterizes the amino acid structures Ibrahim, M. et al. (2010). This
group is also important in surface science Smith, et al. (2000); Kokkoli, E. and Zukoski, C. F. (2001); as well
as in electrochemistry Boubour, E. and Lennox, R. B. (2000); Sugihara, K. et al. (2000). Acetate among other
groups was subjected to molecular modeling study in order to investigate the physical and chemical properties
which increase its reactivity Ibrahim, M. and Mahmoud, A-A. (2009). Molecular modeling is a useful tool for
the investigation of many systems and molecules Hameed, A. J. et al. (2007); Ibrahim, M. et al. (2010).
Ibrahim, M., et al. (2010-2011). The investigations include the molecular structure, vibrational characteristics
and possible reactivity with the surrounding molecules. Furthermore, molecular modeling beside molecular
spectroscopic method of analysis could serve together in the characterization of matter Ibrahim, M. (2010);
Ibrahim, M. et al. (2011). The change in the behavior of acetate group could be followed using molecular
spectroscopy, such as FTIR, and molecular modeling. Accordingly, the vibrational spectra of acetate as well
as acetate ion in both gas and solution phases were studied by many researchers Dega-Szafran, Z. et al. (2002);
Nakabayashi, T. et al. (2001), Zhang, R.Q. (2000) and Burneau, A. et al. (2000).

Based on the importance of acetate group as a group connecting metals with organic acids, we utilized
this group as a model which could be used to study the possible interaction of different metals with organic
acid. Accordingly, acetic acid and benzoic acid were utilized then through the hydrogen bonding of COOH
each monovalent, divalent and heavy metal were interacted. PM5 semiempirical quantum mechanical
calculations were utilized to carry out this work.

Computatioal Detail:
Both acetic acid and benzoic acids were chosen as model molecules for organic acids. The coordination

of monovalent metals was carried out with one acid unit, while other divalent metals were coordinated with
two acid units.
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All calculations were carried out using personal computer performed using quantum mechanical methods
as implemented with the MOPAC 2002 Version 1.33 CAChe Program MOPAC 2002 (by Fujitsu), at
Spectroscopy Department, National Research Center, NRC., Egypt. The geometries were optimized using PM5
Stewart, J. J. P., (1989) semiempirical quantum mechanical calculations. The frequencies were calculated at
the same level of theory.

Higher level of theory is conducted using the Gaussian 03 program system Frisch, M.J. et al., (2003). The
Hartree-Fock (HF); Beck-Lee-Yang-Parr correlation functional, BLYP and hybrid Becke 3-Lee–Yang–Parr
(B3LYP) exchange correlation functional were applied Becke, A.D. (1993), Lee, C. et al. (1988) and Miehlich,
B. et al. (1989).

RESULTS AND DISCUSSION

Vibrational Characteristics:
Acetic acid is subjected to optimization as seen in figure 1 then the vibrational frequencies were calculated

for the optimized structure using PM5 model. A special interest is made to the characteristic band of COOH
so that we can trace the C=O band as seen in table 1. The C=O of acetic acid is calculated as 1826.76 cm-1.
We tried monovalent alkalis whereas each monovalent element is replaced with H of the COOH group of the
acid. The C=O bands were shifted toward lower frequencies as a result of such coordination. The bands were
1504.09, 1515.11 and 1518.59 cm-1 for Li, Na and K, respectively.

Fig. 1: PM5 optimized structure of a- acetic acid, b- monovalent alkali which is coordinated with acetic acid
instead of hydrogen of COOH, c- divalent alkali which is coordinated with two hydrogen atoms of
two acetic acid units and d- divalent heavy metal which is coordinated with two hydrogen atoms of
two acetic acid units.

For divalent alkalis it was found that each divalent alkali interacted with two H-bonds of two acetic acid
units as seen in figure 1. Two C=O bands are arising as a result of this coordination. As a general remark,
both C=O bands of the coordinated divalent alkalis are shifted toward lower frequencies but not as such as
monovalent alkalis. Also the shift in the C=O bands is decreasing from Be to Ca.

