
Metal Ion Binding by a G‑2 Poly(ethylene imine) Dendrimer. Ion-
Directed Self-Assembling of Hierarchical Mono- and Two-
Dimensional Nanostructured Materials
Carla Bazzicalupi,† Antonio Bianchi,*,† Claudia Giorgi,† Paola Gratteri,‡ Palma Mariani,†

and Barbara Valtancoli†

†Department of Chemistry “Ugo Schiff”, University of Florence, Via della Lastruccia 3, 50019 Sesto Fiorentino, Italy
‡Department of NEUROFARBA, Pharmaceutical and Nutraceutical Section, and Laboratory of Molecular Modeling Cheminformatics
& QSAR, University of Florence, Via Ugo Schiff 6, 50019 Sesto Fiorentino, Italy

*S Supporting Information

ABSTRACT: The second-generation poly(ethylene imine)
dendrimer (L), based on ammonia as the initiating core
molecule, forms stable metal complexes in aqueous solution.
Speciation of the complex species formed and determination
of the relevant stability constants were performed by means of
potentiometric titration in 0.10 M NMe4Cl solution at 298.1
K. The interaction of L with Ni2+, Cu2+, Zn2+, Cd2+, and Pb2+

gives rise to stable complexes with 1:1 (all metal ions), 2:1
(Ni2+, Cu2+, Zn2+, Cd2+), 3:2 (Ni2+, Zn2+, Cd2+), and 3:1
(Cu2+) metal/ligand stoichiometries. The crystal structures of [Ni3L2](ClO4)6·6H2O (1) and [Cu3LCl(OH)0.5(NO3)0.5ox]-
Cl1.5(NO3)0.5·5.5H2O (2) were solved by X-ray diffraction. The Ni3L2

6+ complex cation in 1, existing in solution as a very stable
species, shows two dendrimer units linked together by a bridging Ni2+ ion. In 2, the Cu3L

6+ complex cation, which also exists in
solution as a very stable species, gives rise, via bridging coordination of oxalate anions, to nanostructured polymeric chains that
self-organize into two-dimensional sheets. In both structures, the hierarchical mono- and two-dimensional aggregation is
triggered by the action of ionic species behaving either as functional groups on the dendrimer surface (metal ions) or as the glue
(metal ions, oxalate) that sticks together dendrimer units. Two association routes, developing via coordinative forces, guide the
directional aggregation of dendrimer units: (a) aggregation via metal ions shared by the surfaces of contiguous dendrimer
molecules and (b) aggregation via chelating ligands bridging surface metal ions pertaining to contiguous dendrimer molecules.
Such aggregation modes provide coordinative routes for the self-assembly of novel families of nanostructured functional
materials.

■ INTRODUCTION

Dendrimers are three-dimensional compounds formed by
reiterated reaction sequences starting from smaller “core”
molecules and proceeding via discrete “Aufbau” stages,1

referred to as generations (G) (Figure 1). Dendrimer chemistry

is well-established2,3 and continues to develop at a pace due to
the surge of applications that dendrimers have already found, or
promise to implement, in important scientific and technological
areas, including gene4 and drug delivery,5 medicinal chemistry,6

sensing,7 and advanced materials.8

In contrast to other types of macromolecules, dendrimers are
generally characterized by highly ordered, well-defined
structures produced by the iterative synthetic procedures
adopted to grow the dendritic architecture around the central
core. Lower-generation dendrimers can be thought of as flexible
molecules with no appreciable inner regions, whereas medium-
sized (G-3 or G-4) have an internal space that is essentially
separated from the outer shell of the dendrimer. Very large (G-
7 and greater) dendrimers can be thought of more like solid
particles with very dense surfaces due to the crowding of
branches in the outer shell. The iterative synthetic strategies
allow the introduction in a highly repetitive and uniform

Received: November 19, 2012
Published: February 6, 2013

Figure 1. Growth of dendrimer generations (G-1, G-2,...) from an
initiating core (IC).
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manner of functional groups onto the dendrimer surface and
into the dendrimer structure. Such an accumulation of identical
functional groups within the dendrimer molecule gives rise to
amplification of these functionalities, a property that largely
contributes to defining the peculiarity of this class of
compounds. If, on the one hand, the concentration of active
sites is a favorable outcome of dentritic structures, allowing, for
instance, the preparation of materials with high catalyst-to-
dendrimer ratios,2c on the other hand, it may complicate the
analysis of dendrimer properties at the molecular level. Similar
difficulties can be encountered, for instance, when the binding
properties of dendrimers containing amino groups are being
studied. Examples of dendrimers bearing amino functionalities,
such as the poly(amido amine) (PAMAM), the poly(propylene
imine) (PPI), the poly(ethylene imine) (PEI), and the
poly(propylene imine) diaminobutane (DAB) compounds,
some of which are commercially available, are shown in Figure
2.
These dendrimers have been shown to form complexes with

metal ions.9−29 Their binding ability has usually been studied
by approaching the ligand coordinative saturation, that is, by
leading the ligand to bind as many metal ions as possible. In
this way, dendrimers have shown the best of their metal
coordination potentiality, revealing them to be able to bind
enormous numbers of metal ions per ligand molecules, on the
scale of their molecular size.13−15,19,21−23 Despite the large
number of metal ions in such dendrimer complexes,
information about metal coordination environments and pH

dependence of complexation reactions has been obtained since
the earliest studies.9,11 Moreover, attempts to perform the
speciation of the complex systems and determining the
equilibrium constants for complexation equilibria with PEI
dendrimers and metal ions, such as Cu2+, Ni2+, Mn2+, Cd2+,
Pb2+, and Hg2+, were made by considering the repeating
triamine units of the dendrimer as identical independent ligand
molecules, under the implicit assumption that these repeating
units were uniformly distributed in solution, in contrast to their
actual localization within the same dendrimer molecule.19,28

Also, these studies were performed under conditions
approaching the ligand coordinative saturation, the metal-to-
triamine unit ratios being close to 1:1 and extending, at most,
up to 1:4. Despite the approximation of considering the
repeating units of a dendrimer as independent ligand
molecules, the results of these studies were functional to the
purposes for which they were developed, as, for instance, the
application of PEI dendrimers to sequestration and recovery of
solution metal ions.28

Nevertheless, the study of metal ion complexation properties
of dendrimers under, or close to, coordinative saturation of the
ligand leads to incomplete information. First of all, it leads to
the identification a limited number of complex species relative
to the many that a dendrimer should be able to form. For
instance, a dendrimer containing a large number of amino
groups, like those shown in Figure 2, is expected to form metal
complexes in which the ligand in a high protonation state binds

