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The new compound N®-(4-amino-1,6-dihydro-1-methyl-5-ni-
troso-6-oxopyrimidin-2-yl)-L-lysine (H,L) has been synthe-
sised and its molecular structure determined by single-crys-
tal X-ray diffraction methods. The Bronsted acid/base char-
acter of H,L has been determined in water in the pH range
2.5-10.0, and the nature of the observed protonation steps
determined by potentiometric and spectrophotometric meth-
ods. The adsorption of H,L on a commercial activated carbon
(AC) in aqueous solution is irreversible, mainly due to the
electronic behaviour of the n system of the pyrimidine moi-
ety. The adsorption of H,L. on the AC provides a route to
develop NH;*-CHR-COO~-type functions on the AC surface,

thereby yielding a new hybrid material with an enhanced
adsorption capacity for metal ions in aqueous solution. The
adsorption of Ni", Cu", Zn" and Cd" ions on the function-
alised AC has been studied and the results analysed on the
basis of the reactivity data for several pyrimidine ligand/
metal ion systems. The results, which show an enhancement
of the adsorption capacity of the new material with respect
to the unfunctionalised AC, are compared with analogous
materials studied previously.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The toxicity of metal ions in polluted waters is a serious
problem for the safety of living species, especially when tol-
erance levels are exceeded.!'! For this reason, the search for
new technologies for the recovery of metals from
wastewaters originating from municipal and industrial ac-
tivity has become a major topic of research interest.

Adsorption on activated carbon has been shown to be a
low-cost and effective method>* to remove low concentra-
tions of metal ions from contaminated water, and a great
deal of research has been carried out on this topic in the
last few decades to improve the adsorption capacity of acti-
vated carbons for the metal ions present in industrial and
waste waters.> 81 It is well known that surface functionali-
sation of activated carbons improves their adsorption ca-
pacity towards metal ions. Thus, considering the specificity
of metal ions for certain base donors and coordination envi-
ronments, the specific functionalisation of carbon surfaces
has become a main objective for improving the ability of
activated carbons in the metal capture process. This specific
functionalisation is difficult to achieve by the usual tech-
niques for activating carbon surfaces as they are rather inef-
ficient when it comes to developing the specific basic func-
tionalities needed for an efficient adsorption of metal ions.

[a] Dpto. Quimica Inorgéanica y Organica, Universidad de Jaén,
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We have therefore proposed the anchoring of appropriate
molecular receptors on the graphitic surface of the carbon
as a good alternative for the development of specific basic
functionalities.”~'"1 These molecular receptors contain a
planar pyrimidine moiety (Ar), which acts as an anchor to
attach the receptors onto the arene centres of the activated
carbon. This pyrimidine fragment is connected through a
polymethylene aliphatic arm (S) to a Lewis base function
(F), which acts as an active site for complexation of the
metal centres (Scheme 1).

Scheme 1.

Structural studies on these type of derivatives have
shown the existence of a strong dipole at the aromatic moie-
ties due to the electron-withdrawing character of their C(5)
NO and C(6)O substituents.'> 14l The existence of such a
dipole is common to all compounds of this class as the
polymethylene separators (S) are not conjugated with the
pyrimidine residues. This bipolar character means that the
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energy differences between their HOMO and LUMOs are
small and that the energy of these orbitals is close to the
energy values calculated for the frontier orbitals of mod-
elled arene active sites present on the surface of an activated
carbon (AC)."! This suggests that the observed irreversible
adsorption of the above molecular receptors on the AC is
probably due to some electron donation, through a ©-m in-
teraction, from the arene centres of the carbon to a vacant
n orbital of the pyrimidine moiety.

Thus far we have reported the adsorption of seven molec-
ular receptors derived from 4-amino-1-methyl-5-nitroso-6-
oxopyrimidin-2-yl, which differ in their C(2) substituents,
onto a granular basic H-type AC."'" In the cases of mo-
lecular receptors derived from the single amino acids L-ala-
nine, L-valine, L-methionine, L-serine and glycylglycine, the
results suggested that the adsorption capacity of the hybrid
AC-molecular receptors (AC-MR) to Cu'! is better than
that of the AC due to the metal-binding capacity of the
carboxyl function oft the amino acid moieties.''l In gene-
ral, an enhancement of the adsorptive capacity of the AC-
MR in relation to the AC is expected if the anchored recep-
tors bear functions (F) with a suitable affinity for the metal
ion. The aim of this work is to anchor the new molecular
receptor N°®-(4-amino-1-methyl-5-nitroso-1,6-dihydro-6-oxo-
pyrimidin-2-yl)-L-lysine (H,L), which contains a CO-
O CHR-NHj;"-active function and is able to act as stronger
bidentate chelating ligand towards metal ions. In order to
get further insight into the adsorption behaviour of the
chemically modified carbon material we have studied the
adsorption capacities of an AC-H,L hybrid adsorbent
towards a series of single bivalent metal ions (Ni'!, Cu™,
Zn" and Cd") in aqueous media. The results are analysed
on the basis of the reactivity data of the various H,L/metal
ion systems and those of the adsorption of the metal ions
on the AC adsorbent.

Results and Discussion

Synthesis and Characterisation of the Molecular Receptor

H,L was prepared by a synthetic procedure!'! consisting
of the condensation of L-lysine and 4-amino-1-methyl-5-ni-
troso-1,6-dihydro-6-oxopyrimidine!'®!71 (see Exp. Sect.).
This condensation takes place upon nucleophilic attack of
the e-NH, amino group of L-lysine at the C(2) atom of the
pyrimidine. For this reason the pH was kept at a constant
value to allow the selective protonation of the o-NH,
group.l18:19)

The structure of H,L was determined from its 2D 'H-
'H, 'H-'3C and 'H-'>N NMR spectra. The correlation of
C(2)pyr—N with the e-CH, signals in the latter spectrum
(Scheme 2) proved that the lysine residue is connected to
the pyrimidine moiety through its e-NH, group.

