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Previous studies demonstrated the formation of stable phosphate-metal-humic complexes in solution.
These studies, however, indicated that the proportion of complexed metal that intervenes in phosphate
fixation is rather low. In this study we investigate the possible structural and electronic features of
the binding site involved in phosphate fixation in metal-humic complexes that could explain this
fact. To this end, we have studied phosphate-metal-humic complexes involving Fe(III), Al(III), and
Zn(II) using three complementary techniques: infrared spectroscopy (FTIR), fluorescence, and
molecular modeling. The FTIR study indicated that, in the case of those complexes involving
Fe and Zn phosphate, fixation is associated with a stabilization of the metal-carboxylate bond. In
the case of Al this effect is less clear. This effect of phosphate fixation on the characteristics of the
metal-humic binding site was also supported by the results obtained in the Fluorescence study,
which showed significant changes in the quenching effect normally associated with metal complexation
in humic substances upon phosphate fixation. Finally, the molecular modeling study revealed that
the stability of phosphate-metal-humic complexes is inversely related to the stability of the
metal-humic interaction. This result could explain why only a relatively low proportion of humic
complexed metal is involved in phosphate fixation.
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INTRODUCTION

Numerous studies have reported the beneficial effect of
organic matter on the potential bioavailability of phosphorus
(P) for plants and microorganisms (1). In principle, these effects
seem to involve different and complementary mechanisms.
Among those related to P, solubility in soil solution seems to
play an important role the formation of stable and soluble
complexes between phosphate and humic substances (2, 3). In
fact, a number of studies have demonstrated that stable organic
complexes comprising humic substances and phosphate can
indeed be formed via metal bridges (4–6). Guardado et al. (6)
reported the formation of this type of complex in solution
involving many different metals, both divalent (Zn, Cu, Mn,
Ca, and Mg) and trivalent (Fe and Al). These complexes
presented apparent stability constant values for the phosphate-
metal-humic interaction in the same order of magnitude as the
corresponding metal-humic complexes (6). This fact suggested
that they could have an important influence on the fraction of
available P is soils. However, this study confirmed previously

reported results indicating that the fraction of the complexed
metal that is involved in the fixation of phosphate is rather low
(between 10 and 20% of the total complexed metal depending
on the metal) (4, 6). In these studies, it was proposed that this
might be the consequence of the significant molecular aggrega-
tion associated with metal complexation in humic systems (6).
The results obtained, however, did not support this hypothesis,
indicating that this fact must be associated in some way with
one or several constraints linked to the electronic and/or steric
features of the binding site (6).

To study those structural and/or electronic conditions that
could govern the phosphate-metal-humic interaction, we
investigate phosphate binding in specific metal-humic com-
plexes using two complementary experimental techniques:
infrared spectroscopy (FTIR) and fluorescence. We also com-
plete the study by carrying out a theoretical study using
molecular modeling methods (principally, molecular mechanics
and semiempirical quantum chemical methods). To compare the
influence of divalent and trivalent metals, we have considered
humic-metal-phosphate complexes involving Al(III), Fe(III),
and Zn(II).

Other instrumental techniques were also regarded to study
the interaction of phosphate with metal-humic complexes.
Among them, 31P NMR spectroscopy was explicitly considered.
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However, the relatively low concentration of fixed P in the
complexes resulted in spectra with very poor resolution and
reproducibility.