Figure 2. Poly(amido amine) (PAMAM), poly(propylene imine) (PPI), poly(ethylene imine) (PEI), and poly(propylene imine) diaminobutane
(DAB) dendrimers.
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few metal ions. Some of the missing species might hold
pleasant surprises in terms of chemical properties.
Dendrimers also represent a good opportunity to generate

hierarchical structures that are self-assembled through the
action of different supramolecular forces.29,30 It was recently
shown,29 for instance, that the assembly of nanofibers based on
a G-4 amino-terminated PPI dendrimer can be achieved in
water by using determined ions in an active way, Cd2+ and
acetate (AcO−) in the specific case. Cd2+ ions coordinate to the
surface primary amine groups of the dendrimer, but they are
not able to complete their coordination spheres by using
dendrimer donor atoms. In such conditions, these metal ions
adorning the dendrimer surface may attract chelating acetate
ions that approach (bind) the metal ions through their
carboxylate heads and project their aliphatic (−CH3) tails
into the surrounding aqueous medium. Such cascade-like
coordination produces a hydrophobic modification of the
dendrimer surface, which was shown to be responsible for the
association of the dendrimer complex units into fibers. As
shown by molecular dynamic simulations, the AcO− anions act
as an “ionic glue” that solidifies (clusters) at the interface
between contiguous units, stabilizing the fiber.29

In the present work, we describe the metal ion binding
properties of the low-molecular-weight dendrimer L, a G-2 PEI
molecule that was first synthesized by Tomalia.31 The results
obtained by performing a detailed analysis of binding equilibria
showed that L is actually a good receptor for metal ions, such as
Ni2+, Cu2+, Zn2+, Cd2+, and Pb2+. In particular, it gives rise to
the formation of metal complexes with a variety of
stoichiometries, including species with 1:1, 2:1, 3:1, and 3:2
metal/ligand molar ratios. Furthermore, L is able to self-
assemble hierarchically ordered aggregations, as shown by the
crystal structures of [Ni3L2](ClO4)6·6H2O and [Cu3LCl-
(OH)0.5(NO3)0.5ox]Cl1.5(NO3)0.5·5.5H2O, in which dendrimer-
ic complex units are linked together, thanks to the active
participation of ionic species, to form mono- and two-
dimensional aggregates.
As shown here, the talent of this small dendrimer does not

betray the reputation of its higher-generation congeners and
suggests binding equilibria and self-association schemes that
should be also effective, and possibly amplified, for higher-
generation dendrimers.

■ EXPERIMENTAL SECTION
General Information. Unless otherwise specified, all starting

materials were purchased from commercial sources and used as
supplied. Tosyl aziridine used in the synthesis of L was prepared as
previously described.32 Pale blue crystals of [Ni3L2](ClO4)6·6H2O
suitable for X-ray diffraction analysis were obtained by slow
evaporation at room temperature of an aqueous solution containing
Ni(ClO4)2·6H2O and L in a 3:2 molar ratio at pH 11. Caution!
Perchlorate salts of metal complexes with organic ligands are potentially
explosive. Only a small amount of material should be prepared and must
be handled with care. Deep blue crystals of [LCu3Cl(OH)0.5-

(NO3)0.5ox]Cl1.5(NO3)0.5·5.5H2O (ox = oxalate) suitable for X-ray
diffraction analysis were obtained by slow evaporation at room
temperature of an aqueous solution prepared from Cu(NO3)2·3H2O,
L, and oxalic acid in a 3:2:3 molar ratio at pH 8.

Synthesis of the Ligand. The ligand L was synthesized, according
to a slight modification of a reported procedure.31 A solution of tosyl
aziridine (0.6 mol) in absolute ethanol (300 cm3) was added dropwise
to a vigorously stirred solution of tris(2-aminoethyl)amine (0.1 mol)
in 50 cm3 of absolute ethanol over 3 h at room temperature. Stirring
was maintained for an additional 5 h, after which the white suspension
was filtered, and the solid residue, consisting of the hexatosylated
derivatives of the ligand, was thoroughly washed with ethanol and
dried in vacuum at 40 °C. Yield: 88%. The tosyl groups were removed
by using concentrated sulfuric acid. The tosylated compound (10 g)
was dissolved in warm concentrated sulfuric acid (100 cm3), and the
solution was kept at 115 °C for 70 h. The solution was then cooled to
room temperature and cautiously added to 500 cm3 of ice-cold
diethylether under stirring. The solid compound separated from the
solution was filtered, washed several times with cold diethylether, and
dried in vacuum at room temperature. The compound was successively
dissolved in the minimum amount of water and eluted though a
column filled with a Dowex 1 × 8 (20−50 mesh) exchange resin in the
alkaline form to obtain the free ligand, as an oily amine, after removing
water from the recovered solution by vacuum evaporation. The
compound was isolated as L·10HCl·1.5H2O by treating the oily amine
in ethanol with concentrated HCl. Yield: 85%. 1H NMR (D2O, pH
2.8, 400 MHz): δ 3.49 (6H, t), 3.19 (12H, t), 3.12 (6H, t), 2.94 (12H,
t). Elemental analysis of L·10HCl·1.5H2O (%): Calcd for
C18H61N10O1.5Cl10: C, 27.15; N, 17.59; H, 7.72. Found: C, 27.11;
N, 17.59; H, 7.80. ESI-MS: m/z = 405.4 ([M + H]+), 362.4 ([M −
(−CH2CH2NH2)]

+).
Potentiometric Measurements. Potentiometric (pH-metric)

titrations, performed to determine equilibrium constants, were
performed by using an automated system composed of a 50 cm3

reaction vessel, water-thermostatted at 298.1 ± 0.1 K, mounted on a
Metrohm 728 stirrer, and equipped with a combined Metrohm
6.0262.100 electrode and a source of nitrogen presaturated with 0.1 M
NMe4Cl to maintain an inert atmosphere into the vessel during the
measurements. The titrant was delivered by a Metrohm 765 Dosimat
buret, while the potentiometric measurements were made with a
Metrohm 713 pH meter. The acquisition of the emf data was
performed with the computer program PASAT.33 The electrode was
calibrated as an hydrogen-ion concentration probe by titration of
previously standardized amounts of HCl with CO2-free NaOH
solutions and determining the equivalent point by Gran’s method,34