1096

www.eurjic.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Scheme 2.

The structure of H,L-4H,O was also solved by single-
crystal X-ray diffraction methods.”” A drawing and se-
lected bond lengths of the H,L unit are shown in Figure 1
and Table 1, respectively. The pyrimidine moiety shows sim-
ilar structural and electronic features to analogous com-
pounds mentioned above.['>14

The C(5)NO group is oriented trans to C(6) in such a
way that its oxygen atom O(5) is able to form an intramo-
lecular N—H:--*O hydrogen bond in an S(6) motif, which is
coplanar with the pyrimidine ring. However, the N-amino
acid side-chain deviates from this plane. The bond lengths
in the pyrimidine group are similar to those of analogous
derivatives,!'?> 4 which points to an extensive electronic de-
localisation in this moiety. This results in a bipolar charac-
ter for the pyrimidine with a positive charge located on the
NHC((2)N(3)C(4)NH, group and a negative one on C(5)
NO (Scheme 2). This fact is consistent with the existence of
a low-energy LUMO = orbital located at the pyrimidine
moiety,”! which favours a n-r interaction between this moi-
ety and the basic arene centres of the AC that results in
irreversible adsorption of the ligand.

In the crystal packing (Figure 1), molecules of H,L stack
with their pyrimidine planes parallel to one another. This
arrangement is stabilized by a complex network of inter-
and intramolecular hydrogen bonds involving several N and
O atoms belonging to H,L and water molecules. It is also
noteworthy that the Ny pyrimidine atoms are not in-
volved in the hydrogen-bond network.

Table 1. Selected bond lengths [A] for H,L-4H,O0.

O(1)-N(1) 1.289(3)
0(2)-C(4) 1.230(3)
N(1)-C(1) 1.336(3)
N(2)-C(2) 1.315(3)
N(3)-C(3) 1.325(3)
N(3)-C(2) 1.338(3)
N(4)-C(4) 1.382(3)
N(4)-C(3) 1.386(3)
N(4)-C(5) 1.466(3)
N(5)-C(3) 1.321(3)
C(1)-C(2) 1.445(3)
C(1)-C(4) 1.450(3)
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Figure 1. Drawing and packing of H,L-4H-O.

Ligand Protonation

It is important to get an insight into the nature of the
various protonated species in solution in order to establish
the nature of the complex species in metal ion/H,L systems.
The acid/base behaviour of H,L (0.1 m KCI, 298.1 K) has
already been discussed in a previous work!®! dealing with
the adsorption of H,L aqueous solutions on an AC. H,L
protonation equilibrium constants are collected in Table 2,
where it can be seen that the dianion L?>~ binds up to four
protons in the pH range 2.5-11.5. The three latter equilibria
were determined by potentiometric techniques (see Exp.
Sect.), whereas the first one, which was undetectable by this
method, was established by UV and visible spectral mea-
surements.

Table 2. Protonation constants (log K) of the anion L?> (0.1 m KCI,
298.1 K).

Reaction logK
H* + L?> 2 [HL] = 12la]
H* + [HL] = [H,L] 9.24
H* + [H,L] 2 [HsL]* 2.60
H* + [HsL]* = [HLP* 2.28

[a] Value obtained by UV/Vis measurements.

The distribution plots of the protonated species of the
receptor obtained from the data in Table 2 are shown in
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Figure 2. The protonation steps of HL~ were studied by 'H
NMR and UV/Vis spectrometric titrations of H,L in aque-
ous solution. The protonation of HL ", which occurs in the
pH range 7-11 (Figure 2), is accompanied by an increasing
deshielding of the hydrogen atoms of the methylene groups
(Figure 3). This deshielding, which is larger as the methyl-
ene groups are closer to the NH, group of the amino acid
moiety, indicates the protonation of the former. This hy-
pothesis is also supported by the fact that the UV/Vis spec-
trum of H,L does not change in this pH range (Figure 4),
which means that the basic site protonated in this step is
not conjugated with the pyrimidine moiety. The stability

1.0 oL
H4L2* 2 HL-

0.8

0.6 1

XL
0.4 A
Hal*
0.2
0.0
2 4 6 8 10
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Figure 2. Distribution species diagram (y;. vs. pH) for the ligand in
aqueous 0.1 m KCI solution at 298.1 K.
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constant for this process (log K, = 9.24) is similar to that
of the protonation of the a-amino group of the L-lysine resi-

due.l18:19]
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Figure 3. '"H NMR chemical shifts of the H,L signals as a function
of pH.
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Figure 4. pH-Dependence of the absorption spectra of H,L in the
UV ([H,L] = 5X10°3m, 0.1 M KCI) and visible (inset; [H,L] =
10-3m, 0.1 M KCI) regions: a) in an acidic medium; b) in a basic
medium.