Divalent heavy metals were also coordinated with two acetic acid units such as divalent alkalis. The shift
was toward lower wavenumbers regarded for Cr and Ti, more than other heavy metals.
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Table 1: PM5 calculated vibrational frequencies for carboxyl as well as metal carboxylate of the studied metal coordination with acetic
acid and benzoic acid.

Structure Acetic Acid Benzoic Acid
-------------------------------------------------- ---------------------------------------------------
C=O1 C=O2 C=O1 C=O2

Acid 1826.76 1811.89
Ac-Li 1674.08 1678.82
Ac-Na 1667.08 1669.09
Ac-K 1668.35 1670.52
Ac-Be-Ac 1586.74 1556.46 1621.69 1619.58
Ac-Mg-Ac 1567.56 1565.76 1624.09 1619.10
Ac-Ca-Ac 1709.80 1705.42 1625.99 1620.91
Ac-Zn-Ac 1574.65 1569.42 1621.17 1619.05
Ac-Cu-Ac 1613.91 1602.34
Ac-Ni-Ac 1548.33 1547.08 1616.85 1613.06
Ac-Co-Ac 1600.92 1600.65
Ac-Fe-Ac 1561.59 1558.79 1952.74 1794.17
Ac-V-Ac 1528.10 1526.56 1622.30 1619.67
Ac-Cr-Ac 1523.93 1494.69 1619.37 1615.64
Ac-Ti-Ac 1456.39 1450.77

Other kind of interaction is tried for the same metals with benzoic acid as shown in figure 2. This
interaction is a kind of aromatic organic acid interaction with the studied metals.

Fig. 2: PM5 optimized structure of a- benzoic acid, b- monovalent alkali which is coordinated with benzoic
acid instead of hydrogen of COOH, c- divalent alkali which is coordinated with two hydrogen atoms
of two benzoic acid units and d- divalent heavy metal which is coordinated with two hydrogen atoms
of two benzoic acid units.
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As seen in table 1, the C=O band is located at 1811.89 cm-1. As Li, Na and K are coordinated with the
H of the COOH, the C=O bands are shifted to lower wavenumbers.. The behavior is in a good agreement with
that of acetic acid interaction with the studied metals. As a general remark, not all metals show optimized
structure at PM5 so that no results were obtained for the interaction of Cu, Fe and Ti with benzoic acid.

Comparing between the interactions of metals with acetic and benzoic acids, one can conclude that the
shift of the same metal is changed according to changing the chain from hydrocarbon into cyclic nature. For
Li-acetic acid structure the shift in the band is about 323 cm-1, the same metal shows a shift about 133 cm-1.
If we try to understand the mechanism of interaction, the coordination of the metal with COOH through
hydrogen bonding is a process of transforming carboxyl band into metal carboxylate. This is in a good
agreement with the finding of Smith B.C. (1999).

Physical Properties:
Table 2 presents some calculated physical parameters such as molecular point group, molecular dimension,