MATERIALS AND METHODS

Preparation of Humic Acid and Metal-Humic and Phosphate-
Metal-Humic Complexes. The humic acid (HA) employed in the
different experiments was one extracted from a leonardite obtained from
the Czech Republic. The HA sample was first purified using the
International Humic Substances Society (IHSS) methodology without
including the HF-HCl mixture treatment. In short, 10 g of nondried
leonardite were weighed in a 250 mL flask, to which 0.1 M NaOH
was added until all of the air had been displaced. After 48 h of stirring
at 25 °C in darkness, the supernatant containing the unfractionated
humic extract was separated from the solid fraction by centrifugation
at 7650g for 30 min. The HA was obtained by acidifying an aliquot of
the alkaline extract containing the humic and fulvic acids obtained from
leonardite with 6 M HCl up to a pH of 1.5. After 12 h, the acidified
sample was centrifuged at 7650g for 30 min to separate the precipitated
humic acid from the supernatant containing the fulvic acids and other
acid-soluble organic compounds. After washing humic acids with water
to eliminate Cl- contamination, they were freeze-dried. The main
composition of the purified HA was 58.47% C, 1.46% N, 2.69% H,
25.76% O, 0.01% P, 0.99% S, 1.02% Fe, and 0.95% Al. The contents
of C, H, and N in HA were obtained using elemental analysis (LECO
CHN 2000), whereas the contents of P, S, Fe, and Al were obtained
by ICP-OES spectrometry (Thermo Elemental Co. Iris Intrepid II XDL).
The content of O was calculated by difference. The main acidic
functional group concentration, obtained using potentiometric analysis,
was 1.98 mmol g-1 HA of carboxylic groups and 1.18 mmol g-1 HA
of phenolic groups (7).

Metal-humic (M-HA) complexes were prepared as described in
refs 4 and 6. Briefly, to reach a 1.8 mmol metal/g C ratio, Fe(III),
Al(III), and Zn(II) nitrate salts were dissolved in water and slowly
dropped into 200 mL of the supernatant containing HA, under vigorous
stirring and continuous pH control (8, 9) with NaOH. The solution
was diluted to 500 mL, stirred for 14 h, and then centrifuged for 15
min at 7000g to separate M-HA complexes in solution from
precipitated M-HA complexes and metal hydroxides. The phosphate-
metal-humic complexes (PO4

3--M-HA) were prepared using a
synthesis pathway involving two steps: step one consists of the
formation of stable M-HA complexes at pH 8–9, and step two consists
of the reaction of PO4

3- with the M-HA complex at different pH
values. This method has been used in previous studies (4). It involves
the addition of 0.5 mM H3PO4 aliquots containing the necessary quantity
of PO4

3- to achieve specific metal/P molar ratios to each M-HA
complex. The pH was kept at the final values 4, 6, or 8 with 0.5 M
HNO3 or 0.5 M NaOH, and ionic strength values stayed in the 0.01–0.02
M interval. Solutions were subsequently diluted up to 50 mL with pure
water and were stirred for 14 h at 22 °C. Once the reactions were
completed, the solutions were centrifuged for 15 min at 7000g. Finally,
the total C, P, and metal content in solution were analyzed. To eliminate
free P, the different complexes were purified using the HCO3

- Anion
Exchange Resin methodology described in ref 4.

Elemental Analysis. The concentration of P (as PO4
3-) in solution

was analyzed using ICP-OES spectrometry (Thermo Elemental Co. Iris
Intrepid II XDL). The C content in solution was analyzed using
elemental analysis (LECO CHN 2000 and Shimadzu TOC-5050), and
the metal content in solution was determined using ICP-OES
spectrometry.

FTIR Spectroscopy. Pellets were prepared by mixing 0.5 mg of
each freeze-dried sample corresponding to HA and to each M-HA
complex and PO4

3--M-HA complex obtained at the different pH
values used in the study (4, 6, 8), with 200 mg of KBr. Infrared spectra
were recorded on these pellets with a Nicolet Magna-IR 550 Spec-
trometer over the 4000–400 cm-1 range.

Fluorescence. Solutions of each freeze-dried sample corresponding
to HA and to each M-HA complex and PO4

3--M-HA complex
obtained at the different pH values used in the study (4, 6, 8) were

prepared by diluting the samples to 10 mg/L of total organic carbon.
Synchronous Fluorescence spectra were recorded with a SFM-25
Fluorimeter (Kontron) over the 250–600 nm range at ∆λ ) 18 nm.

Molecular Modeling. A theoretical study of the chemical interaction
between the different elements of the molecular system (HA, metals,
and phosphate) was carried out using both molecular mechanics and
semiempirical quantum mechanics methods. The operational and
theoretical approaches were made assuming that intermolecular chemi-
cal interactions generally have two main, successive steps:

Step 1. A spatial convergence of the interacting molecules that is
governed by electrostatic forces related to the electric charge distribution
(atomic charges) on each molecule (the intermolecular convergence
interaction is of an electrostatic nature) is assumed. This first step, which
is the electrostatic interaction, was studied through the energy
minimization of the molecular system using molecular mechanics. Both
MM+ (8) and Amber (9) force fields were used, and the geometry
and the atomic charges of the individual molecules were previously
obtained using the semiempirical quantum mechanics method PM3 (10).