As shown in Figure 2, neutral H,L has two overlapping
protonation steps in the low pH range (log K3 = 2.60 and
log K, = 2.28). The first one, which takes place at pH 5,
does not induce any change in the UV/Vis spectrum of
H,L. Moreover, a deshielding of the '"H NMR signals (Fig-
1098
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ure 3) of the CH, groups adjacent to the carboxylate anion
of the amino acid residue is produced at this pH. This sug-
gests the protonation of the COO ™ anion. Protonation of
H;L™" starts at a pH of about 4 and is almost complete at
pH 1 (90% of H4L?" is formed at this pH). This process is
accompanied by changes in the UV and visible spectra of
the compound that indicate protonation of a basic group
conjugated with the pyrimidine moiety. Among these
changes, the disappearance of the band at 525 nm assigned
to a forbidden ny — 7* transition of the NO chromophore
is worth noting (Figure 4) as it suggests that protonation of
H;L* takes place at the nitrogen atom of the mentioned
chromophore. A similar behaviour has been reported for
the pyrimidine chromophore 2,4-diamino-1-methyl-5-ni-
troso-1,6-dihydro-6-oxopyrimidine and some of its amino
acid derivatives.?-2]

The deprotonation of HL™ at pH values higher than 11
to form the dianionic species L> produces changes in the
UV and visible spectra, which show isosbestic points at
about 500, 345, 305, 275 and 220 nm (Figure 4). This pro-
cess is not detected by potentiometric measurements be-
cause this study was limited to the pH range 2.5-10.0,
where the dianion L~ is not formed. Amino acid derivatives
analogous to H,L have also been shown to undergo this
process, although in these cases!??! it takes place at pH val-
ues of about 9.5, in other words at markedly lower pH,
thereby allowing '"H NMR titrations of their aqueous solu-
tions. These results were interpreted as deprotonations in-
volving the C(2)NH, attached to the pyrimidine moiety,
which suggests that the same also occurs in the case of H,L.

Complex Formation in Aqueous Solution

As already commented, it has been reported!® that the
adsorption of H,L on the AC Merck K24504014 takes
place by a mechanism consisting of an interaction between
the pyrimidine plane of the ligand and the arene centres of
the AC. As a result, the chemical reactivity of the AC-MR
towards metal ions is likely to be determined by the amino
acid residue of the receptor. Thus, the data of the reactivity
of H,L with Ni'', Cu", Zn" and Cd" ions are important in
order to find the experimental conditions under which the
amino acid Lewis-base functions of the receptor are opera-
tive in adsorption experiments. These studies will also give
information about the stability of the amino acid/metal ion
complexes that is of great value for interpreting the adsorp-
tion capacity of the hybrid AC-MR material for the various
metal ions included in this work.

The complex-formation equilibria and the corresponding
constants obtained for ligand/metal mixtures in aqueous
solutions (0.1 m KCl, 298.1 K) and 1:1 molar ratios were
obtained potentiometrically (see Exp. Sect.). The results are
listed in Table 3.

As shown in Table 3, the complexes formed in the vari-
ous metal ion/H,L systems contain the organic ligand as
neutral H,L, monoanionic HL-, or dianionic L?>~ and the
metal/organic ligand stoichiometries are very similar in all

Eur. J. Inorg. Chem. 2008, 1095-1106
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Table 3. Stability constants (log K) for Ni!, Cu'l, Zn'" and Cd"
complexes of H,L (0.1 m KCI, 298.1 K).

Reaction log K

NiH CuH ZnII CdII
M?2* + H;L & [M(H;L)** - - 3.20 -
M?2* + H,L & [M(H,L)** 298 419 274 3.63
M?* + HL- = [M(HL)]* - 9.07 - -
M?2* + [M(HL)]* & [My(HL)P**  6.33 - 506  4.52
M?2* + 2HL™ 2 [M(HL),] - - 882 779
M2* + L> =2 [ML] 9.75 1545 - -
M?* + L~ + OH™ 2 [MLOH] - 23.64 - -

the systems. Complexes with the formulae [M(H;L)J**,
[M(H,L)]**, [IM,HL]**, [IMHL]* or [M(HL),] and ML are
present in the systems.

Mononuclear complexes of the [M(H,L)]** type are
formed in the low pH range in all metal ion/H,L systems
(Figure 5). Due to the low basicity of the N(3)yciic atom,
the potential binding sites of H,L are the C(5)NO and C(6)
O groups of the pyrimidine (as a monodentate or bidentate-
chelating ligand) and the COO™ group of the amino acid
residue. Nevertheless, it is expected that the positive charge
on the NH;3* group of zwitterionic H,L (which is the coun-
terion of the divalent metal ions M?*) hampers coordina-
tion through the COO™ group due to its spatial proximity
to the ammonium group. Coordination of neutral H,L to
metal ions through the amino acid function would induce a
deshielding of the '"H NMR signals of the methylene groups
adjacent to the amino acid functions.'” '"H NMR titrations
of H,L, H,L/Zn™ and H,L/Cd" solutions in D,O were car-
ried out to gain an insight into this aspect (see Exp. Sect.).
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Unfortunately, however, the precipitation of neutral
Zn(HL), and Cd(HL), complexes at pH values up to about
7 did not allow us to extend the measurements to higher
pH values. Figure 6 shows the plots of the chemical shifts
of the '"H NMR signals vs. pH for the methylene groups of
H,L, H,L/Zn™ and H,L/Cd" systems. It can be seen that
the methylene protons are unaffected in the presence of
metal ions in the pH range 1-7. This means that the ligand
is coordinated through the pyrimidine moiety in the main
complex species existing in this pH range ((M(H,L)]** and
[M(H5L)]**; Figure 5).