which gives the standard potential, E°, and the ionic product of water
(pKw = 13.83(1) in 0.1 M NMe4Cl at 298.1 K). The computer
program HYPERQUAD35 was used to calculate ligand protonation
and complex stability constants. The pH range investigated was 2.5−
11.0. The concentration of the ligand was 1 × 10−3 M in all
measurements. The concentration of metal ions was varied in the
ranges of 0.5[L] ≤ [Ni2+] ≤ 2.5[L], 0.5[L] ≤ [Cu2+] ≤ 3.5[L], 0.5[L]
≤ [Zn2+] ≤ 2.5[L], 0.5[L] ≤ [Cd2+] ≤ 2.5[L], and 0.5[L] ≤ [Pb2+] ≤
1.5[L] for the determination of metal complex stability constants.
Precipitation of metal hydroxides was observed for [Ni2+] > 1.6[L],
[Cu2+] > 3[L], [Zn2+] > 1.8[L], and [Cd2+] > 1.6[L]. In the case of
Pb2+, precipitation of hydroxide was observed above pH 10 in all
measurements. The portions of the relevant titrations prior to
precipitation were included into the calculations. In the case of Ni2+,
some slowness was observed in achieving the equilibrium during
titrations above pH 4. Preliminary measurements showed that a
waiting time of 30 min after each titrant addition was enough to ensure
the achievement of the equilibrium before starting with the normal
procedure for the acquisition of potentiometric readings. Accordingly,
such a waiting time was adopted for all titrations involving Ni2+

complexation above pH 4. Because of the great stability of the Ni3L2
6+

complex competing with the formation of Ni2L
4+ and Ni2LOH

3+, the
determination of the equilibrium constants for the formation of such
binuclear species was only possible by performing titrations with
metal-to-ligand molar ratios close to 1.6, but not greater than this value
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to avoid precipitation of metal hydroxide (see above). Three titrations
in the case of Pb2+, four in the case of Zn2+ and Cd2+, and five in the
case of Ni2+ and Cu2+ were used to determine metal complexation
constants. For all complex systems, the different titration curves were
treated as separated curves without significant variations in the values
of the common stability constants. Finally, the sets of data were
merged together and treated simultaneously to give the final stability
constants. The hydrolysis of metal ions was considered in the
calculations. Different equilibrium models for the complex systems
were generated by eliminating and introducing different species. Only
those models for which the HYPERQUAD program furnished a
variance of the residuals σ2 ≤ 9 were considered acceptable. Such a
condition was unambiguously met by a single model for each system.
Calorimetric Measurements. Ligand protonation enthalpies

were determined in 0.10 M NMe4Cl solution by means of isothermal
titration calorimetry using a TAM III (TA Instrument) micro-
calorimeter equipped with a precision Lund syringe pump coupled
with a 0.250 cm3 gastight Hamilton syringe. The microcalorimeter was
checked by determining the enthalpy of reaction of strong base
(NMe4OH) with strong acid (HCl) solutions. The value obtained
(−56.7(2) kJ/mol) was in agreement with the literature values.36

Further checks were performed by determining the enthalpies of
protonation of ethylenediamine. In a typical experiment, a NMe4OH
solution (0.10 M, addition volumes 10 μL) was added to acidic
solutions of the ligands (5 × 10−3 M, 1.2 cm3). Corrections for heats of
dilution were applied. The corresponding enthalpies of reaction were
determined from calorimetric data by means of the HypΔH
program.37

Spectroscopic Measurements. UV−vis spectra were recorded at
298 K on a Jasco V-670 spectrophotometer. The solutions of Ni2+ and
Cu2+ complexes were prepared from appropriate amounts of metal
chloride standard solutions and L·10HCl·1.5H2O. The solutions used
for recording the spectra of mononuclear complexes were prepared in
the presence of a 2-fold excess of ligand ([L] = 2[M2+]) to depress the
formation of complexes with a metal-to-ligand stoichiometry different
from 1:1. In the cases of spectra recorded at different pHs with the
same sample, the initial solution was alkaline and the pH was lowered
by small additions of gaseous HCl, without changing the sample
volume. Equilibration of samples containing Ni2+ complexes, for which
slow complexation reactions were observed, was performed by keeping
the sealed samples at 50 °C during 15 min, followed by a minimum of
30 min at room temperature. 1H NMR spectra (400 MHz) in D2O
solution were recorded at 298 K on a 400 MHz Bruker Avance III
spectrometer. In experiments carried out at different pH values, small
amounts of 0.01 M NaOD and DCl were added to the solution to
adjust the pD. The solution pH can be calculated from the measured
pD value by means of the formula: pH = pD − 0.40.38

Crystallography. Mauve [Ni3L2](ClO4)6·6H2O (a) and blue
[Cu3LCl(OH)0.5(NO3)0.5ox]Cl1.5(NO3)0.5·5.5H2O (b) single crystals
were used for X-ray diffraction analysis. A summary of the
crystallographic data is reported in Table S1 (Supporting Informa-
tion), while ORTEP drawings of the structures displaying the thermal
ellipsoids are shown in Figure S1 of the Supporting Information. The
integrated intensities were corrected for Lorentz and polarization
effects, and empirical absorption correction was applied by means of
the ABSPACK program.39 The structures were solved by direct
methods (SIR2004).40 Refinements were performed by means of full-
matrix least-squares using the SHELX-97 program.41 All the non-
hydrogen atoms were anisotropically refined while the hydrogen atoms
linked to the carbon atoms and nitrogen atoms were introduced in
calculated positions, and their coordinates were refined according to
the linked atoms. (a) Two of the three perchlorate anions belonging to
the asymmetric unit are affected by rotational disorder (Cl1 and Cl3),
and some of their oxygen atoms were found in double positions and
introduced with partial population parameter. (b) The crystal is a 1:1
solid solution of [Cu3LCl(OH)ox]Cl1.5(NO3)0.5·5.5H2O and
[Cu3LCl(NO3)ox]Cl1.5(NO3)0.5·5.5H2O. A chloride and a nitrate,
which were found to share almost the same position, as well as a water
molecule close to the coordinated nitrate, were refined with a 0.5
population parameter.

Molecular Modeling. Investigation of the solvated ZnH5L
7+

complex was carried out by means of the empirical force field method
(AMBER3),42 followed by QM/MM calculations performed by using
the Qsite software.43 The QM region comprised the protonated
ligand, the metal center, and the coordinated water molecule and was
treated at the DFT/B3LYP44 level of theory with the LACVP* basis
set,45 whereas the MM region comprised the water solvent molecules
and was treated with Impact,46 OPLS2005 force-field.