Step 2. A chemical interaction between specific regions of the
molecules that have achieved the bond distance as a consequence of
the electrostatic interaction (Step 1) is assumed. This step, which
involves the creation of new chemical bonds, is the binding interaction.
To study the binding interaction, we carried out the energy minimization
of the chemical system obtained from the electrostatic interaction, using
the semiempirical quantum chemical method PM3.

The model selected to represent binding sites in HA was a salicylic
acid moiety. This selection was based on the following main reasons:
(1) the results obtained in this study concerning fluorescence modifica-
tion upon metal and phosphate complexation in HA binding sites
indicate that these binding sites must be attached to fluorophores. These
fluorophores are, probably, related to the aromatic moiety of the HA
molecules (11). Among the possible chelating sites with aromatic
character in HA, experimental evidence suggests the presence of ftalic,
salicylic, and catechol groups (11). On the other hand, the variation
pattern of the stability and the maximum binding ability for the
interaction of different metals with HS extracted from different origin
observed in previous studies indicated the involvement of both
carboxylic and phenolic groups in the complexation process (11, 12).
In consequence, a suitable model for this binding pattern is the salicylic
group. It becomes clear, however, that this option involves a simplifica-
tion of the process to make the study feasible. For this same reason,
we have focused our interest in the binding site, without an explicit
consideration of the structural environment and its influence on the
electronic properties of the binding site. Likewise, the use of a specific
binding site, separate of the structural environment (the whole
macromolecule), implies the use of only one metal, because of the
repulsion forces among positively charged metals.

The influence of pH is included in the model through the explicit
consideration of two ionization patterns: the ionization of the carboxylic
group only, and the ionization of both the carboxylic and phenol groups.
The study was carried out on the systems involving Al(III) and Zn(II)
because these two cations are well parametrized in the PM3 semiem-
pirical method. The metals were modeled as Zn(II) and Al(III) in their
pentahydrated and hexahydrated forms, respectively, because they are
their main molecular forms in the pH interval considered in the study
(13). Two main ionized forms for phosphate are present in the pH range
of the study: H2PO4

- and HPO4
–2 (13). We present here the results

obtained using HPO4
–2 to model the phosphate anion. The results using

H2PO4
- were qualitatively similar to those corresponding to HPO4

–2.
The study was developed following two steps: first, we considered

the formation of the M-HA complex; second, we considered the
interaction of PO4

3- with the M-HA complex.
The relative stability of the interactions was assumed to be directly

related to the value of the binding energy (E) calculated for the
molecular interaction. The binding energy corresponding to the
molecular interaction (∆ER) is calculated by the subtraction of the sum
of the binding energy of the individual molecules involved in the
interaction from the binding energy corresponding to the new molecule
formed as a result of the interaction.

We do not compare our results with previous studies because these
studies involved the assumption of a specific chelation mode, whereas
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in this study we explore the possible nature of the chelation mode. For
all calculations carried out using PM3, a vibrational analysis was
performed on all obtained structures to ensure the absence of negative
vibrational frequencies and thus verify the existence of a true
minimum. The study was carried out using the Hyperchem 7.0 software
package.

RESULTS AND DISCUSSION

The FTIR Study. The FTIR spectra of the freeze-dried
samples corresponding to both M-HA and PO4