The log K values of [M(H,L)]** complexes (Table 3) are
similar to those of other complexes formed by these metal
ions with compounds analogous to H,L that contain other
amino acids as substituents at the C(2),,, position. Coordi-
nation of the ligands in these other complexes takes place
in a bidentate-chelating manner, with the nitrogen atom of
C(5)NO and the oxygen of C(6)O as binding sites.[>>24

Monodeprotonation of the ligand NH3;* groups of
[M(H,L)]>* complexes and in free (uncoordinated) H,L
molecules start at pH values ranging between 2 (in the case
of H,L/Cu") and 6 (in the case of H,L/Cd"; see Figure 5).
These values are clearly lower than those for H,L (ap-
prox. 7, Figure 2). In the case of [M(H,L)]** species, depro-
tonation of the ligand occurs concurrently with the attach-
ment of a second metal ion to the amino acid residue of
the ligand ((M(H,L)]** + M?* 2 [M,(HL)]** + H*). De-
protonation of free H,L leads to mononuclear complexes of
the type [M(HL)]* or [M(HL),]. The presence of a negative
charge on the amino acid residue in the HL™ species sug-
gests that the ligands are attached through their amino acid
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[Cu(OH)L]
08 [Cu(HL)T*
AL
Ot HaL* CuL
02 HoL
0,0
1 2 3 4 5 6
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Figure 5. Species distribution diagrams in aqueous solution (H,L/M! molar ratio 1:1) as a function of pH {[H,L] = [M"] =103 M, 0.1 m
KCl, 298.1 K}: a) H,L/Ni'', b) HoL/Cu'%, ¢) H,L/Zn" and d) H,L/Cd!.
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Figure 6. Chemical shifts of the '"H NMR signals corresponding to
the methylene protons vs. pH: a) H,L (black symbols) and 1:1 H,L/
Zn" mixtures (white symbols) and b) H,L (black symbols) and 1:1
H,L/Cd" mixtures (white symbols).

residues in the latter complexes. This attachment would ex-
plain the highly insoluble nature of [M(HL),] complexes,
which easily precipitate in all these systems.

The strength of M?*++-amino acid interactions can be re-
lated to the stability constants of the M?*+ HL =
[M(HL)]* equilibrium. However, these equilibria were only
detected for the H,L/Cu'' system {log Kicygy- = 9.07;
Table 3}. If we assume that the metal ion bonded to the
pyrimidine residue in [M(HL)]* complexes does not affect
the binding properties of the amino acid function, the
strength of such an interaction can be related to the
log Kinupyp+ values of the M** + [M(HL)]* 2 [M,(HL)]**
equilibrium. These values can be calculated from the equa-
tion log K,y = 1og Bfmuanps — 10g Bman,ops +
log K11, where f is the formation constant of the
equilibrium (pM + gL + rH* 2 M,H,L,) and log K., is
relates to the equilibrium [M(HL)]* + H* 2 [M(H,L)]**,
which is assumed to be equal to HL- + H* 2 H,L. The
log Kinvg,1)p+ values obtained are summarised in Table 3.
These values are clearly higher than those of the metal com-
plexes formed by analogous amino acid derivatives of gly-
cine, methionine and valine®?'2# in which the amino acid
residue has a single carboxylate group as the binding func-
tion (F). Nevertheless, the log Ky, e+ values are very
similar to, although slightly larger than, those reported for
1100
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metal complexes of some single amino acids which act as
bidentate donors.!'*)

The formation of complexes containing the dianion L*
as ligand takes place at pH values that are generally higher
than for the formation of complexes of the mono-anionic
ligand HL™ in the Ni'/H,L and Cu'VH,L systems (Fig-
ure 5). The log K values calculated for L> complexes
(Table 3) are much higher than those for the HL ™ ligand
(see above). This fact suggests that L>~ acts as a tridentate
ligand by using the N ion attached to C(2) of the pyrimid-
ine together with the NH, and COO™ groups of the amino
acid moiety. A comparison of the UV spectra of H,L at pH
values different to those of the 1:1 H,L/Ni" and H,L/Cu"
mixtures shows that binding of NC(2) to metal ions of the
latter two produces a strong decrease in the intensity of the
band at 327 nm in the H,L spectrum. This effect is only
observed in the pH range at which [ML] and [CuLOH]"
species exist, as can be seen by comparing Figures 5 and 7.

1.2

1.0

0.8 A
A

0.6 A

[
0.4 -

0.2

pH

Figure 7. Absorbance values (4 = 327 nm) of H,L and H,L/M!
mixtures (1:1 molar ratio) in aqueous 0.1 M KCI solution vs. pH.

All these results suggest that H,L can coordinate to Ni'l,
Cu'", Zn'"" and Cd" ions in the whole pH range studied
(approx. 2-10). In the low pH range, binding to these metal
ions occurs through the C(5)NO-C(6)O function of the
pyrimidine moiety. However, the availability of the amino
acid function upon deprotonation of NH3* group, at pH
values which range between 2 and 6 (for Cu'! and Cd",
respectively), determines the formation of the amino acid
complexes. The values of log K for these complexes suggest
that this residue acts as a bidentate-chelating ligand to
metal ions. The improved adsorptivities of metal ions on
the AC upon adsorption of H,L must therefore be related
to the thermodynamic stabilities of such amino acid-metal
complexes.

Adsorption of Metal Chlorides

As already commented, the aim of this work is to com-
pare the adsorbent properties of the AC (Merck
K24504014) to those of the AC-H,L hybrid material for a
series of divalent metal ions (Ni'', Cu", Zn" and Cd™). For

Eur. J. Inorg. Chem. 2008, 1095-1106
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this purpose, we obtained the adsorption isotherms of these
metal chlorides in aqueous solutions on both adsorbents at
various pH values.

Adsorption of Metal Ions on the AC

The AC has already been characterised,™ and analytical
and textural data are summarised in Table 4. This shows
the existence of a significant amount of mesopores and
macropores.

