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Complex formation between S-histidine (HHis) and aluminium(III) ion in aqueous solution
was studied by potentiometric measurements, ESI-MS, 27Al and 13C NMR spectroscopy at
298K. Potentiometric titrations were made at 298K over the pH range 1.90 to 6.40 on solutions
with total aluminium concentrations from 1.0 to 20.0� 10�3mol dm�3. Ionic strength of the
solutions was maintained at 0.1mol dm�3 with LiCl. A neutral solution of HHis was used as
titrant. Non-linear least-squares treatment of the pH 3.0–6.2 data indicated the formation
of one main complex, Al2(OH)His4þ, and two minor ones, Al(HHis)3þ and Al(HHis)His2þ,
with overall formation constants, �p,q,r ( p, q, r being stoichiometric coefficients for metal,
ligand and proton, respectively), of log�2,1,�1¼ 6.15� 0.09, log�1,1,1¼ 12.15� 0.10,
log�1,2,1¼ 20.1� 0.08, respectively. The complex Al(His)2þ, with a stability constant
log�1,1,0¼ 7.21� 0.08 was at the limit of the detection and is probably the mixed hydroxo
complex, Al(OH)HHis2þ. ESI-mass spectra generally confirmed the equilibrium model
though a variety of polynuclear hydrolytic complexes was observed. 27Al NMR spectra of
solutions with aluminium concentrations of 5–50� 10�3mol dm�3 and histidine concentrations
of 25–260� 10�3mol dm�3 were recorded. In the pH interval 4.0–4.5 a resonance at 4.7 ppm
was assigned to Al2(OH)His4þ, while at pH 5.0–6.1 two resonances at 8.2 and 12.0 ppm
were assigned to Al(HHis)2þ and Al(HHis)(His)2þ [or Al(OH)(HHis)2þ2 ], respectively. In
13C NMR spectra the upfield chemical shift difference of the carboxyl carbon resonance of
free and bound histidine of 0.8 ppm, and that of aliphatic �- and �-carbons of 0.3–0.4 ppm,
confirmed the formation of the complex in which both the carboxyl and amino groups of
histidine participate in coordination. An isolated complex has the composition
[(AlOH)(HHis)2]Cl2. IR spectra showed changes in position and profile of carboxyl and
amino bands as compared to those of free S-histidine, again indicating the involvement of
both groups in coordination to aluminium.
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1. Introduction

Aluminium can be a detrimental and toxic element. It may enter the human body
from the environment, the diet or medication, and pass into systemic circulation
from the gastrointestinal (gi) tract or lungs, or by the parenteral route (hemodialysis
or parenteral nutrition) [1–3]. Because Al3þ is a hard metal ion, it forms complexes
of highest stability with ligands containing hard donor groups. Most effective
are ligands possessing strongly basic, negatively charged oxygen atoms (phenolates,
alcoxides, carboxylates, phosphonates, etc.) and nitrogen atoms appropriately arranged
to form five- or six-membered rings, such as aminocarboxylates [4–6]. Although amino
acids generally do not form strong complexes with Al(III), those with appropriate
side chains (glutamic, aspartic acids), can form chelates of appreciable stability on
account of favourable steric arrangements of donor groups [7–11].

Among the amino acids, S-histidine is unique in that it has an imidazole group
that may bind to a metal ion and is a component of proteins and enzyme active
sites. The histidine possesses four potential coordination sites, the carboxyl group,
the amino group, and the nitrogen atoms of the imidazole residue. The tertiary nitrogen
is among the strongest electron donors and its Lewis basicity depends on the protona-
tion state of the rest of the molecule and, in proteins, on the vicinity of carboxylate
groups. It can thus serve as a site for aluminium complexation. Histidine mainly acts
as a bidentate ligand via the amino–imidazolic couple or the amino–carboxylate
couple. The third possible couple involving imidazole nitrogen–carboxylate is not
favoured due to the formation of a seven-membered ring [12].

The solution chemistry of aluminium ion and histidine may be of importance in
elucidating interactions between protein hydrolyzates used in parenteral nutrition
and aluminium that is unavoidably present in such solutions. In addition, histidine
taken as a food supplement may interact with concomitantly administered aluminium
based antacids. Sites of aluminium–histidine interaction may involve the gi tract, blood,
kidney tissue, cell cytosol and lysosomes. In the gi tract histidine is released from
food and may reach appreciably high concentrations in the duodenum, jejunum and
ileum and may interact with aluminium [13]. Histidine taken either for therapeutic
purposes or released from ingested food may affect the solubilization of aluminum
and enhance its bioavailability. In blood, levels of histidine may be quite appreciable
in cases of total parenteral nutrition involving protein hydrolyzate, or in some diseases
such as histidinemia, renal failure or Reye’s syndrome [14]. Histidine can interact with
the ultrafiltrable fraction of aluminium in serum, though such interactions are expected
to be weak in comparison with those involving carboxylic acids or phosphate [7].
High levels of histidine may be expected in lysosomes and tissues rich in these cell
organelles such as kidney tissue [15,16], especially in the case of ingestion of protein
rich food. Taking all of the above into account, it is clear that an understanding
of the nature of aluminium–S-histidine interactions would help in an understanding
of aluminium toxicity.