■ RESULTS AND DISCUSSION
Ligand Protonation Behavior. Polyamine ligands can

bind metal ions when they contain a sufficient number of not-
protonated nitrogen atoms. Accordingly, the determination of
ligand protonation constants is preliminary to metal ion
coordination studies.
L contains six primary and four tertiary amine groups that

can be involved in protonation equilibria. In the pH range
(2.5−11) investigated in this work, however, only eight out of
these amine groups undergo protonation. This is a common
behavior of polyamines containing many protonation sites at a
close distance from each other, since the accumulation of
positive charge occurring upon successive protonation may
cause the last protonation stages to occur in very acidic
solution, out of the pH range useful for the determination of
the relevant protonation constants by the potentiometric
method.47 The corresponding protonation constants, obtained
in 0.10 M NMe4Cl aqueous solution at 298.1 K, are listed in
Table 1 along with the corresponding enthalpy changes,

determined by isothermal titration calorimetry, and the relevant
entropic terms. As can be seen from this table, the first six
constants are very high, ranging from log K = 10.16 to log K =
8.32, and accompanied by highly favorable enthalpic con-
tributions (−ΔH° in the range of 46.2−53.6 kJ/mol). A gap of
2.63 logarithmic units separates this group of protonation
constants from the seventh protonation constant, which is
greater by 3.09 logarithmic units than the eighth one, the last
two protonation stages being characterized by a lower
exothermicity (−ΔH° = 37.5 and 23.5 kJ/mol, respectively).
The values of these protonation constants and their
distribution, as well as the relevant enthalpy changes, are
consistent with the first six protonation stages taking places on
the primary amine groups, the successive two stages involving
tertiary nitrogens.47 1H NMR spectra recorded at different pH
values (Figure S2 in Supporting Information) confirmed this
protonation pattern. In particular, they showed that the seventh
protonation stage involves the central tertiary nitrogen of the
ligand while, upon binding of the eighth proton, a redistribution
of positive charge (protonation) from this nitrogen to the three

Table 1. Protonation Constants of L in 0.10 M Me4NCl at
298.1 ± 0.1 K

log K ΔH° (kJ/mol) TΔS° (kJ/mol)

L + H+ = HL+ 10.16(2)a −52.4(3) 5.6(3)
HL+ + H+ = H2L

2+ 9.98(1) −46.2(3) 10.7(3)
H2L

2+ + H+ = H3L
3+ 9.25(3) −50.9(5) 1.9(5)

H3L
3+ + H+ = H4L

4+ 9.22(2) −52.8(3) −0.2(3)
H4L

4+ + H+ = H5L
5+ 8.57(2) −52.7(2) −3.8(2)

H5L
5+ + H+ = H6L

6+ 8.32(1) −53.6(2) −6.1(2)
H6L

6+ + H+ = H7L
7+ 5.69(2) −37.5(2) −5.0(2)

H7L
7+ + H+ = H8L

8+ 2.60(2) −23.5(4) −8.7(4)
aValues in parentheses are the standard deviations on the last
significant figures.
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surrounding tertiary nitrogens occurs, in agreement with
previous results48 obtained by means of 15N NMR measure-
ments for protonation of PPI dendrimers. This means that, in
H8L

8+, the central tertiary nitrogen is less involved in
protonation than in H7L

7+.
Also, the variation of entropic contributions to protonation

processes, shifting from favorable to unfavorable with increasing
protonation, is typical of polyamines. Upon successive
protonation, the favorable entropy contribution due to proton
desolvation is overcome by two entropy consuming phenom-
ena determined by the accumulation of positive charge on the
molecule: the increasing stiffening of its structure and the
increasing attraction exerted on the polar solvent molecules.47

Crystal Structure of [Ni3L2](ClO4)6·6H2O. The crystal
structure consists of a trinuclear [Ni3L2]

6+ complex cation
(Figure 3), perchlorate anions, and water solvent molecules.
Bond distances and angles for metal coordination environments
are included in Table 2. The central nickel ion (Ni1) lies on a
crystallographic inversion center and is coordinated to the
nitrogen atoms of two triamine branches, each belonging to
one of the symmetry-related ligand molecules. The resulting
octahedral coordination sphere of this metal ion is rather
regular, the nitrogen atoms N2, N2′, N5, N5′ and N2, N2′, N6,
N6′ defining, respectively, two planes that perfectly contain the
nickel ion, and the coordination bond distances showing
differences of, at most, 0.05(1) Å (Table 2). The remaining
nitrogen atoms of each ligand molecule, but N10, form the
coordination environment of the lateral symmetry-related metal
ion (Ni2). The primary N10 nitrogen remains not coordinated
and establishes H-bond contacts with solvent molecules and
counterions. The coordination geometry of these metal ions
can be described as a distorted octahedron, with the apical
positions occupied by N4 and N7. The distance between the
lateral symmetry related Ni2+ ions is 15.049(4) Å, and the

overall length of the trinuclear [Ni3L2]
6+ complex is about 28.4

Å. This nanostructure, which also exists in aqueous solution as a
very stable species (vide infra), is a lucid example of how
dendrimers can be connected together to form more structured
assemblies through the coordination of metal ions sharing the
surfaces of contiguous molecules (Figure 4).

Crystal Structure of [Cu3LCl(OH)0.5(NO3)0.5ox]Cl1.5-
(NO3)0.5·5.5H2O. The crystal structure is build up by
[Cu3LCl(OH)0.5(NO3)0.5ox]

2+ (ox = oxalate) units, which
give rise to a two-dimensional nanostructured polymer
developing on the (202) plane, chloride and nitrate anions,
and water solvent molecules. Figure 5a shows the [Cu3LCl-
(OH)0.5(NO3)0.5ox]

2+ unit, whereas selected bond angles and
distances for the metal coordination environments are reported
in Table 3. All ligand nitrogen atoms are involved in metal

Figure 3. Crystal structure of the complex Ni3L2
6+.

Table 2. Selected Distances and Angles in the Crystal Structure of [Ni3L2](ClO4)6·6H2O

distances (Å) angles (deg)

Ni1−N5 2.13(1) N5−Ni1−N2 83.0(4) N3−Ni2−N1 83.6(3)
Ni1−N2 2.185(9) N5−Ni1−N6 91.2(3) N3−Ni2−N8 81.7(3)
Ni1−N6 2.144(9) N5−Ni1−N2′ 97.0(4) N3−Ni2−N4 108.3(3)
Ni1−N2′ 2.185(9) N5−Ni1−N6′ 88.8(3) N3−Ni2−N9 169.8(4)
Ni1−N6′ 2.144(9) N5−Ni1−N5′ 180.0(4) N3−Ni2−N7 80.8(3)
Ni1−N5′ 2.13(1) N2−Ni1−N6 81.9(3) N1−Ni2−N8 160.4(3)
Ni2−N3 2.128(9) N2−Ni1−N2′ 180.0(3) N1−Ni2−N4 80.8(3)
Ni2−N1 2.209(9) N2−Ni1−N6′ 98.1(3) N1−Ni2−N9 102.6(4)
Ni2−N8 2.109(8) N2−Ni1−N5′ 97.0(4) N1−Ni2−N7 97.7(3)
Ni2−N4 2.286(8) N6−Ni1−N2′ 98.1(3) N8−Ni2−N4 91.5(3)
Ni2−N9 2.107(9) N6−Ni1−N6′ 180.0(3) N8−Ni2−N9 93.9(4)
Ni2−N7 2.162(8) N6−Ni1−N5′ 88.8(3) N8−Ni2−N7 92.7(3)