The analytical data show that oxygen (4.25%) is the only
heteroatom species present in a significant amount and that
the nitrogen content (0.75%) is negligible. The TPD analy-
sis suggests that most of the oxygen is present as carbonyl,
quinone and lactone groups, while a residual amount exists
as phenol groups. The XPS diagram of the AC displays two
bands in the energy ranges of C;; and O, electrons. In
agreement with the TPD data, the latter band can be de-
composed into three signals corresponding to the C=0
groups of carbonyl and quinone functions (at 531.7 eV),
oxygen atoms of lactone functions (at 533.9 eV) and chemi-
sorbed water (at 537.1 eV; Figure 8 and Table 5).[>>-2%1 Bear-
ing in mind the small proton affinities of carbonyl and lac-
tone functions, the basic character of the AC (pH,, = 8.3)
T is mainly due to processes of the type C, + H;0" 2 C, —
H;0*".™

The adsorption isotherms of Ni'l, Cu',[''l Zn' and Cd™
aquo ions were obtained at pH values of 2.5, 4.5 and 6.0
(Figure 9).

All these isotherms fit the Langmuir isotherm, with R>
values ranging between 0.9017 and 0.9988, which allows us
to obtain the maximum metal-ion uptakes (X,,). The values
obtained are small and range between 0.024(2) and 0.10(2)
mmolg! for Cu'l at pH 2.5 and 6, respectively. These small
adsorption capacities are consistent with the poor basic
functionalisation of the AC surface (Table 4). Metal ad-
sorption results from the interaction of the acidic metal ions
with the potential (uncharged at the studied pH values) ba-
sic sites on the AC surface. These sites are the oxygen func-
tional groups (which are present in very low amount in this
AC)P!I and the basic arene centres of the graphitic surface.
However, these metal ions have no affinity in an aqueous
medium for most of the oxygen functional groups of the
AC, except for carboxylate anions.['”l These anions can ap-
pear on the carbon surface due to hydrolysis of the lactone
groups,?’! which is expected to be completed in the period
of the adsorption experiments (three days). However, the
maximum  possible amount of such  groups
(0.011 mmolg™), as calculated from the CO» evolved dur-
ing TPD of the AC,”! is very low compared to the maxi-
mum ion uptake. Thus, the adsorption of metal ions on the
AC is likely to take place through a mechanism consisting

Table 4. Elemental analysis and textural characteristics of the carbon.
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Intensity (arb. unities)

B.E. (eV)

Intensity (arb. unities)

B.E. (eV)

Figure 8. XPS data for H,L, AC, AC-H,L and AC-H,L-Cu'! sam-
ples: a) Ny signals, the different lines represent: ==+ aliphatic, — — —
aromatic; b) O, signals, the different lines represent: ----- H,O, ——
COO, === C(6)0+C(5)NO, ——— COH and -O-, —+——+ C=0
(see Table 5).

of m-d interactions between metals d orbitals and 7 orbitals
of the arene centres (active sites for H* in this AC). Similar
results have been reported in the case of Cu'l-ion adsorp-
tion on a low functionalised AC.>3% Thus, the small in-
crease in metal-ion uptake as the pH rises (Figure 9 and
Table 6) is due not only to a decrease in the positive surface
charge, which results in lower electrostatic repulsion be-

Analysis (%) SBET Vmic Vmcs Vmac Scxl rgm Ash
C H N ot [m’g] [em’g'] [em’g '] [em’g'] (m’g") [A] (7o)
94.70 0.30 0.75 4.25 1000 0.38 0.14 0.24 62 8.3 0.35

[a] Obtained by difference.
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Table 5. Binding energies [eV][! for the O, and N, core level spectra.

Sample O Ny
H,O Compound Carbon
COO- C(6)0+C(5NO COH* and -O- Cc=0 Narom. Naiiph.
AC 537.1 - - 533.9 531.7 - -
H,L 533.0 531.2 530.4 - - 399.7 397.9
AC-H,L - 532.6 531.3 533.9 531.7 399.9 398.5
AC-H,L-Cu"! 536.3 533.1 531.7 533.9 531.7 400.0 398.4

[a] The variation in the last digit is £2 units for all values (see Exp. Sect.).
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Figure 9. Adsorption isotherms of M',, ions (a: Ni'l, b: Cu'!, ¢: Zn'"" and d: Cd") on AC (black symbols and solid lines) and AC-H,L
(white symbols and dotted lines) at pH 2.5 (#/0), 4.5 (v/a) and 6.0 (m/D).

Table 6. Maximum metal ion adsorption capacities [mmolg'] on AC and AC-H,L and the respective Langmuir constants (K, in square

brackets).
Adsorbent: AC Adsorbent: AC-H,L

pH Nill Cul!t Zn! Cd" Nilt Cul!t Zn!! Cdt

2.5 0.038(9) 0.024(6) 0.034(8) 0.025(5) 0.014(2) 0.08(1) 0.020(5) 0.03(1)
[2.4(7)] [11(5)] [2.609)] [5®2)] [2.4(7)] [5(D)] [1.2(4)] [1.0(5)]

4.5 0.049(2) 0.09(2) 0.05(2) 0.035(3) 0.060(3) 0.153(4) 0.059(2) 0.051(4)
[2.7(1)] [6(2)] [1.99)] [324)] [6(1)] [26(3)] [61(8)] [46(9)]

6.0 0.05(2) 0.10(2) 0.051(6) 0.036(3) 0.060(2) 0.166(6) 0.072(1) 0.096(3)
[3(2)] [6(2)] [3.2(6)] [6(D)] [6(1)] [10(D)] [24(2)] [5.4(4)]

tween the charge and the metal ion, but also to a decrease
in competition between metal ion species and protons for
arene centres (basic sites for the protons in this AC).