The objective of the present work was to study complex formation between
aluminium ion and S-histidine with respect to speciation, stability and binding mode.
A review of available literature showed that no unambiguous description of aluminium
complexation with S-histidine exists. Duc and coworkers [17] studied complexation
of aluminium with the �-amino acids that constitute collagen by potentiometric
measurements in 0.5mol dm�3NaClO4 at 298K. With histidine, a mononuclear,
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mixed hydroxo complex was found. Dayde et al. [7] studied complexation of alumin-
ium ion with glycine, serine, threonine and histidine in 0.15mol dm�3 NaCl at 37�C

by potentiometry and 1H and 13C NMR spectroscopy. The complex Al2(His)H3þ
�2

was identified, with an overall stability constant log �2,1,�2¼ 1.16� 0.12. In previous

work [18], the complexes Al(HHis)3þ (log �1,1,1¼ 12.21� 0.08), Al(His)2þ (log �1,1,0¼
7.25� 0.08) and Al(HHis)(His)2þ (log �1,2,1¼ 20.3� 0.1) were identified by potentio-

metric measurements in 0.1mol dm�3 LiCl at 298K. Here a study of complex formation

involving potentiometry, ESI-MS, and 27Al and 13C NMR spectroscopy is reported.
The main complex formed in aluminium–histidine solutions at a pH near 6, was syn-

thesized and characterized.

2. Experimental

An aluminium chloride stock solution was prepared by dissolving AlCl3 � 6H2O
in doubly distilled water. An appropriate amount of 0.1mol dm�3 of HCl was added
to prevent initial hydrolysis. Aluminium content was determined gravimetrically by
precipitation with ammonia or 8-hydroxyquinoline. Both methods gave the same
results within 0.3%. Concentration of free acid was determined potentiometrically
with standard NaOH. S-Histidine was dissolved in doubly distilled water and assayed
potentiometrically. The sodium hydroxide solution was prepared from a concentrated
volumetric solution by diluting with freshly-boiled, doubly distilled water and cooling
under a constant flow of purified nitrogen. Alkali concentration was checked by
titration against potassium hydrogen phthalate. Hydrochloric acid solutions were
standardized against tris(hydroxymethyl)aminomethane.

2.1. Instruments and procedures

All pH measurements were made using Beckman 4500 digital pH/mV meter
(resolution� 0.002 pH units or� 0.1mV) equipped with a Beckman combined elec-
trode. Potentiometric titrations were performed in a thermostatted vessel at
298.0� 0.1K and at constant ionic strength (0.1mol dm�3 LiCl) under dinitrogen.
The acidified aluminium solution was titrated with a neutralized solution of histidine
[19]. Before commencing titrations, aluminum solutions were allowed to stand for
24 h. The titrant was added in small aliquots (0.005–0.01 cm3) using a Metrohm
Dosimat model 665, under energetic stirring of the solution. Potential (or pH) readings
were taken every 2min until a steady value of � 0.1V (�0.002 pH) was obtained.
Usually, stable potentials were obtained after 5–10min at the beginning of the titration
(pH<3) and after 20–25min at pH>3. All titrations were carried out in duplicate
with agreement between replicates of around 5%. The electrode was calibrated to
hydrogen ion concentration using a previously described method [7] before each experi-
ment; determined pKw was 13.65� 0.02. Species were characterized by the general
equilibrium

pAlþ qHisþ rH ¼ AlpðHisÞqHr

Al(III) complexes with S-histidine 1617
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and corresponding stability constants are given by

�p, q, r ¼
½AlpðHisÞqHr�

½Al�p½His�q½H�r

where His is non-protonated ligand. Fully protonated histidine is denoted as H3His2þ.
Concentration stability constants of complexes, �p,q,r, were calculated with the aid of
the computer programs Hyperquad [20] and Superquad [21]. Complex formation
constants were determined using four independent titrations with aluminium ion
concentrations ranging from 1.0 to 20.0mmol dm�3; pH-metric data between 3.0 and
6.2 were used.