3--M-HA
complexes can provide some information about the microstruc-
ture of the binding sites associated with each interaction. From
the point of view of interpreting the spectra, the most interesting
zone is between 1000 and 1800 cm-1. In this region the bands
due to the asymmetric (νasym) and symmetric (νsym) stretches
of the carboxylate group in HA appear, at 1624–1633 cm-1

and 1385–1383 cm-1, respectively, depending on pH. A number
of studies have demonstrated that when carboxylic acids and
their salts form complexes with metals, frequency shifting and
changes in the shape of the stretching bands of COO- group
occur (14). From the frequency shift, ∆ν ) νasym - νsym, it is
possible to identify the mode of coordination between the
carboxylate and the metal by comparison to the salt (the
potassium humate in our case). Thus, a unidentate structure (I)
has distinct double CdO and single C-O bonds, whereas
bidentate structures (chelating (II) or bidentate bridging (III)),
will have equivalent C-O bonds (Figure 1). In the case of a
unidentate structure, the νasym must appear at ca. 1620–1650
cm-1, indicative of a CdO character, (with ∆ν being higher
than that of the corresponding monovalent salt), whereas the
absence of such a characteristic band along with a ∆ν lower
that thecorrespondingsalt impliesabidentatecoordination(14,15).
In addition, if ∆ν is similar to that of the salt, the resulting
structure corresponds to bidentate-bridging.

In our study we have compared the ∆ν values corresponding
to each M-HA complex with that of HA, at each pH value,
and the ∆ν values corresponding to each PO4

3--M-HA to
that of the corresponding M-HA complex, at each pH value.
The comparisons are carried out at each pH value because the
∆ν value corresponding to the potassium humate varies as a
function of pH value. This effect is probably due to the influence
of pH on the ionization degree of the carboxylate. The results
describing ∆ν variations are presented in Table 1.

Regarding Al-HA complexes, the results indicate that the
process of metal complexation generates unidentate (pH 6) and
bidentate-bridging (pH 4 and 8) interactions with the carboxy-
late. The process of fixation of PO4

3- did not induce remarkable
changes in the complexation mode.

In the case of Fe-HA complexes, the mode of metal
complexation was similar to that of Al-HA complexes for pH
8. At pH 6, however, the complexation mode was bidentate-
bridging, and at pH 4 it was bidentate. In this case, however,
PO4

3- fixation induced a clear reduction in ∆ν for all pH values,

which indicate a stabilization of a bidentate mode. Similar results
were obtained for Zn complexes, because the clear unidentate
(pH 6)/bidentate bridging (pH 4 and 8) modes associated with
Zn complexation are transformed into a clear bidentate mode
upon PO4

3- fixation, except in the case of pH 8 (bidentate-
bridging). These results indicate that in the case of Fe and Zn
complexes the fixation of PO4

3- in M-HA binding sites seems
to induce significant changes in the electronic configuration of
the binding site, leading to a stabilization of intramolecular
M-HA bonds. These changes could be related to the molecular
disaggregation associated with PO4

3- fixation (6). In the case
of Al complexes, however, this effect is less clear.

The Fluorescence Study. A number of studies have dem-
onstrated that the process of metal complexation in organic
ligands attached to fluorescent groups (such as aromatic rings)
caused important changes in the fluorescence emission spectra,
which are principally reflected in a quenching effect of the
intensity of fluorescence (16). In the case of humic substances
this effect has been used to analyze both the electronic
characteristics and the stability of the binding process (16).

In the case of PO4
3--Al-HA complexes, PO4

3- fixation
induced different patterns of quenching depending on pH
(Figure 2). Thus, at pH 4, PO4

3- fixation was associated with
a decrease in the intensity of the quenching effect linked to Al
complexation in HA. This effect diminished at pH 6, whereas
at pH 8 it represents an increase in the quenching.

Similar results were observed for PO4
3-- Zn-HA complexes

(Figure 4). In the case of PO4
3--Fe-HA complexes, however,

PO4
3- fixation was associated with a significant increase in the

quenching effect at all pH values studied (Figure 3).
In principle, these results indicate that PO4

3- fixation affects
the electronic and structural features of the M-HA binding site.
These results could be linked to changes in the stability of the
M-HA interaction. Thus, PO4

3- fixation might induce a possible
debilitation at acidic pH and reinforcement at alkaline pH for Al
and Zn complexes and a clear reinforcement for Fe complexes at
both acidic and basic pH values. Thus, for Al and Zn at acidic

Figure 1. Examples of different modes of coordination for the interaction
of Fe-carboxylate: (I) unidentate; (II) bidentate, and (III) bidentate-bridging.