Adsorption of Metal Ions on the AC-H,L

The adsorption isotherms of the metal ions on the AC-
H,L hybrid in aqueous solution were also obtained at pH
values of 2.5, 4.5 and 6.0. AC-H,L was prepared by adsorp-
tion of a 3 X 1073 M aqueous solution of H>L on the AC at
298.1 K and pH 7. These conditions are those for maximum
surface coverage without any desorption of the ligand at
the working pH values.
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The maximum metal ion concentration used to obtain
each pH isotherm was selected taking into account the spe-
cies distribution plots of the metal ions in aqueous media
as a function of pHP! to be sure that the only metal species
present over the whole concentration range was the aquo
ion. All the equilibrium solutions were analysed by UV and
visible spectroscopy to check that the ligand was not de-
sorbed during the experiments. When these experiments
were carried out at pH 2.5, this pH was reached by adding
HCI to the metal-ion solutions and it was checked that,
even at the maximum chloride ion concentrations used, for-
mation of chloride-metal ion species was negligible.3?!
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The adsorption mechanism of H,L on the AC has been
established in a previous work on the basis of the data from
adsorption and desorption isotherms and those of MO cal-
culations.®)Further insight into this mechanism can be ob-
tained by analysing the XPS data in Figure 8. The O, band
of H,L is composed of two signals corresponding to the
aromatic oxygen atoms C(5)NO and C(6)O at 530.4 eV and
the aliphatic carboxyl group at 531.2 eV. The Ny band also
consists of two overlapping signals at 399.7 eV, which are
assigned to the five aromatic nitrogen atoms, and the ali-
phatic NH3* group at 397.9 eV. The XPS plot of AC-H,L
has three bands in the energy ranges corresponding to Cj,,
O, and Ny, electrons. The O band is composed of four
signals (Figure 8), two of which are assigned to the carbonyl
groups and lactone functions of the carbon surface and are
at the same energy values as in the XPS diagram of the AC
(see above and Figure 8); the other two bands (at 531.3 and
532.6 eV) are due to the aromatic and aliphatic oxygens of
H,L, respectively. The former is shifted to higher energy
with respect to H,L, which is consistent with some electron
donation from the arene centres to the pyrimidine moiety
upon anchoring H,L on the AC surface. The shift of the
COO  signal reflects the change in the environment of this
function upon adsorption of the ligand. It is noteworthy
that the oxygen signal of the water anchored at the arene
centres, which is present in the XPS plot of the AC, does
not appear in that of AC-H,L. This suggests that water is
removed from the arene centres to solution when H,L is
adsorbed onto the AC surface. Moreover, the XPS spec-
trum of AC-H,L has a band at 399.4 eV which is assigned
to Ny, electrons. This band, which is absent in the XPS
diagram of the AC, due to its negligible amount of nitrogen,
is composed of two signals: one at 399.9 eV, which corre-
sponds to the five aromatic nitrogen atoms, and the other,
at 398.5eV, due to the amino group of the amino acid.
These two signals also appear in the H,L spectrum but
shifted to higher energies (Figure 8). This shift has no phys-
ical meaning in the case of the amine group due to its par-
ticipation in hydrogen bonding, which gives rise to the char-
acteristic supramolecular assembly of solid H,L (Figure 1).
Nevertheless, the shift in the case of the aromatic nitrogen
atoms suggests some electron donation from the arene
centres of the AC to the aromatic residue of H,L.

The above-mentioned data are consistent with the hy-
pothesis that H,L is adsorbed on the AC surface by a n-n
interaction between the pyrimidine moiety of the adsorbate
and the arene centres of the adsorbent.”) This adsorption
mechanism blocks the C(5)NO-C(6)O basic functions,
which are not available for metal ion complexation, while
providing NH;"-CHR-COO~ functions with chelate com-
plexing properties for metal ions at the graphitic surface
(see above).

The adsorption isotherms of Ni', Cu'l, Zn" and Cd"
ions on AC-H,L are shown in Figure 9. The isotherms were
obtained at pH values of 2.5, 4.5 and 6.0 for each metal
ion. The experimental data can be fitted to Langmuir-type
functions in all cases, with R> factors varying between
0.9117 and 0.9929. This allows the maximum metal adsorp-
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tion capacities of AC-H,L, which are summarised in
Table 6, to be calculated.

The data in Figure 9 and Table 6 show that adsorption
of the ligand on the carbon surface enhances the adsorption
capacity of the AC for all the metal ions studied at pH 4.5
and 6.0, whereas it is clearly smaller for all the metal ions,
except for Cu'l, at pH 2.5.

The XPS diagrams of AC-H,L-Cu'! were obtained to
gain an insight into the nature of these adsorption processes
(Figure 8). The sample was prepared by adsorption of Cul!
from aqueous solution onto AC-H,L at a pH of around 5.
The presence of the N signal at similar energy values in
the XPS diagrams of AC-H,L-Cu'' and AC-H,L suggests
that the improvement in the adsorption capacity of AC-
H,L with respect to that of AC is due to functionalisation
of the AC by H,L.

The similarity between the energy values of the Ny, sig-
nals of the non-aromatic amino groups of AC-H,L-Cu'!
and AC-H,L (Figure 8 and Table 5) points to similar elec-
tronic environments for the N atoms of both amino groups.
This is consistent with the fact that those NH, groups are
bonded to a proton in the case of AC-H,L, whereas they
are linked to the metal ion in AC-H,L-Cu''. It is worth
mentioning that the COO™ signal of AC-H,L-Cu'! is shifted
to higher energy by 0.50 eV, which suggests a Cu'-COO~
interaction similar to that reported for analogous amino
acid receptors.''l The O, band of AC-H,L-Cu"! also con-
tains a signal due to water molecules, which are probably
coordinated to the metal ion. Thus, the XPS data suggest
that the improvement of the adsorption capacity of AC-
H,L with respect to that of AC is due to the presence of
H,L on the carbon surface.