Complexation with amino acids competes rather weakly with aluminium hydro-
lysis and is thus difficult to investigate. To derive a reliable complexation model
very accurate data for hydrolysis of aluminum are needed. Pronounced hydrolysis
of aluminium ion could obscure weak complexation in solution [1]. Furthermore,
polynuclear hydrolytic species, whose rate of formation is quite slow, may persist
metastably for long periods and supersaturation with respect to hydrated alumin-
ium oxides could further complicate the titration. To make sure that measured
pH effects are due to complexation, relatively high concentration ratios of ligand
to aluminium should be used and several experimental techniques combined. The
diversity of factors that influence the hydrolysis is such that there is a number
of models for aluminium hydrolysis. In the millimolar range of total aluminium
concentrations over the pH interval from ca 3 to 5 the common consensus is
that Al(OH)2þ, an oligomer, and [Al13O4(OH)24(H2O)12]

7þ (Al13-mer) are the
main solution species [22]. However, based on previous work using
0.1mol dm�3 LiCl at 298K [18] and previously reported models [1,6], for the
analysis of the titration curves the hydroxo species AlH�1 (log �¼�5.27),
Al3H�4 (�13.81), AlH�4 (�23.1), Al13H�32 (�106.5) and AlH�3(aq) (�14.68) were
taken into account.

ESI-MS was performed using an Agilent LC/MSD system. Aluminum–histidine
solutions were prepared in the histidine to aluminum concentration range 1 : 1 to
5 : 1 at pH 4.20 and a total aluminum concentration of 50.0mmol dm�3. Solutions
were allowed to stand for 5 days before final adjustment of pH. All data were
acquired in the positive ion mode and processed using HP ChemStation software.
IR spectra (KBr pellets) were recorded using a Perkin–Elmer 983G spectropho-
tometer. 27Al NMR spectra were recorded at 104.26 and 130.28MHz on Bruker
MSL 400 and DRX 500 spectrometers, respectively, with AlCl3 in 6mol dm�3HCl
as external standard; D2O was added as a lock. Measurement conditions were
pulse width 7 ms, flip angle 45�, acquisition time, 98.3ms, spectral width
20,833Hz, number of transients 200–500, pulse repetition time, 1 s, number of
data points 4k, digital resolution 10.17Hz/point or 1.27Hz/point (DRX500). A
Bruker MSL 400 spectrometer was used for recording 13C NMR spectra at
100.614MHz. Some 16,000–18,000 transients were accumulated with a digital
resolution 2.65Hz per point. Samples were dissolved in D2O and chemical shifts
are referenced to dioxane as an external standard. Thermal analysis was performed
using a Perkin–Elmer DSC 7 analyzer and Perkin–Elmer TGS2 thermogravimetric
balance.
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2.2. Synthesis

The Al3þ-S-histidine was obtained from the reaction of 50mmol of aluminium chloride
and 150mmol of S-histidine in water. The pH of the mixture was adjusted to 5.90
with 1mol dm�3NaOH to give a total volume of 10 cm3. The solution was gently stirred
at 42�C for 1 day, cooled to room temperature and stirred under vacuum until the
volume was considerably reduced. Further lowering of temperature induced the
precipitation of unreacted histidine. The remaining filtered solution was further evapo-
rated under vacuum and then cooled. The precipitate that formed was washed with ice-
cold water, ethanol and ether and dried in air. Al content was analysed by ARL 3580B
ICP/OES and DC-ARC plasma spectrometers [23]; chloride content was determined
volumetrically. Anal. Calcd for [Al(HHis)(His)]Cl2 (%): Al, 6.60; Cl, 17.2; C, 35.3;
N, 20.6; H, 4.65. Found: Al, 6.8 (ICP), 6.7 (ARC); Cl, 17.7; C, 35.9; N, 21.0; H, 4.7.

3. Results and discussion

3.1. Potentiometry

Previously [18] complexation between histidine and aluminum using low total alumin-
ium concentrations (0.5–1.0mmol dm�3) and relatively high ligand to metal ratios
(L :M¼ 5 : 1, 3 : 1) was studied. Under these conditions dominant mononuclear
complexes are Al(HHis) and Al(HHis)His2þ. Only in titrations with total aluminium
0.5mmol dm�3 and L :M>3 : 1 was Al(His)2þ detected. Dayde et al. [7], however,
characterized interactions of histidine and aluminium with the sole complex
Al2HisH3þ

�2. To examine possible formation of mixed polynuclear complexes, in the
present work higher total concentrations of aluminium over a wide range of histidine
to aluminium ratios were used, titrating Al solutions initially at low pH with neutralized
histidine solutions. These conditions should favour polymerization.