Table 1. Asymmetric and Symmetric Band of Carboxylate, ∆(asym-sym),
and Binding Mode (Bidentate-Bridging, BD-BG; Bidentate, BD, and
Unidentate, UD) for HA, M-HA Complexes and PO4

3--M-HA
Complexes as a Function of pH

compound
asymmetric

band
symmetric

band
∆

(asym–sym)
binding
mode

HA, pH 4 1624 1385 239
HA, pH 6 1593 1385 208
HA, pH 8 1581 1385 196

Al-HA, pH 4 1628 1385 243 BD-BG
Al-HA, pH 6 1624 1385 239 UD
Al-HA, pH 8 1585 1385 200 BD-BG

PO4
3--Al-HA, pH 4 1628 1385 243 BD-BG

PO4
3--Al-HA, pH 6 1618 1385 233 UD

PO4
3--Al-HA, pH 8 1589 1385 204 BD-BG

Fe-HA, pH 4 1618 1385 233 BD
Fe-HA, pH 6 1595 1385 210 BD-BG
Fe-HA, pH 8 1589 1385 204 BD-BG

PO4
3--Fe-HA, pH 4 1583 1385 198 BD

PO4
3--Fe-HA, pH 6 1593 1400 193 BD

PO4
3--Fe-HA, pH 8 1583 1400 183 BD

Zn-HA, pH 4 1626 1385 241 BD-BG
Zn-HA, pH 6 1624 1385 239 UD
Zn-HA, pH 8 1592 1385 207 BD-BG/UD

PO4
3--Zn-HA, pH 4 1581 1385 196 BD

PO4
3--Zn-HA, pH 6 1583 1398 185 BD

PO4
3--Zn-HA, pH 8 1581 1385 196 BD-BG
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pH, the interaction between the metal and phosphate seems to be
more important than the M-HA interaction, whereas at alkaline
pH the reverse is observed. In the case of Fe, however, a clear
reinforcement of Fe-HA interaction could occur at all studied pH.
These results were also concordant with the order of relative
stability of the different M-HA complexes studied: Fe > Al >

Zn (6). These results could also be associated, however, with the
induction of steric effects that would affect the rigidity of the
binding site and, consequently, fluorescence intensity (16).

The Molecular Modeling Study. To model the binding site
present in HA for metal complexation we have selected a
salicylic acid structural group (SA) with two ionization states:
the ionization of the carboxylic group and the ionization of the
carboxylic and phenolic groups.

Figure 2. Synchronous fluorescence spectra (∆λ ) 18 nm) for HA,
Al-HA complexes, and PO4

3--Al-HA complexes as a function of pH.

Figure 3. Synchronous fluorescence spectra (∆λ) 18 nm) for HA,
Fe-HA complexes, and PO4

3--Fe-HA complexes as a function of pH.
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For the Al-SA interaction in the case where only the
ionization of the carboxylic group is considered SA-1, the most
stable intermolecular approaching interaction (electrostatic
interaction) for Al complexation in SA, principally governed
by electrostatic forces, is presented in Figure SI1 of the
Supporting Information. This molecular configuration corre-
sponds to the energy minimization of the molecular system
using molecular mechanics (AMBER force field, structure
Al-SA-1

AMBER). As expected, it describes the interaction

between the carboxylate and the metal in its hexahydrated form
as well as some electrostatic interactions with the negative partial
charges on the aromatic ring. To investigate the formation of
more stable interactions (bonds with more covalent character,
the binding interaction) we carried out an energy minimization
of the system corresponding to Al-SA-1

AMBER using a semiem-
pirical quantum chemical method (PM3). The molecular system
obtained is presented in Figure 5 (structure of Al-SA-1

PM3).
We also present the electronic density corresponding to Al
(Figure 5). As can be observed, Al complexation in SA-1

involves the participation of the C-O- (bond distance 1.81 Å)
and CsO (2.42 Å) in the carboxylate. Likewise, these interac-
tions were associated with a significant enlargement of two
Al-water bonds (from 1.88 to 2.41 and 2.46 Å). There is no
participation of the phenol group in the binding process. The
binding energy corresponding to this reaction was -343.38 kcal
mol-1. The distribution of the electronic density in the car-
boxylate suggests the presence of a bidentate pattern. This result
was in line with the conclusions obtained from the FTIR study
for Al-HA complexes (pH 4).