N2′−Ni1-N6′ 81.9(3) N4−Ni2−N9 80.8(3)
N2′−Ni1-N5′ 83.0(4) N4−Ni2−N7 170.4(3)
N6′−Ni1-N5′ 91.2(3) N9−Ni2−N7 90.3(3)

Figure 4. Schematic representation of the Ni3L2
6+ assembling:

association of dendrimer molecules through coordination of a metal
ion sharing surfaces.
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binding. Each metal ion is coordinated to only one triamine
branch of the ligand, the Cu3 cation also binding the innermost
N1 atom. The coordination spheres of the three metal ions are
completed by donors from exogenous species: three oxygen
atoms from two different oxalate anions in the case of Cu1 and
one chloride anion in the case of Cu3. In the case of Cu2, the
coordination geometry is completed by two oxygen atoms of a
chelating oxalate anion and by another oxygen atom belonging
to either nitrate (shown in Figure 5) or hydroxide anions,
which share the same position with partial population
parameters. The overall coordination geometries of copper
ions can be described as distorted octahedrons in the case of
Cu1 (equatorial plane defined by the ligand donors N3, N7, N8
and the O1 oxalate oxygen) and Cu2 (equatorial plane defined

by the ligand donors N2, N5, N6 and the O3″ oxygen from a
symmetry related oxalate) and as a trigonal bipyramid in the
case of Cu3 (apical positions defined by N4 and Cl2). All the
[Cu3LCl(OH)0.5(NO3)0.5ox]

2+ units are joined by the oxalate
group, which chelates Cu1 and Cu2 from different units
(Cu2···Cu1″ 5.4793(6) Å), giving rise to monodimensional
polymeric zigzag chains. In addition, the O1 oxygen atom of
each oxalate group bridges symmetry-related Cu1 ions
(Cu1···Cu1′ 4.1041(7) Å) and constitutes the connections
between adjacent monodimensional polymeric chains to form
two-dimensional sheets (Figure 5b) that are held together by
hydrogen bonding involving intercalated water molecules and
anions (counterions). As a consequence, each O1 atom
occupies both, one of the equatorial positions of Cu1 (Cu1−

Figure 5. (a) Drawing of the [Cu3LCl(OH)0.5(NO3)0.5ox]
2+ unit (OH− not shown), with metal center coordination geometries completed by

symmetry-related linking groups (O1′,Cu1′ 1 − x, −y, −z; O3″,O4″, Cu1″ 0.5 − x, 0.5 + y, 0.5 − z). (b) 2D polymer growing on the (202) plane;
Cu1 and Cu2 atoms represented as green and orange spheres, respectively.

Table 3. Selected Distances and Angles in the Crystal Structure of Cu3LCl(OH)0.5(NO3)0.5ox]Cl1.5(NO3)0.5·5.5H2O

distances (Å)

Cu1−N3 2.041(3) Cu2−N2 2.026(3) Cu3−N1 2.227(3) Cu1···Cu2 9.656(1)
Cu1−N7 1.996(3) Cu2−N5 1.985(3) Cu3−N4 2.028(3) Cu1···Cu3 7.2708(7)
Cu1−N8 1.998(3) Cu2−N6 1.990(3) Cu3−N9 2.061(4) Cu2···Cu3 5.5754(8)
Cu1−O1 2.009(2) Cu2−O5 2.720(4) Cu3−N10 2.074(3) Cu1···Cu1′ 4.1041(7)
Cu1−O2 2.257(3) Cu2−O4′ 2.273(2) Cu3−Cl2 2.261(1) Cu1″···Cu2 5.4793(6)
Cu1−O1′ 2.849(3) Cu2−O3′ 2.004(3)

angles (deg)

N3−Cu1−N7 85.3(1) N2−Cu2−N5 86.0(1) N1−Cu3−N4 83.4(1)
N3−Cu1−N8 85.4(1) N2−Cu2−N6 86.4(1) N1−Cu3−N9 115.3(1)
N3−Cu1−O1 174.0(1) N2−Cu2−O5 91.3(1) N1−Cu3−N10 121.7(1)
N3−Cu1−O2 106.8(1) N2−Cu2−O4′ 103.0(1) N1−Cu3−Cl2 94.72(8)
N3−Cu1−O1′ 109.00(9) N2−Cu2−O3′ 177.9(1) N4−Cu3−N9 84.3(1)
N7−Cu1−N8 157.7(1) N5−Cu2−N6 163.9(1) N4−Cu3−N10 85.4(1)
N7−Cu1−O1 91.2(1) N5−Cu2−O5 83.6(1) N4−Cu3−Cl2 177.8(1)
N7−Cu1−O2 95.6(1) N5−Cu2−O4′ 95.6(1) N9−Cu3−N10 120.1(1)
N7−Cu1−O1′ 84.5(1) N5−Cu2−O3′ 94.9(1) N9−Cu3−Cl2 95.6(1)
N8−Cu1−O1 96.1(1) N6−Cu2−O5 82.3(1) N10−Cu3−Cl2 96.53(9)
N8−Cu1−O2 106.5(1) N6−Cu2−O4′ 100.0(1)
N8−Cu1−O1′ 79.4(1) N6−Cu2−O3′ 92.2(1)
O1−Cu1−O2 78.31(9) O5−Cu2−O4′ 165.63(9)
O1−Cu1−O1′ 65.79(8) O5−Cu2−O3′ 87.0(1)
O2−Cu1−O1′ 144.09(9) O4′−Cu2-O3′ 78.79(9)
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O1 2.009(2)Å) and the apical position of Cu1′ (Cu1′-O1
2.849(3)Å), giving rise to a strongly asymmetric bridge. This is
a relatively uncommon feature for the Cu-O-Cu group,49 which,
nevertheless, was observed in the tetranuclear [Cu4(ox)8-
(H2O)2]

8− complex anion.50

It is to be noted that the Cu3 atom is not involved in the
definition of the two-dimensional polymeric structure, which is
instead determined by the tetranuclear secondary binding unit
(SBU) constituted by two Cu1 and two Cu2 ions bridged by
two oxalate anions (Figure 6a). The SBUs are then connected
by dendrimer molecules (bearing Cu3), in such a way that a
two-dimensional (4,4)-network is formed (Figure 6b).