Experimentally obtained potentiometric titration data are given in figure 1. For
speciation calculations data from pH 3.0 to 6.20 were selected. Fitting took account

1.80

2.80

3.80

4.80

5.80

6.80

7.80

−1.00 −0.50 0.00 0.50 1.00 1.50 2.00

CHis/CAl

pH

Figure 1. Titration data plotted as curves of pH versus concentration ratio of ligand to metal; CAl¼ 20 (̂ ),
10 (g), 5 (m) and 1 (�)mmol dm�3. Negative values of ligand (His�) to metal ratios denote an excess of strong
acid in the titrated solution.
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of the complexes AlL, AlL2, AlLH�1, AlL2H�1, AlLH, AlLH2, AlL(LH), Al(LH)2,
Al2LH, Al2LH�1, Al2L2H�2 and Al2L2H�1. In the first step a manual fitting option
of Hyperquad was used and titration curves were processed separately. This analysis
proved that at higher aluminium concentrations (20 and 10mmol dm�3) the most
important species is the mixed dimer Al2HisH4þ

�1. With decreasing concentrations of
aluminium and increasing concentration ratios of histidine to aluminium, mononuclear
complexes become increasingly important. The best fit was achieved with the
complexes Al(HHis)3þ, Al(His)2þ and Al(HHis)His2þ. When the dimer is dominant,
introduction of mononuclear complexes shows that they are only minor species.
However, at lower aluminium concentrations (1 to 5mmol dm�3) an acceptable fit
can only be obtained by introducing these species in the model. The probable complexes
and their trial stability constants were subjected to further Hyperquad refinement.
In Hyperquad calculations the identity and stability of complexes which give the best
fit to the experimental data are determined by minimizing the error-squares sum
of the potentials, U,

U ¼
X

wiðEobs � EcalcÞ
2

where wi represents a statistical weight assigned to each point of the titration curve
and Eobs and Ecalc refer to the measured and the calculated potentials of the cell, respec-
tively. The best model was chosen using several criteria: the lowest value of U; standard
deviation in calculated stability constants less than 0.15 log units; standard deviations
in potential residuals, defined as

s ¼ feweT=ðN� kÞg

where e is a vector in potential residuals (Eobs�Ecalc), w is a weighting matrix, N is
the number of observations and k is the number of refinable parameters (with standard
deviation in volume readings 0.0005 cm3 and standard deviation in potential readings
0.1mV, s should be less than 3.0; goodness-of-fit statistics, �2 at the 95% confidence
level with six degree of freedom less than 12.6; reasonably random scatter of potential
residuals without any significant systematic trends. The refinement operations for
each total aluminum concentration resulted in different and often acceptable models.
Different strategies were employed in the refinement operations: fixing selected
constants to simplify optimization procedure; reducing the number of experimental
points included in calculations; parallel refinement of selected pure hydrolytic species
together with the Al-His complexes; ‘‘piecewise’’ fitting of experimental data.
Analytical parameters were always kept constant. At a total aluminum concentration
of 20mmol dm�3 the only accepted complex was the dimer, Al2HisH4þ

�1, with
rather poor statistics. Introduction of other complexes did not improve the fit. At a
total aluminum concentration of 10mmol dm�3 optimization commenced with this
complex by fixing its stability constant and adding and refining stability constants
of Al(HHis)3þ and Al(His)2þ. The optimization ended with the acceptance of
Al(HHis)3þ and rejection of Al(His)2þ with reasonable statistics. The two stability con-
stants were then allowed to float and as a result the complexes Al(HHis)3þ and
Al2HisH4þ

�1 were accepted (pH interval 3.5 to 5.5) with good residual trends.
At total aluminium concentrations of 5 and 1mmol dm�3 it was very difficult to
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obtain an acceptable fit over the whole titration range. To the above model we found
it necessary to add other complexes from the initial list and satisfactory results
were obtained with Al(HHis)His2þ complex, although in some models addition of
Al(His)2þ produced acceptable fits. The complexes Al(His)2 and Al(HHis)2 were
always rejected in combination with Al(HHis)His2þ. Thus in the first optimization
step a model consisting of Al(HHis)3þ, Al(His)2þ, Al(HHis)His2þ and Al2HisH4þ

�1

was established.
Previous potentiometric data [18] on Al3þ-histidine complexation in the pH interval

3.2–6.0 has been recalculated. Present titration data were added and in the fitting
procedure the previously found model consisting of (1, 1, 1), (1, 2, 1) and (1, 1, 0)

complexes was fixed. The stability constant of the (2, 1,�1) complex was varied.

The optimization procedure converged and gave log �2,1,�1¼ 6.21� 0.1. This value

was then fixed and stability constants for the accepted set optimized with final values
of stability constants varying slightly from those previously reported [18]; the final

model involved the species (1, 1, 1), (1, 1, 0), (1, 2, 1) and (2, 1,�1). When this model

was used to simulate speciation at higher aluminium concentrations, concentrations

of mononuclear species were too low to be reliably detected and only complex
(2, 1,�1) was sufficient to explain the experimental data. At lower aluminium con-

centrations, simulations showed the importance of mononuclear complexes. With this

as the best model, its sensitivity was examined by co-varying the stability constant of

the Al13-mer with those of the accepted set, introducing the latter into the optimization
procedure one by one. In the combination Al13-merþAl(HHis)His2þ, both stability

constants changed. The constant of Al13-mer changed from an initial value of

�106.50 to �107.23, while that of the (1, 2, 1) complex changed from 20.3 to 20.1.