To investigate PO4
3- binding in Al-SA-1 we studied

the electrostatic interaction and the binding interaction of
the interaction of Al-SA-1

PM3 with PO4
3-. The most stable

structure generated from the energy minimization of the
molecular system Al-SA-1

PM3/PO4
3- using AMBER is pre-

sented in Figure SI2 of the Supporting Information (structure:
Al-SA-1- PO4

3-
AMBER). This structure involves the electro-

static interaction between the oxygen atoms of phosphate with
the hydrogen atoms of the Al coordination water molecules.
To calculate the binding interaction for Al-SA-1-
PO4

3-
AMBER, we carried out an energy minimization of the

system using PM3. This calculation generated the structure
presented in Figure 6 (Al-SA-1- PO4

3-
PM3; we also presented

the electronic density on Al). The optimized structure describes
the formation of a significant interaction between one oxygen

Figure 4. Synchronous fluorescence spectra (∆λ) 18 nm) for HA,
Zn-HA complexes, and PO4

3--Zn-HA complexes as a function of pH.

Figure 5. Binding interaction between the salicylic binding model (-1
charge) and Al. (The grid shaped globes represent the electronic density
distribution for a contour value of 0.05 ea0

-3.)

Figure 6. Binding interaction between Al-SA-1 complex and phosphate.
(The grid shaped globes represent the electronic density distribution for
a contour value of 0.05 ea0

-3.)
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of PO4
3- and Al (bond distance 1.8 Å), without any significant

modification of the interaction between the SA carboxylate and
Al. Likewise, AL-SA interaction presented a bidentate pattern
in agreement with the FTIR study for Al-HA complexes
(principally pH 6; it is important to note that we have not
considered the possible formation of bidentate-bridging struc-
tures because we did not introduce two Al atoms in the
calculation). These interactions were associated with a significant
enlargement of Al-H2O bond distances (between 2.43 and 2.46
Å). The binding energy corresponding to the reaction was
-416.47 kcal mol-1.

For the Al-SA interaction considering the ionization of both
the carboxylic and phenolic groups (Al-SA-2), the electrostatic
interaction calculated using AMBER generated the most stable
structure, presented in Figure SI3 of the Supporting Information
(Al-SA-2

AMBER). This structure describes the interaction of Al
with both the carboxylate and the phenolate. The binding
interaction corresponding to Al-SA-2

AMBER was calculated
using PM3. This calculation generated the structure presented
in Figure 7 (Al-SA-2

PM3), in which we include the electronic
density on Al. As can be observed, this interaction involves
the two oxygen atoms of the carboxylate (bond distances
C-O-Al 1.86 Å, and CdO-Al 2.55 Å) and the oxygen of
phenolate (bond distance 2.42 Å). This interaction was coupled
to a significant enlargement of three Al-H2O bonds (from 1.88
to 2.31, 2.38, and 2.41 Å). The distribution of electronic density
in the carboxylate indicates a bidentate pattern, in agreement
with the FTIR study for Al-HA complexes at pH 6. This result
is also compatible with the binding pattern obtained from the
FTIR study at pH 8 (bidentate-bridging) because we have not
considered two metals in the calculation. The binding energy
corresponding to the reaction was -605.7 kcal mol-1.

As expected, Al complexation involving the ionization of both
the carboxyl and phenol (∆ER ) -605.7 kcal mol–1) was
significantly more stable than that only involving the ionization
of the carboxyl (∆ER ) -343.38 kcal mol-1).

The more stable structure generated from the electrostatic
interaction of Al-SA(-2)PM3 with PO4

3- is presented in Figure
SI4 of the Supporting Information (Al-SA-2-PO4

3-
AMBER).