The results of these adsorption studies can also be ex-
plained on the basis of the adsorption mechanism of H,L
on the AC, as described above. The almost negligible maxi-
mum adsorption capacity of AC-H,L at pH 2.5 is consis-
tent with the fact that the amino group of the NH;*-CHR-
COO" function is fully protonated at this pH, except in the
case of the Cu' ion (Figure 5). Moreover, a large number
of arene centres (another possible basic site for metal ions)
are blocked by the anchored receptor molecules, which ex-
plains the smaller metal ion adsorption capacity of AC-H,L
at this pH compared to that of the AC. These results also
suggest that the other available functions [C(5)NO-C(6)O]
for metal ion complexation, which are co-planar with the
pyrimidine ring, are blocked due to a plane-to-plane inter-
action between the ligand and the arene centres of the AC,
which does not allow metal coordination to these functions.

The increase in the maximum adsorption capacity for all
metal ions as the pH increases from 2.5 to 4.5 is due to an
increase of the induced deprotonation of the zwitterionic
residue, which allows a higher metal chelating complexation
with the NH,-CHR-COO™ function. The small increase in
the formation of metal complex species of this function, as
observed in the distribution plots of the ligand/metal sys-
tems when the pH increases from 4.5 to 6.0, is also consis-
tent with the small differences observed between the maxi-
mum adsorption capacities at pH 4.5 and 6.0. It is also
1103
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significant that the trend in the maximum adsorption
capacities follows the Irving-Williams sequencel®?]
Ni'l < Cu!" > Zn'!, which is consistent with the complex
formation mechanism proposed.

Although the COO -CHR-NH, chelating function in the
anchored H,L ligand forms more stable complexes with
Cu'' {log Kicymry = 9.07} than the COO  moiety in
the five amino acid (AA) derivatives already reported
(log Kcyaa = 3.4),1'1 the maximum adsorption capacities
for this ion obtained with the latter receptors
(0.18 mmolg! at the most favourable pH of around 4!'1])
are almost equal to those obtained with H,L at the best pH
value (approx. 4.5; see above). This is due to the fact that
the COO -CHR-NH, group in H,L is not available at
pH 4.5 (Figure 5), whereas all the COO™ groups in the sin-
gle amino acids are available at pH 4.

Conclusions

The molecular structure of H,L shows that the pyrimid-
ine moiety has a bipolar character, which was already stated
as the source of its irreversible adsorption on the low-func-
tionalised AC used in this work. This adsorption takes
place by a plane-to-plane interaction between the pyrimid-
ine moiety and the arene centres. The XPS data are consis-
tent with this mechanism. The adsorption of H,L provides
a route to develop COO -CHR-NH, functionalities on the
graphitic surface of the AC. This function forms five-mem-
bered chelate complexes with Ni'', Cu'!, Zn" and Cd"
metal ions in aqueous solutions whose log Ky values
suggest higher stabilities than those corresponding to anal-
ogous receptors with only COO™~ complexing functions.

AC-H,L has a higher adsorption capacity than the origi-
nal AC at pH values above those corresponding to the be-
ginning of the deprotonation of the COO-CHR-NH;*
function, whereas at pH 2.5, where the ligand function is
protonated (except in the case of Cu'), AC-H,L shows a
smaller adsorption capacity than the AC for all metal ions
studied, except Cu'". These latter results confirm the un-
availability of the C(5)NO-C(6)O function as a conse-
quence of the adsorption mechanism.

The changes in the adsorption capacities with pH are
consistent with the change of the complexing ability of the
COO -CHR-NH;" function with pH, whereas the adsorp-
tion capacities for the metal ions studied at a given pH fol-
low the trend expected due to the complexing ability of this
function for these metal ions. It is noteworthy that, at the
maximum pH values studied, which are limited in order to
have only metal aquo ions in solution, the potential maxi-
mum efficiency of the receptor is limited because some of
the strongly basic amino groups of the receptor remain pro-
tonated.

These results continue our work on the design of new
receptors of this class in order to gain efficiency in metal-
ion adsorption and to carry out further adsorption studies
that will allow us to gain a better knowledge of the factors
influencing the irreversible character of the carbon-ligand
interactions.
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Experimental Section

Synthesis of N°~(4-Amino-1-methyl-5-nitroso-1,6-dihydro-6-oxo-
pyrimidin-2-yl)-L-lysine (H,L): L-Lysine hydrochloride (29.7 mmol,
5.494 g) and 4-amino-1-methyl-2-methoxy-5-nitroso-1,6-dihydro-6-
oxopyrimidine (27.2 mmol, 5.494 g) were suspended in an aqueous
0.2 N KOH solution (160 mL) and the mixture heated at 70 °C for
an hour until a pink solid precipitated. This solid was filtered off
and washed with ethanol and diethyl ether before being used with-
out further purification. Yield: 7.274 g (75%). C;1H§NO41.5H,0
(325.31): caled. C 40.61, H 6.51, N 25.83; found C 40.26, H 6.77,
N 25.39. ’N-'H HMBC ([D¢]DMSO): § = 42, 95, 105, 135,
170 ppm. '"H NMR ([DgJDMSO): 6 = 1.43 (2 H), 1.61 (2 H), 1.77
(2 H), 3.22 (2 H), 3.37 (3 H), 3.45 (2 H), 10.87 (2 H) ppm. '3C
NMR ([Dg]DMSO): ¢ = 21.9, 27.3, 28.1, 30.0, 40.0, 54.0, 142.7,
150.3, 154.6, 161.8, 171.1 ppm.