The combination Al13-merþAl(HHis) gave for Al13-mer �106.20 and 11.98� 0.06
for the (1, 1, 1) complex. Finally, the combination Al13-merþ (2, 1,�1) gave �106.1

for the tridecamer and 6.12� 0.08 for the (2, 1,�1) complex. This proves that calcu-

lated stability constants of complexes are sensitive to the choice of stability constant

for Al13-mer. Therefore, values of stability constants of aluminum–histidine complexes
with the best statistical values were fixed and values of Al13-mer were varied. The

obtained value (log �13,�32¼�106.2� 0.12) was in good agreement with that from the

initial set. In the final calculation cycle all data points in the pH range 3 to 6 were used,

fixing the value of the stability constant of Al13-mer and refined constants of the dimer
and Al(HHis)His. Calculations produced an acceptable fit (given in table 1), but some

Table 1. Calculated stability constants for the complexes in
0.1mol dm�3 LiCl at 298K. Data for protonation constants of histidine

are from ref. [18].

Species log�p,q,r� �

H3His2þ 17.01
H2Hisþ 15.29
HHis 9.17
Al13(OH)7þ32 �106.20� 0.12
Al(HHis)(His)2þ 20.1� 0.08
Al(HHis)3þ 12.15� 0.10
Al(His)2þ 7.21� 0.08
Al2(OH)His4þ 6.15� 0.09
Statistical parameters of the fit: s¼ 3.2–8.0, �2¼ 11.9–28.3
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revision of the values determined previously [18] was needed. The complex Al2LH
3þ
�2 [7]

was not found under the experimental conditions in this study (it may be included in the
model but its inclusion worsens the statistical parameters of the fit). The diversity of
species found in this work is greater than that reported by Dayde et al. [7], though
the models in this work agree at higher aluminium concentrations and lower histidine
to aluminium ratios. It should be noted that Dayde et al. included in their initial model
the (1, 1, 0) and (1, 1,�1) complexes, but these were subsequently rejected on the basis
of statistical parameters. Differences between the two models may be attributed to
different experimental conditions. Dayde et al. worked at a considerably higher
temperature (37�C), which significantly accelerates hydrolysis and favours polymeriza-
tion. Further, the titration protocol they used, with relatively rapid measurement of
potential (at 2min intervals) may leave slowly formed aluminium–histidine complexes
undetected.

3.2. Reliability of the speciation model

To examine the reliability of the data of table 1, the experimental (points) and
calculated (lines) titration curves for a total Al concentration of 10.0mmol dm�3 is
plotted in figure 2. This shows that the difference between calculated and experimental
data is relatively small (<0.05 pH units). Stability constants of complexes formed in
Al/His solutions are considerably higher than those reported for other aluminum-
amino acid systems (table 2). The enhanced stability of the Al(HHis)3þ complex may
be explained by the formation of five-membered chelate where histidine acts as a biden-
tate. Maximum formation of Al(HHis)3þ occurs around pH � 4, which is close to the
protonation constant of the imidazole group of histidine and this should facilitate
proton transfer from the amine group. Another possibility concerns interaction
between the aluminium ion and the �-electrons of imidazole. Such an interaction has

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

volume (mL)

p
H

experimental points         calculated titration curve

Figure 2. Experimental and calculated titration curves for a total Al3þ concentration of 10.0mol dm�3

(T¼ 298K, �¼ 0.1mol dm�3).
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been found in many transition metal complexes containing ligands with �-electron
donors [24]. Since histidine is a flexible molecule it is possible that the imidazole residue
not coordinated to aluminum adopts a position close to the aluminum ion due to
the relatively free rotation about the CH2 group.

The distribution diagram (figure 3) shows that Al(HHis)3þ starts to form at pH
about 2.5 and reaches maximum concentration at pH about 4.0. From this pH value
the mixed binary complex Al(HHis)(His)2þ is formed and its concentration increases
with pH increase, reaching a maximum at pH around 6.0. Al(OH)3(aq) increases in
concentration at pH values higher than 6.0. Formation of the tridecamer starts at
pH around 4.5 and falls at pH 5.5, where the complex Al(HHis)His2þ reaches appreci-
able concentration. The mixed dimer starts to form at about pH 3.5 and reaches
maximum concentration at pH � 4.2. It is the main complex at pH values 	4.5.
With increasing concentration of aluminium, its relative concentration increases
while that of Al(HHis) rapidly decreases. Al(His) is at the limit of potentiometric detec-
tion and, bearing in mind the high concentration of Al(OH)2þ in its region of forma-
tion, its probable composition is Al(OH)HHis2þ. The speciation diagram shows that
histidine-aluminium complexes in potentiometrically accessible concentration ranges
always represent a relatively small fraction of total aluminium.