Although the relatively small dimensions of the dendrimer
make it difficult to define an inner region and a surface of the
molecule, we can consider that the Cu1 and Cu2 ions, which
bind to only one external triamine unit of the ligand and are
available for the bridging coordination of oxalate, are localized
at the surface of the dendrimer, while Cu3 occupies the inner
region (Figure 7). Accordingly, the surface Cu2+ ions are the
dendrimer functionalities responsible of the self-assembly of
both mono- and two-dimensional hierarchically ordered
structures, the oxalate ions acting as the glue that sticks
together the components of the monodimensional ones and
providing the additional cross-link anchorages for their self-
organization into the two-dimensional ones (Figure 7).
Metal Ion Complexation. The three first-row transition-

metal cations Ni2+, Cu2+, and Zn2+; the second-row Cd2+; and
the post-transition Pb2+ were selected to disclose the
coordination properties of L toward metal ions in aqueous
solution. Speciation of these complex systems and determi-
nation of the relevant stability constants were performed by
means of pH-metric (potentiometric) titrations (0.1 M
Me4NCl, 298.1 ± 0.1 K) and analysis of the associated data
by means of the computer program HYPERQUAD,35 which

furnished the stability constants collected in Table 4. With the
exclusion of Ni2+, which required several minutes to reach the
equilibrium (see the Experimental Section), all metal ions
showed fast complexation reactions. Taking into account the
high number (10) of amine groups and the presence of many
chelating units in L, speciation of complex systems was
performed over a large range of metal/ligand molar ratios (see
the Experimental Section) to accurately define the maximum
number of each metal ion that can be bound by L as well as the
lower-nuclearity complex species. The results showed that,
among the metal ions here considered, only Cu2+ is able to
form trinuclear complexes; all metal ions form mono- and
binuclear species, with the exception of Pb2+, for which only
mononuclear ones were found. Ni2+, Zn2+, and Cd2+ give also
rise to 3:2 metal/ligand complexes (Table 4). Distribution
diagrams illustrating the relative percentages of complex species
formed over the pH range of 2−12 are reported in Figures S3−
S7 of the Supporting Information.
As can be seen from Table 4, the mononuclear systems are

similar for all five metal ions, being constituted by the presence
of ML2+ complexes in alkaline solution and by the formation of
numerous protonated species at lower pHs. Lead also forms the
PbLOH+ hydroxo complex. The stability of the ML2+

complexes is consistent with the behavior of other polyamines,
both linear and branched,51 and varies in the order of Cu2+ >
Ni2+ > Cd2+ > Zn2+ > Pb2+. A quite similar stability trend was
reported, for instance, for the linear hexamine 1,16-dimethyl-
1,4,7,10,13,16-hexaazahexadecane (Me2pentaen).

52 Despite
that Me2pentaen forms slightly more stable Ni2+ and Cu2+

complexes than L, the two ligands show a strict parallelism in
complex stability (Figure S8 in the Supporting Information). In
the case of Me2pentaen, the ligand was shown to involve all of

Figure 6. (a) Tetranuclear secondary binding unit (SBU). (b) 2D
(4,4)-network.

Figure 7. Oxalate anions direct both the self-assembly of monodimen-
sional polymeric chains (a), through bridging coordination involving
surface Cu2+ ions, and their self-organization to form two-dimensional
polymeric sheets (b).
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its six donor atoms in the coordination to Ni2+ and Cd2+, while
five of them are included in the coordination sphere of Cu2+

and Zn2+, and only four are used to bind Pb2+. The same trend
of stability and the same coordination numbers were also
shown by complexes of the branched hexamine penten
(H2NCH2CH2)2NCH2CH2N(CH2CH2NH2)2 with all of
these metal ions, but ZnL2+,53 which exhibits the same stability
and the same ligand hexacoordination of CdL2+ (Figure S8,
Supporting Information).53a,c Accordingly, the number of
donor atoms involved by L in the coordination to the present
metal ions would be six for NiL2+ and CdL2+, five for CuL2+ and
ZnL2+, and four for PbL2+. A support to this behavior can be
furnished by the equilibrium constants for the complex
protonation processes. As can be seen from Table 4, the first
three protonation constants of NiL2+ and CdL2+ are very high
and fall in the range of basicity shown by the primary amine
groups of the metal-free ligand, the first tertiary amine group of
the free ligand being protonated having a protonation constant
of log K = 5.69 (Table 1). The fourth protonation constants of
these complexes (Table 4) are much smaller than the previous
ones, and their values are consistent with protonation occurring
on tertiary not-coordinated nitrogen atoms (Table 1). NiL2+

undergoes a further protonation stage associated with a small
equilibrium constant that can be ascribed to protonation of a
coordinated nitrogen atom. That is, in NiL2+, there are three
primary and one tertiary nitrogen atom not involved in the
coordination while the remaining six ligand donor atoms
should be comprised in the coordination sphere of the metal
ion. Cd2+ does not bear a fifth protonation, but its behavior in
the first four stages is identical to that of NiL2+.

The interaction of Ni2+ with L can also be followed by
monitoring the spectral changes of the metal ion occurring in
the UV−vis region upon complexation at different pH values.
Figure 8 displays the electronic spectra of the Ni2+/L system in

the 1.7−12.8 pH range. The spectrum of the mauve NiL2+

complex, obtained at pH 12.8 in the presence of a 2-fold excess
of ligand ([L] = 2[Ni2+]) to depress the formation of
complexes with a metal/ligand stoichiometry different from
1:1, is the typical spectrum of a Ni2+ octahedral, high-spin
complex, being constituted by three bands at 947 nm (ε = 22.9
M−1 cm−1), 546 nm (ε = 12.8 M−1 cm−1), and 367 nm (ε =
19.3 M−1 cm−1). The position of these bands does not change
on progressively lowering the solution pH down to 4.5, while
the mono- to tetraprotonated forms of NiL2+ are successively
formed, confirming that the first four complex protonation
events do not modify the coordination environment of the
metal ion. Unfortunately, it is not possible to identify the

Table 4. Stability Constants of Metal Complexes with L in 0.10 M Me4NCl at 298.1 ± 0.1 K

Ni2+ Cu2+ Zn2+ Cd2+ Pb2+

log K

M2+ + L = ML2+ 16.63(7)a 20.51(4) 14.17(6) 15.41(7) 9.43(5)
ML2+ + H+ = MHL3+ 9.91(7) 9.85(5) 9.92(6) 9.64(7) 9.77(5)
MHL3+ + H+ = MH2L