X-ray Crystallography: Suitable crystals of C;HgNgOy4
4H,0 (H,L-4H,0) were obtained as red blocks by re-crystallisation
of H,L from aqueous solution. Crystal data and details of the
structure determination are included in Table 7. Intensity data were
collected at 153 K (-120 °C) on a Stoe Mark II-Image Plate Dif-
fraction SystemB* equipped with a two-circle goniometer and
using graphite-monochromated Mo-K,, radiation. Image plate dis-
tance: 100 mm; o rotation scans: 0-180° at ¢ = 0° and 0-90° at
¢ = 90° step Aw: 1.0°% 20 range: 2.29-59.53°; din/dmax: 17.779/
0.716 A.

Table 7. Crystal data and structure refinement for H,L-4H,O.

Empirical formula C;1H56NgOg
Formula mass 370.38
Temperature kK] 153(2)
Wavelength [A] 0.71073
Space group P2,

a[A] 7.5413(3)

b [A] 31.5845(19)
c[A] 14.7114(6)
a [°] 90

BI°] 98.103(3)
7] %

V [A3] 3469.1(3)
zZ 8

Calcd. density [gem ™3] 1.418
Linear absorption coefficient [mm'] 0.120

Crystal size [mm)] 0.30x0.30x0.23
Final R indices [ > 2o()]! R, =0.0531, wR, = 0.1158

R indices (all data)* R, = 0.0815, wR, = 0.1269
[a] Ry = Z|\Fy| — [IFVZIF; wRy = [Ew(Fy? — F2PZwF*'2,

The structure was solved by direct methods with the program
SHELXS-97.5351 Refinement and all further calculations were car-
ried out with SHELXL-97.13¢ All H-atoms were located from Fou-
rier difference maps, however C-H hydrogen atoms were included
in calculated positions and treated as riding atoms using the
SHELXL default parameters. N-H hydrogen atoms were refined
isotropically, except for H8X, for which the N8-H8X distance was
restrained to be 0.91(2) A. The O-H distance was restrained to be
0.90(5) A and Ui (H) = 1.5 Ucq (O atom) for some water molecules;
the remainder were refined isotropically. Non-H atoms were refined
anisotropically using a weighted full-matrix least-squares procedure
on F2,

CCDC-652608 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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XPS Data: XPS diagrams for AC, AC-H,L and AC-H,L-Cu"" were
obtained with a VG-Microtech Multilab electron spectrometer
using Mg-K,, (1253.6 eV) radiation from a twin anode in the con-
stant analyser energy mode with a pass energy of 50 eV. The analy-
sis chamber pressure was kept at 5 X 10! mB. The binding energy
and Auger kinetic energy scale were regulated by setting the Ci;
transition at 284.6 eV. The accuracy of the BE values was *0.2.
The spectra obtained after background signal correction were fitted
to Lorentzian and Gaussian curves”! in order to obtain the
number of components, the BE values of each peak and the peak
areas.

Spectrophotometric Measurements: UV/Vis spectra of H,L and
H,L/M'" (1:1 molar ratio) in aqueous solution (0.1 M KCl) were re-
corded with a Perkin-Elmer Lambda 19 spectrophotometer. HCI
and KOH were used to adjust the pH values, which were measured
with a Crison 2002 micro-pH meter.

NMR Spectroscopy: 'H (300.13 MHz), '3C (75.48 MHz) and two-
dimensional spectra of D,O solutions at different pH values were
recorded at 300 K with a Bruker DPX300 spectrometer. The pD
values of H,L and H,L/metal ion solutions were adjusted by add-
ing small amounts of NaOD and DCI solutions. The pH was calcu-
lated from the measured pD values using the formula pH = pD —
0.40.581

Potentiometric Measurements: Potentiometric titrations of metal/li-
gand mixtures in aqueous solution were carried out at
298.1 0.1 K in 0.1 m aqueous KClI solution with a 713 Metrohm
pH-mV meter equipped with a combined glass electrode and con-
nected to a Metrohm 765 Dosimat autoburette (1 =0.001 mL). The
experimental procedure has been described elsewhere.[*! Typically,
1-1.5% 1073 M ligand concentrations and 1:1 ligand/metal molar ra-
tios were employed in potentiometric measurements. At least four
titration experiments (150 data points each one) were carried out in
the pH range between 2.5 and 10.0. The HYPERQUAD software
package” was used to calculate the equilibrium constants from
the EMF data.

Adsorption Studies: A granulated activated carbon (AC,
Merck K24504014) was used for adsorption studies. Elemental
analyses, surface area, porosity, nature of oxygen-containing
groups, and proton isotherms (to obtain the point of zero charge,
pHPZC) were obtained as reported.l-!1]

Adsorption isotherms of MCl, salts in aqueous solutions on the
AC and AC-H,L adsorbents were obtained at 298.1 =0.1 K. Typi-
cally, 0.0500 g of the adsorbent was added to a 100-mL plastic flask
containing 50 mL of the appropriate aqueous solution of the ad-
sorbate. Experiments were carried out at several pH values, which
were initially adjusted with KOH or HCI. To carry out the adsorp-
tion of metal ions on the AC-H,L adsorbent, it was necessary to
prepare the latter previously. This preparation was done by an ad-
sorption experiment of a H,L solution on the AC at the maximum
ligand concentration corresponding to 100% of irreversible adsorp-
tion (5.0000 g of the AC with 1 L of a 3 mMm solution of H,L at
pH 7).

In the adsorption experiments of metal ions with the AC-H,L ad-
sorbent, it was also checked that none of the ligand H,L was de-
sorbed in the equilibrium solutions.
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