3.3. ESI-MS measurements

Mass spectra of the histidine (1.0mmol dm�3, pH 4.0) and aluminium chloride (1.0
and 5.0mmol dm�3, pH 3.0 and 4.0) alone were recorded under exactly the same

Table 2. Selected literature data on aluminium complexation with amino acids.

Species

log� � �

Gly Ser Thr His Asp Glu

MLH2 14.48 � 0.04b 14.74� 0.04b

15.03� 0.03c

MLH 11.2� 0.1f 12.21� 0.08d 11.76� 0.06a 10.88� 0.22a

11.24� 0.03b 11.07� 0.06b

10.68� 0.02e

12.02� 0.04f

ML 5.91� 0.1a 5.66� 0.11a 5.51� 0.12a 7.08� 0.20b 7.87� 0.04a 7.29� 0.04a

6.23� 0.1b 5.97� 0.05b 5.71� 0.08b 7.25� 0.08d 7.77� 0.02b 7.69� 0.03b

5.71� 0.02f 7.86� 0.01e

7.42� 0.03f

MLH�1 0.94� 0.15a 3.30� 0.03 2.56� 0.03f

M2LH�1 4.35� 0.09a 3.75� 0.11a 6.68� 0.01c

4.65� 0.03f

M2LH�2 0.36� 0.04g 0.20� 0.02g �0.18� 0.05g

K(MþHL!MLH) 2.14a 1.38a

1.88b

1.72e

2.54f

aRef. [11], �¼ 0.2mol dm�3 KCl, 25�C.
bRef. [25], �¼ 0.15mol dm�3NaCl, 37�C.
cRef. [9], �¼ 0.15mol dm�3, 37�C.
dRef. [18], �¼ 0.1mol dm�3 LiCl, 25�C.
eRef. [10], �¼ 0.1mol dm�3KCl, 25�C.
fRef. [26], �¼ 0.1mol dm�3 LiCl, 25�C.
gRef. [7], �¼ 0.15mol dm�3NaCl, 37�C.
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experimental conditions in order to identify corresponding peaks in spectra obtained
from solutions containing complexes. ESI-mass spectra gave a multitude of signals
corresponding to aggregates including histidine, aluminum, sodium, chloride and
hydroxide ions. It should be noted that histidine shows a strong tendency to polymerize
and formation of [(HHis)nþH]þ, n¼ 1–4, is evident in the spectra. Signals correspond-
ing to histidine fragments are found at m/z 156.3 (base ion), 110, 93, 83 and 66, in agree-
ment with the findings of El Aribi et al. [28]. Charge and isotopic analysis of hydrolysed
aluminium solutions indicate the existence of the species, Al2(OH)þ5 � 2H2O,
Al7O6Cl3(H2O)þn , Al13(OH)32(H2O)7þ12 , Al3(OH)4Cl4 � 6H2O and Al3O4(NaCl)2 �H2O.
It was difficult to assign signals with m/z greater than 360 since these represent poly-
meric species with variable chloride and sodium ions as well as water molecules.
At m/z 168 the mononuclear chloro complex [AlCl4

�
þHþ]0 was identified, in

accordance with the results of Sarpola et al. [29], but the diversity of hydrolytic species
found here is much less HistidineþAl3þ solutions give signals not seen with histidine or
aluminum chloride alone. In these solutions signal at m/z 46.2 can be assigned to
[Al2HisH4þ

�1þNaþ]5þ while that at 117.3 can be assigned to [Al(HHis)Cl2þ,
NaCl,4H2OþHþ]3þ. Charge analysis showed that the weak signal at m/z 463 can be
assigned to [Al(HHis)HisCl2þHþ] � 3H2O. These results are in agreement with the
potentiometric data and thus confirm the formation of a mixed dimer in solution.
Bearing in mind the concentrations of sodium and chloride ions in solutions their
recombination is not unexpected, nor is the presence of coordinated chloride in
Al-His complexes. Similar results have been found for oxalate-Al3þ solutions [30].