ionization potential and total dipole moment for acetic acid and studied metal acetates. As far as monovalent
alkali interacted with acetic acid, the molecular point group is not changed and corresponding to Cs point
group, while the molecular dimension has increased. As an indication for reactivity, the ionization potential
has decreased with an increase in the total dipole moment. This indicated that monovalent metals acetates are
more reactive and could further interact with the surrounding molecules. As a result of interaction with a
divalent alkali, the molecular point group has changed into C2 point group corresponding to Be and Mg di-
acetates, while Ca di-acetate is corresponding to C2v point group. The molecular point group has increased
as a result of interaction with two acetic acid units. The ionization potential has increased as compared with
monovalent alkali. The total dipole moment has been sharply decreased which revealed that this class of
complex is stable and undergoing no further interaction with the surrounding molecules. The molecular point
group has changed into C2v corresponding to Zn, Cu, Ni, Co and Fe di-acetate. Other metal acetates (V, Cr
and Ti) are corresponding to C2 molecular point group. The ionization potential remains high but the most
interesting point is the sharp decrease in the calculated dipole moment. This indicates also that heavy metals
make stable complexes with acetic acid such as divalent alkali and these complexes are not going to interact
with the surrounding molecules. Table 3 presents the same calculated physical parameters for benzoic acid and
studied metal benzoates. Benzoic acid is corresponding to Cs point group such as the studied acetic acid. As
a result of interaction with a monovalent alkali, the molecular point group has changed into C2v. The
molecular dimension of each metal benzoate has increased. The ionization potential has been decreased slightly
while the total dipole moment increased. This indicates the reactivity of monovalent benzoate complexes and
their ability for further interaction with the surrounding molecules. As far as each divalent alkali has interacted
with two benzoic acid units, the molecular point group changed into D2 corresponding to Be di-benzoate while
changed into D2h corresponding to both Mg and Ca di-benzoate. The molecular dimension has increased. As
an indication for stability, the divalent alkali benzoates have lower dipole moment. Regarding the interaction
of heavy metals with two benzoic acid units, Zn, Ni, V di-benzoate show a change in molecular point group
into D2 point group, while Co, Cr di-benzoates are corresponding to C2 point group and finally Fe di-benzoate
is corresponding to C1 point group. The molecular dimension has increased while the calculated total dipole
moment has decreased except for Co, Fe di-benzoate. Both Co and Fe di-benzoates show a slightly comparable
dipole moment to that of benzoic acid, with a slightly lower ionization potential. So, as compared with other
heavy metals that interacted with benzoic acid, both Co and Fe di-benzoates have relatively higher affinity to
interact with the surrounding molecules.

Effect of Hydrocarbon Chain:
It is important to study the effect of hydrocarbon chain upon the characteristic band of carboxyl group.

Acetic acid has optimized the vibrational frequencies were calculated at PM5. K is coordinated with acetic acid
through hydrogen bonding of COOH group. The chain has increased up to CH3CH2CH2CH2CH2CH2COO (Fig
3), then each structure is optimized and the vibrational frequencies are calculated. Only the frequency of C=O
is listed as in table 4. The change in the frequencies is no longer 1 cm-1 which is the difference between
CH3COO-K (1668.35 cm-1) and CH3CH2CH2CH2CH2CH2COO-K (1667.28 cm-1). This indicated that increasing
the hydrocarbon chain does not affect the vibrational characteristics of the COOH. Comparing data in table
4 with those in table 1, one can conclude that the vibrational characteristics of the COOH depends mainly on
the coordinated metal not on the hydrocarbon chain.

It is worth to correlate vibrational characteristics with the physical properties as seen in table 4. The
calculated molecular point group has not been affected by increasing the hydrocarbon chain and remains
corresponding to Cs point group.
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Table 2: PM5 calculated molecular point group (MPG), molecular dimension (MD), ionization potential (IP) and total dipole moment
(TDM) as debeye for acetic acid and metal acetates.

MPG MD IP TDM
Acetic (Ac) Cs 4.088* 11.343 2.259
Ac-Li Cs 4.533 9.452 4.559
Ac-Na Cs 4.757 9.811 5.111
Ac-K Cs 5.018 9.519 6.588
Ac-Be-Ac C2 7.978** 11.700 0.016
Ac-Mg-Ac C2 8.860 11.365 0.023
Ac-Ca-Ac C2v 9.459 10.323 0.022
Ac-Zn-Ac C2v 8.863 11.394 0.114
Ac-Cu-Ac C2v 8.939 12.159 0.148
Ac-Ni-Ac C2v 8.432 11.669 0.139
Ac-Co-Ac C2v 8.918 8.876 0.142
Ac-Fe-Ac C2v 8.844 10.371 0.122
Ac-V-Ac C2 8.777 9.585 0.007
Ac-Cr-Ac C2 8.751 9.072 0.098
Ac-Ti-Ac C2 8.719 6.872 0.120
*Molecular dimension is the distance between the atom 8 (H; Li; Na and K) and 5 (hydrogen) atoms; ** Molecular dimension is the
distance between the atom 14 (hydrogen) and 5 (hydrogen) atoms

Table 3: PM5 calculated molecular point group (MPG), molecular dimension (MD), ionization potential (IP) and total dipole moment
(TDM) as debeye for benzoic acid and metal benzoates.