4+ 8.96(7) 8.81(5) 8.88(6) 8.84(8) 8.87(5)
MH2L

4+ + H+ = MH3L
5+ 8.57(6) 8.18(5) 8.22(4) 7.87(8) 8.76(6)

MH3L
5+ + H+ = MH4L

6+ 5.36(5) 6.15(2) 6.53(4) 5.68(2) 7.98(4)
MH4L

6+ + H+ = MH5L
7+ 4.00(5) 3.68(3) 5.32(4) 6.58(8)

ML2+ + OH− = MLOH+ 2.78(6)
M2+ + HL+ = MHL3+ 16.38(7) 20.20(5) 13.93(6) 14.89(7) 9.04(5)
M2+ + H2L

2+ = MH2L
4+ 15.37(7) 19.04(5) 12.84(6) 13.76(8) 7.94(5)

M2+ + H3L
3+ = MH3L

5+ 14.68(6) 17.96(5) 11.80(4) 12.37(3) 7.44(6)
M2+ + H4L

4+ = MH4L
6+ 10.82(5) 14.89(2) 9.11(4) 8.83(2) 6.20(4)

M2+ + H5L
5+ = MH5L

7+ 6.25(5) 10.00(3) 5.86(4) 4.21(8)
2M2+ + L = M2L

4+ 24.35(7) 34.87(5) 22.06(5) 21.28(5)
ML2+ + M2+ = M2L

4+ 7.72(7) 14.36(9) 7.89(6) 5.87(5)
M2L

4+ + H+ = M2HL
5+ 8.81(7) 8.21(5) 8.59(5) 8.99(5)

M2HL
5+ + H+ = M2H2L

6+ 5.23(8) 5.45(3) 6.78(8)
M2L

4+ + OH− = M2LOH
3+ 2.77(8) 5.17(5) 4.50(6) 2.85(8)

M2LOH
3+ + OH− = M2L(OH)2

2+ 2.86(5)
3M2+ + 2L = M3L2

6+ 48.92(9) 40.4(1) 40.6(1)
M3L2

6+ + H+ = M3HL2
7+ 8.78(9) 9.4(1) 9.7(1)

M3HL2
7+ + H+ = M3H2L2

8+ 8.67(9) 8.2(1) 8.5(1)
M2L

4+ + ML2+ = M3L2
6+ 7.9(1) 4.2(1) 3.9(1)

2ML2+ + M2+ = M3L2
6+ 15.7(1) 12.1(1) 9.8(1)

3M2+ + L = M3L
6+ 42.74(3)

M3L
6+ + OH− = M3LOH

5+ 6.1(1)
M2L

4+ + M2+ = M3L
6+ 7.87(8)

aValues in parentheses are the standard deviations on the last significant figures.

Figure 8. Adsorption spectra of the Ni2+/L system at various pH
values. [Ni2+] = 0.010 M, [L] = 2[Ni2+], 298 K.
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spectral modifications due to the formation of the pentaproto-
nated NiH5L

7+ complex, since this species is formed in very
small amounts even under the experimental conditions ([L] =
2[Ni2+]) adopted to record the spectra.
In the case of CuL2+, the analysis of complex protonation

constants suggests that the first four protonation stages occur
on primary not-coordinated nitrogen atoms, but the fifth one is
too small to be assigned to a nitrogen atom not involved in
metal coordination. Nevertheless, the analysis of the electronic
spectra of the Cu2+ complexes is consistent with all protonation
stages occurring on uncoordinated nitrogen atoms. The
electronic spectrum of CuL2+ (Figure 9), recorded at pH

11.2 with a solution containing a 2-fold excess of ligand to
reduce the formation of complexes with a metal/ligand
stoichiometry different from 1:1, is characterized by a single
broad band centered at 666 nm (ε = 181 M−1 cm−1), whose
position shows a very small variation on lowering the solution
pH (inset Figure 9), that is, when protonated complexes are
formed. It is well-known that the position of the band in the
electronic spectra of Cu2+ complexes is very sensible to the
number of coordinated amine groups.54,55 Accordingly, the
invariance of the pick position observed for CuL2+ and all of its
protonated forms, from CuHL3+ to CuH5L

7+, can be taken as
evidence of the pentacoordination of L in all of these
complexes. In particular, this band at (or close to) 666 nm
falls in the range (580−670 nm) usually observed for
pentacoordinated polyamine complexes with Cu2+ in square-
pyramidal (sp) geometry.54−56 Nevertheless, the spectra
recorded at pH ≤ 5.8 exhibit an increase of absorbance in
the lower-energy region (Figure 9), which can be reasonably
ascribed to the presence of minor forms with a trigonal-
bipyramidal (tbp) geometry according to the general behavior
of tbp polyamine complexes of Cu2+ that show the absorption
band at 780−950 nm.54,55,57 Such tbp component(s) could be
some Cu2H2L

6+ complex, whose formation in small amounts
occurs in that pH region despite the excess of ligand used to
record the spectra, and/or some minor tbp form(s) of
mononuclear complexes in the highest protonation state
(CuH4L

6+, CuH5L
7+) that is(are) in equilibrium with major

sp forms. As we will see further on, the first possibility seems to
be more likely, since the polynuclear Cu2+ complexes of L in
solution show a tbp component.
As for ZnL2+, the analysis of complex protonation constants

supports the previously deduced number (5) of ligand donor
atoms involved in the coordination to this metal ion.
Nevertheless, the fifth protonation constant (log K = 5.32) is
significantly higher than that found for the analogous

protonation stage involving the Cu2+ complex (log K = 3.68)
for which the pentacoordination of the ligand has been
demonstrated in all protonated forms. Unfortunately, for the
Zn2+ complex, a direct information on the modifications that
can occur in the coordination sphere of the metal ion upon
complex protonation is not available, since the UV−vis
spectrum of the complex is completely silent and 1H NMR
spectra recorded at different pH values are not amenable to
analysis due to the broadening and overlapping of ligand signals
observed upon complexation. For this reason, we undertook a
modeling study on the ZnH5L