3.4. 27Al NMR spectroscopy

Spectra without addition of histidine were recorded using solutions in which the
concentration of aluminum was 50.0mmol dm�3 in the pH interval from 1.80 to

2 3 4 5 6 7
0.0

0.2

0.4

0.6

0.8

1.0
F

ra
ct

io
n

pH

Al

Al(OH)2+
Al(OH)3(aq)

Al13(OH)32
7+

Al(HHis)3+ Al(HHis) His2+
Al2(His)(OH)2+

[Al]TOT  = 10.00 mM [His]TOT = 30.00 mM

Figure 3. Distribution of histidine-Al3þ and hydrolysed complexes in terms of pH. The distribution was
calculated with log�13,�32¼�106.20 using the program Medusa [27].
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5.50, 72 h after preparation. In acidic solutions (pH<3.0) only the peak at � � 0 ppm
was observed. At pH values between 3.50 and 4.0 the line at � � 0 ppm broadened, with
the appearance of a weak resonance at � � 0.8 ppm, weak broad resonance at 4.08 ppm
and a sharp resonance at � � 63 ppm. The resonance at chemical shift of � � 0 ppm is
assigned to Al(H2O)3þ6 , broadening being due to the formation of Al(OH)(H2O)2þ2 ,
while the resonances at 0.8 ppm and 4.3 ppm belong to oligomers, most probably the
dimer, Al2(OH)4þ2 or Al2(OH)2þ4 and the trimer, Al3(OH)5þ4 , respectively [31–33]. The
resonance at 63 ppm is due to tetrahedral aluminium of the Al13-mer ‘‘core’’.
Increasing pH leads to the appearance of a rather broad peak at � � 4.3 ppm and a
decrease of the intensity of the peak at 0 ppm. At the same time the solution becomes
visibly turbid. At pH values higher than 5.5 (when a precipitate appeared) the peak at
4.3 ppm merges into the baseline and the resonance at � � 0 ppm disappears. These fea-
tures are consistent with the ultimate formation of Al(OH)3, which gives no signal [34].
To evaluate complexation between histidine and Al3þ, several series of solutions were
prepared. The total concentration of histidine was 250.0, 50.0 and 25.0mmol dm�3

while that of aluminium was 50.0, 12.5 and 5.0mmol dm�3. The concentration ratio
of histidine to aluminium thus covered was from 3 : 1 to 10 : 1. The pH of all solutions
was adjusted by addition of standard HCl or NaOH solution and solutions were left to
stand for 72 h before measurements were made. A final check of pH was made 30min
before recording the spectrum. At pH 4.5 solutions became slightly turbid, but upon
increasing pH up to 6.1 initial opacity disappeared. At pH 4.06, the peak at 4.3 ppm
(oligomers, above) shifts to 4.69 ppm and at the same time a new broad peak at
� � 9.54 ppm appears. The resonance at 9.54 ppm is near the expected value of
� � 10 ppm when an amino acid acts as a bidentate [35]. In this pH region the dominant
complexes are Al(HHis)3þ and the dimer, Al2HisH4þ

�1. Therefore, the resonance at
9.54 ppm is attributed to Al(HHis)3þ and that at 4.69 ppm to the dimer. Bearing in
mind that pK value of the imidazole nitrogen is about 6.5, it appears that the proton
resides on this site. Thus it may be assumed that Al(HHis)3þ is formed by binding
the carboxylate oxygen and amino groups to aluminium. Considering the equilibrium

AlðH2OÞ
3þ
6 þH2Hisþ $ AlðH2OÞ4ðHHisÞ3þ þHþ þ 2H2O,

for which the equilibrium constant is given by the expression logKeq¼ log �1,1,1�
log �0,2,1¼�3.14, it is seen that it is less probable than the equilibrium

AlðH2OÞ
3þ
6 þHHis$ AlðH2OÞ4ðHHisÞ3þ þ 2H2O,

for which the equilibrium constant is logKeq¼ log �1,1,1� log �0,1,1¼ 2.98, in line
with those of other bidentate amino acids. Since the above reaction is dynamic, broad-
ening of resonances at 0 and 9.54 ppm is observed. HHis represents the protonated
histidine molecule in which the proton from the ammonium group, in the presence
of aluminium, is transferred to the imidazole residue. Further increase of pH to
4.55–5.54, leads to shifting and merging of the band at 4.3 ppm into the tail of the
resonance at �8.44 ppm with the appearance of a new resonance at �12.08 ppm.
The resonance at 8.44 ppm represents the upfield shift of the resonance at 9.54 ppm,
while the resonance at 12.08 ppm indicates the formation of a new complex.
Increasing pH to 6.04 causes both resonances to shift upfield to 8.2 and 11.96 ppm,

Al(III) complexes with S-histidine 1625

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
4
2
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



respectively. At the same time the intensity of the sharp resonance at 63 ppm decreases.
The resonance at �12 ppm may be attributed to mixed binary complex Al(HHis)His2þ.

The structure of this complex may involve coordination of one histidine molecule
via the formation of a five-membered ring and the other histidine molecule in a
seven-membered ring as shown diagramatically in scheme 1. The fifth coordination
site is occupied by a hydroxyl group and a water molecule is bound to the sixth. The
side chain is as flexible as in aspartic or glutamic acid and the formation of the seven-
membered ring is sterically feasible. The coordination sphere around aluminium is
distorted octahedral so that the aluminium resonance is shifted further downfield in
comparison with that originating from more symmetric five- and six-membered ring,
as with aspartic acid (� � 10 ppm).