It includes the electrostatic interaction between two oxygen
atoms of phosphate with the water coordination sphere of Al
and with Al. The binding interaction study generated the
structure presented in Figure 8 (Al-SA-2- PO4

3-
PM3). It

describes the interaction of one oxygen atom of phosphate with
Al (bond distance 2.59 Å). There were not significant changes

in the electronic features of the Al-SA-2 interaction. The
binding energy for this reaction was -287.49 kcal mol-1.

It was noteworthy that the relative stability of the
Al-SA-2-PO4

3 interaction was significantly less stable than
that of the Al-SA-1- PO4

3- interaction. This result suggests
that the stability of PO4

3- fixation in Al-SA decreases in line
with the increase in the stability of Al-SA complexes.

In the case of the interaction of SA with Zn(II), the structure
generated by the electrostatic interaction study corresponding
to the complexation of Zn in SA with only the carboxyl group
ionized (SA(-1)) is presented in Figure SI5 of the Supporting
Information (Zn-SA-1

AMBER). As in the case of the Al-SA-1

interaction, it describes the interaction with the carboxylate and
the negative partial charges on the aromatic ring. In Figure 9.
we present the structure corresponding to the binding interaction
study for Zn-SA-1

AMBER (Zn-SA-1
PM3). This interaction

involves the participation of the two oxygen atoms in the
carboxylate (bond distances: C-O 2.13 Å and CsO 2.56 Å),
with a slight enlargement of the Zn-H2O bonds (from 2.14 to
2.17 to 2.29–2.26 Å). The electronic density distribution on the
carboxylate suggests a bidentate pattern. In the FTIR study for
Zn-HA at pH 4 (no ionization of phenol groups), the spectra
indicated a bidentate-bridging model. These results may be
compatible with our result because we have not considered
several metal atoms in the calculation. The binding energy
associated with this reaction was -204.25 kcal mol-1.

The electrostatic interaction study corresponding to the
interaction of Zn-SA-1

PM3 with PO4
3- generated the structure

presented in Figure SI6 of the Supporting Information
(Zn-SA-1-PO4

3-
AMBER). It describes an electrostatic interac-

tion with the water coordination sphere and Zn atom. The
binding interaction study for Zn-SA-1-PO4

3-
AMBER generated

the structure shown in Figure 10 (Zn-SA-1-PO4
3-

PM3). This
interaction involves the participation of two oxygen atoms of
the phosphate group, one rather stable (bond distance 1.87 Å)
and another less stable (bond distance 3.49 Å). This interaction
significantly modified the bond distances of the interaction

Figure 7. Binding interaction between the salicylic binding model (-2
charge) and Al. (The grid shaped globes represent the electronic density
distribution for a contour value of 0.05 ea0

-3.)

Figure 8. Binding interaction between Al-SA-2 complex and phosphate.
(The grid shaped globes represent the electronic density distribution for
a contour value of 0.05 ea0

-3.)

Figure 9. Binding interaction between the salicylic binding model (-1
charge) and Zn. (The grid shaped globes represent the electronic density
distribution for a contour value of 0.05 ea0

-3.)
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between the carboxylate with Zn. Thus, in the case of CdO a
significant bond shortening was observed (from 2.56 to 2.16
Å), whereas for C—O a bond enlargement was noted (from
2.13 to 2.92 Å). These changes in bond distances indicate that
a certain debilitation of the Zn-SA-1 interaction, associated
with PO4

3- fixation, seems to occur. The electronic density
distribution on the carboxylate indicated a possible bidentate
pattern in agreement with the FTIR study for Zn-HA. On the
other hand, one water molecule lost the interaction with Zn upon
PO4

3- fixation, and the other water molecules underwent
significant bond enlargements. The binding energy for this
reaction was -264 kcal mol-1.

Regarding the interaction of Zn with SA and considering the
ionization of both the carboxyl and phenolic groups, the
electrostatic interaction study generated the structure presented
in Figure SI7 of the Supporting Information (Zn-SA-2

AMBER).
It describes the interaction between the carboxylate and
phenolate with the water coordination sphere of Zn and with
Zn. The corresponding binding interaction study generated the
structure presented in Figure 11. (Zn-SA-2

PM3). This structure
shows the involvement of the CdO of the carboxylate (bond
distance 1.91 Å) and the O- of phenolate (bond distance 1.95
Å). Two water molecules lost the interaction with Zn, and the
other water molecules underwent a clear bond enlargement. The
electronic density distribution on the carboxylate indicated a

unidentate pattern in accordance with the FTIR study for
Zn-HA at pH 6 and 8.