MPG MD IP TDM
Benzoic (Ben) Cs 6.995 10.009 2.836
Ben-Li C2v 7.876* 9.086 4.958
Ben-Na C2v 8.096 9.210 5.157
Ben-K C2v 8.356 9.096 6.753
Ben-Be-Ben D2 14.654** 10.063 0.026
Ben-Mg-Ben D2h 15.582 9.968 0.036
Ben-Ca-Ben D2h 16.027 9.814 0.017
Ben-Zn-Ben D2 15.571 10.014 0.013
Ben-Ni-Ben D2 15.129 10.370 0.009
Ben-Co-Ben C2 16.039 9.783 2.840
Ben-Fe-Ben C1 14.546 9.224 1.743
Ben-V-Ben D2 15.435 10.140 0.039
Ben-Cr-Ben C2 15.360 8.542 0.926
*Molecular dimension is the distance between the atom 15 (hydrogen) and 12 (hydrogen) atoms; ** Molecular dimension is the distance
between the atom 27 (hydrogen) and 12 (hydrogen) atoms

Table 4: PM5 calculated vibrational frequencies for potassium carboxylate as the acetic acid is changed from CH3COO up to
CH3CH2CH2CH2CH2CH2COO as well as metal carboxylate of the studied metal coordination with acetic acid and benzoic acid.

Structure Acetic Acid C=O MPG IP Total dipole moment
CH3COOH 1826.76 Cs 11.343 2.259
CH3COO-K 1668.35 Cs 9.519 6.588
CH3CH2COO-K 1667.53 Cs 9.505 6.630
CH3CH2CH2COO-K 1666.95 Cs 9.517 6.653
CH3CH2CH2CH2COO-K 1667.14 Cs 9.518 6.693
CH3CH2CH2CH2CH2COO-K 1667.22 Cs 9.523 6.709
CH3CH2CH2CH2CH2CH2COO-K 1667.28 Cs 9.525 6.731

Table 5: Comparison between PM5 calculated C=O for acetic acid and benzoic acid with higher level of theory.
PM5 HF B88LYP B3LYP

---------------------------------- --------------------------------------------------- --------------------------------------------------------------
D95 6-31g** DZVP TZVP 6-31g** LANL1MB LANL1DZ 6-31g**

1827 1628 1727 1741 1736 1774 1884 1727 1781

The calculated ionization potential and total dipole moment were not affected by increasing the
hydrocarbon chain.

Comparison with Higher Level of Theory:
In order to verify the suitability of PM5 for this study, a comparison with a higher level of theory took

place. Table 4 presents the calculated C=O at PM5 as compared with HF method with two basis sets D95 and
6-31g**. The DGauss method B88LYP with 3 basis sets DZVP, TZVP and 6-31g**. Finally, the B3LYP with
LANL1MB, LANL1DZ and 6-31g** respectively. It is clear that the PM5 is comparable to LANL1MB and
it is worth to mention that this basis set is suitable for heavy metals. Accordingly, we consider that PM5 could
be used for studying acetic acid, benzoic acid as well as their metal acetate and benzoate respectively.
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Fig. 3: Optimized structure of potassium carboxylate up to CH3CH2CH2CH2CH2CH2COO-K.

Conclusion:
Metals could interact with organic acids (aliphatic and aromatic) through the hydrogen bonding of COOH

group. Monovalent metals show reactive complexes in terms of their lower ionization potential and higher total
dipole moment. Divalent alkalis and heavy metals form stable complexes with two acid units except Fe and
Co, as these complexes are not interacting with their surrounding molecules. This reflects the dangerous effect
of heavy metals in the environment as they can form stable complexes, which may affect the food chain.
Increasing the hydrocarbon chain does not affect the reactivity of metal carboxylate in the environment, this
evidence is stemming from the view point of our semiempirical quantum mechanical calculations.

Finally, PM5 is suitable for these small molecules whereas the computational time is quite suitable for
personal computer. The vibrational frequencies for this method are comparable for B3LYP/LANL1MB level
of theory.
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