3.5. 13C NMR spectra

Proton-decoupled 13C NMR spectra were measured for solutions in which the total
concentration of histidine was 0.1mol dm�3 and that of aluminium 0.1 or 0.2mol dm�3

at pH 3.20. Assignment of carbon atoms is given in scheme 2. The spectrum of
free histidine (0.1mol dm�3, pH 3.21, 25�C) shows six resonances at 31, 58.5, 123,
133, 139.5 and 177 ppm, arising from aliphatic �-CH2, �-CH, imidazole 5-CH, 4-CH,
2-CH and carboxylic C-atoms, respectively. New signals appear upon addition
of aluminium to histidine solutions and are indicative of the presence of histidine
bound to aluminium. These new resonances appear upfield of free histidine signals.
For aliphatic CH2 and CH carbons the chemical shift differences between free and
bound histidine were 0.4 ppm, imidazole 4-C, 0.3 ppm, and carboxylic carbon
0.8 ppm. The intensity of free histidine carboxylic resonance is considerably lowered
upon addition of aluminium and further decreases on increasing the aluminium con-
centration. Separation of free and bound signals indicates relatively slow exchange
between the coordination sphere and the bulk solution. The main resonances from
aliphatic C atoms in free histidine show slight upfield shifts upon addition of alumi-
nium. This result could be explained by the involvement of both carboxyl and amino
groups in coordination. The speciation diagram indicates that under the conditions
of 13C NMR spectrum the dominant complex in the solution is Al(HHis)3þ together

NH3

CH

C

CH2

O

O

N

N
H

CH

C

H2C

OO

N

NH

Al

N
H2

HO

H2O

2+

H

Scheme 1. Tentative structure of aluminium–histidine complex.
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with small amounts of hydrolysed oligomers. Hence, in 13C NMR spectra of
Al(HHis)3þ, changes in position of resonances seen down the whole aliphatic carbon
chain are consistent with the closure of the five-membered ring.

3.6. The [Al(OH)(HHis)2]Cl2 complex

Elemental analyses agree with the formula [Al(OH)(HHis)2]Cl2 or [Al(HHis)His]Cl2.
Differential scanning calorimetry (DSC) analysis shows that the compound decom-
poses upon heating in five steps. For comparison histidine melts at 279–284�C.
The mass loss corresponding to these processes were 4.48, 5.40, 8.90, 13.32 and
9.83wt%, respectively. Total mass loss was 40.8%. A first broad peak at 46�C cor-
responds to water loss and the second at 146.9�C to loss of HCl. Between 234 and
282�C, melting and decomposition of histidine commences, in line with observations
of other transition metal-histidine complexes [36]. From 282 to 400�C decomposition
of histidine and formation of aluminium-oxide is completed. IR spectra of the com-
plex show changes in position and shape of some bands as compared to those of free
S-histidine (table 3). The data can be interpreted on the basis of literature data for
similar metal-histidine complexes [37–40]. In the range 1629–1567 cm�1 are observed
the asymmetric carboxylate stretch and amino group bending. In the range
1498–1284 cm�1 is observed the symmetric COO� stretch and the symmetric NH2 bend-
ing vibrations and in the range 1121–500 cm�1 is observed wagging COO�, twisting
NH3

þ, and imidazole ring vibrations. A broad band situated at 3100–2800 cm�1 in
free histidine disappears and splits into several smaller sharp bands in the spectrum
of the complex. This indicate disruption of CO—NH hydrogen bond [41] due to
coordination of carboxylate to aluminium. The carboxylate stretching band at
1412 cm�1 (�COO�) shifts to lower frequency and its intensity decreases while
�asCOO� and �C¼C(ring) at 1584 and 1567 cm�1, respectively, produce a single
band at 1577 cm�1. The �C¼N band of the imidazole ring is observed at 1512 cm�1

and in the complex is shifted to 1498 cm�1 with decrease in intensity. These observa-
tions indicate the participation of carboxylate, amino and heterocyclic nitrogen in
coordination.

H2N CH C OH

O

N

NH
1

3

α

β CH2

Scheme 2. Assignment of carbon atoms in histidine.
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4. Conclusions

Histidine and aluminium ion form dinuclear and mononuclear binary and mixed
complexes in which histidine is bound to aluminium in bidentate fashion to form
five- and possibly seven-membered chelate rings. The latter can occur at pH values
where deprotonation of imidazolium is appreciable (pH>5). Complexation is accom-
panied by pronounced hydrolysis of aluminum ion. Stability constants for complex
formation indicate that histidine behaves like other bidentate amino acids but binds
far less strongly than other gi and serum carboxylic acids [42].
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