The binding energy for the reaction was -421.71 kcal mol-1.
As expected, the stability of the interaction involving the total
ionization of the salicylate group (∆ER ) -421.71 kcal mol-1)
was more stable than that involving the ionization of the
carboxylic group alone (∆ER ) -204.25 kcal mol-1).

Concerning the study of PO4
3- binding in Zn-SA-2

PM3, the
electrostatic interaction study did not generate any stable
molecular configuration for the Zn-SA-2-PO4

3- interaction.
In consequence, PO4

3- binding in Zn-SA is only theoretically
expected for those Zn-SA complexes involving the ionization
of only the carboxylate.

Regarding the possible application of the conclusions drawn
from this study to the humic complexes, the fact that there was
a reasonable concordance between the binding patterns for the
carboxylate obtained from the FTIR study for PO4

3--M-HA
complexes and those obtained from the theoretical study
indicates that SA seems to be a good alternative to model the
metal binding site in HA.

Thus, the results obtained for both the Al-SA-PO4
3- and

the Zn-SA-PO4
3- interactions indicate that the stability, and

even the formation, of PO4
3--M-SA (and possibly

PO4
3--M-HA) complexes is conditioned by the stability of

the M-SA(HA) complex: the more stable the metal complexes
are, the less stable (and the possible formation) the phosphate
complexes. This result could provide a possible explanation for
the fact that only a relatively low fraction of complexed metal
intervenes in phosphate fixation in M-HA (6). Only the metal
fraction involved in HA complexes with low stability will be
able to form stable phosphate complexes. The theoretical study
indicates that this situation might be related to the metal fraction
complexed with only one carboxylate. Thus, the results obtained
suggest that, in the case of Zn-HA- PO4

3- complexes, only
the fraction of Zn complexed by a carboxylic group participates
in phosphate binding. This would also be the case for the more
stable fraction of Al-HA-PO4

3-. This carboxylate may be
integrated in a more complex binding site (such as the salicylic
structure) or, more probably, may correspond to isolated groups.
This result also provides a complementary explanation for the
relatively low fraction of complexed metal that is involved in
the formation of stable PO4

3--M-HA complexes (4, 6),
because several studies indicate that the majority of carboxylic
groups are probably grouped with other carboxylates (phthalate
type structure) or with phenols (salicylate type structure). So,
the relative concentration of isolated carboxylic groups in HA
is expected to be rather low.

Regarding the relative stability of phosphate complexes
involving Al and Zn, the results obtained indicate that
Al-SA-PO4

3- complexes presented more stability than
Zn-SA-PO4

3-. This result is in line with those obtained
concerning the apparent stability of PO4

3--M-HA complexes
involving Al and Zn (6). They also indicate that Al-SA
complexes are more stable than Zn-SA complexes. This result
is concordant with the relative stability of Al-HA and Zn-HA
complexes (11, 16).

In summary, the FTIR study indicated that, in the case of
those complexes involving Fe and Zn phosphate, fixation is
associated with a stabilization of the metal-carboxylate bond.
In the case of Al, this effect is less clear. This effect of phosphate
fixation on the characteristics of the metal-humic binding site
was also supported by the results obtained in the fluorescence
study, which showed significant changes in the quenching effect,

Figure 10. Binding interaction between Zn-SA-1 complex and phosphate.
(The grid shaped globes represent the electronic density distribution for
a contour value of 0.05 ea0

-3.)

Figure 11. Binding interaction between the salicylic binding model (-2
charge) and phosphate. (The grid shaped globes represent the electronic
density distribution for a contour value of 0.05 ea0

-3.)
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normally associated with metal complexation in humic sub-
stances, upon phosphate fixation.

Finally, the molecular modeling study revealed that the
stability of PO4

3--M-humic complexes is inversely related
to the stability of metal-humic interaction. This result could
explain why only a relatively low proportion of humic com-
plexed metal is involved in phosphate fixation.
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