7+ complex by means of QM/
MM calculations in which the water solvent molecules were
treated in an explicit manner. The minimum energy structure
calculated for this complex (Figure 10) shows that only four

nitrogen atoms of the ligand, including the central tertiary
nitrogen and three nitrogens of a connected triamine unit,
participate in the coordination to Zn2+, which completes its
pentacoordinated environment with a water molecule.
Reasonably, the repulsion generated by the five ammonium

groups of this complex causes the cleavage of one coordinative
bond, allowing the metal ion to move far from the ammonium
groups, thus producing a stabilization of the protonated species.
The overall organization of the complex defines a nest,
surrounded by the positive charges of the metal ion and
three ammonium groups, which offers open access to solvent
molecules (Figure S9, Supporting Information) and suggests
the possibility of hosting anionic species.
In the case of PbL2+, for which, as commented above, a

tetracoordination of the ligand can be inferred on the basis of
its stability, the observed five protonated species appear to be
formed upon stepwise protonation of five uncoordinated
primary amine groups, the corresponding protonation con-
stants (log K = 9.77−6.58, Table 4) being considerably higher
than the limiting value (log K = 5.69, Table 1) found for
protonation of the first tertiary nitrogen of the metal-free
ligand. Hence, in PbH5L

7+, 4 out of the 10 ligand nitrogen
atoms should be coordinated to the metal ion, 5 (primary ones)
are protonated, and 1 is neither coordinated nor protonated.
The formation of the hydroxylated PbLOH+ complex is
consistent with the low number of donor atoms used by L to
bind Pb2+.
As already noted, all of these metal ions, but Pb2+, form

binuclear complexes. The complexation models for the
formation of binuclear species are similar, being composed of
M2L

4+, M2HL
5+, M2H2L

6+, and M2LOH
3+ (M = Ni, Cu, Zn,

Cd) species. Only Cd2+ does not form M2H2L
6+, whereas Cu2+

Figure 9. Adsorption spectra of the Cu2+/L system at various pH
values. [Cu2+] = 0.0026 M, [L] = 2[Cu2+], 298 K. Inset: values of λmax
at different pHs superimposed to the distribution diagram of the
complex species formed in the system.

Figure 10. Minimum energy structures calculated for the ZnH5L
7+

complex.
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gives also rise to the dihydroxylated Cu2L(OH)2
2+ complex.

The equilibrium constants for the binding of the second metal
ion, according to the equilibrium ML2+ + M2+ = M2L

4+, are
intermediate between the values reported for the formation of
1:1 complexes of the same metal ions, respectively, with di- and
triamine ligands, such as ethylenediamine and diethylene-
triamine,51 containing ethylenic spacers between amino groups
like in L. A similar behavior could be explained by considering
that the second metal ion binds to a triamine branch of the
ligand without producing significant modifications in the
coordination environment of the first, already coordinated,
metal ion. As a matter of fact, according to the above
considerations, all ML2+ (M = Ni, Cu, Zn, Cd) should contain a
free (not coordinated) triamine branch. Furthermore, consid-
ering that some electrostatic repulsion is exerted between the
two metal ions in the binuclear M2L

4+ complex, the equilibrium
constant for the binding of a metal ion to the uncoordinated
triamine branch of ML2+ is expected to be smaller than the
constant for the binding of the same metal ion to free
diethylenetriamine, while, if the second metal ion would be
coordinated to only two contiguous nitrogen atoms of ML2+,
the corresponding equilibrium constant could not be greater
than that reported for the binding of M2+ by ethylenediamine.
On the basis of such considerations, one nitrogen atom of L
should not be coordinated in Ni2L

4+ and Cd2L
4+, whereas two

of them should be free in Cu2L
4+ and Zn2L

4+. Accordingly, all
of these complexes give rise to first protonation stages featuring
equilibrium constants typical of primary amine groups. This is
the only protonation event sustained by Cd2L

4+, while Ni2L
4+ is

involved in a second protonation step characterized by a lower
equilibrium constant, which is consistent with protonation of a
coordinated amine group. Also, Cu2L

4+ and Zn2L
4+ are involved

in a second protonation step, which, at least in the case of
Zn2L

4+, can be ascribed to protonation of another not-
coordinated primary amine group (Table 4). Schematic
structures suggested for mono- and binuclear complexes are
shown in Figure 11. Such coordination schemes are consistent
with the coordination features observed in the crystal structures
previously described.
A salient characteristic of this ligand is its ability to form

complexes with a 3:2 metal-to-ligand stoichiometry (M3L2
6+,

M3HL2
7+, M3H2L2

8+) in the presence of Ni2+, Zn2+, and Cd2+.
The propensity to form such complexes with Ni2+ is so high
that the Ni3L2

6+ complex, whose crystal structure is described
above, is the unique species present in solution above pH 10
(Figure S3b, Supporting Information) for a Ni2+/L molar ratio
equal to 1.5. This species competes very strongly with the
formation of Ni2L

4+ and Ni2LOH
3+, making rather complicated

the identification of such species and the determination of their
stability constants (see the Experimental Section). Although of

Figure 11. Schematic representation of the coordination environments suggested for the complexes formed by L in solution.
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lower stability (Table 4), also the 3:2 complexes with Zn2+ and
Cd2+ are important species in solution when such stoichiometry
is accomplished (Figures S5 and S6, Supporting Information).
All M3L2

6+ (M = Ni, Zn, Cd) complexes participate in two
protonation stages, and the relevant protonation constants,
varying in the range of log K = 8.2−9.4 (Table 4), testify that
two primary amine groups in each M3L2

6+ complex are not
involved in metal coordination, in agreement with the structure
observed in the solid state for Ni3L2

6+ (Figure 3). The whole set
of information suggests that this structure is maintained in
solution, being also representative of the structures assumed by
Zn3L2

6+ and Cd3L2
6+. These complexes can be though as

resulting from coordinative interaction between M2L
4+ and

ML2+, or from bridging coordination of M2+ between two ML2+

units (Figure 11). The equilibrium constants for such reactions
(Table 4) confirms the great propensity of Ni2+ to form the
Ni3L2

6+ complex. Solutions of Ni3L2
6+ show a typical spectrum

of a Ni2+ octahedral, high-spin complex, being constituted by
three bands at 944 nm (42.1 M−1 cm−1), 544 nm (29.3 M−1

cm−1), and 359 (51.6 M−1 cm−1) (Figure S10, Supporting
Information). In such M3L2

6+ complexes, the central metal ion
is octahedrally coordinated to two triamine branches pertaining
to different ligand molecules. Accordingly, among the metal
ions here studied and capable of producing polynuclear species,
only Cu2+ is not able to assemble similar 3:2 complexes with L,
in agreement with the low tendency of Cu2+ to bind two
tridentate ligand molecules in consequence of the Jahn−Teller
distortion typical of d9 metal ions.
Last, but not least, the formation of trinuclear Cu2+

complexes enriches the picture of complexation properties
shown by this G-2 poly(ethylene imine) dendrimer. The
equilibrium constant (log K = 7.87, Table 4) for the
coordination of the third Cu2+ ion (Cu2L

4+ + Cu2+ =
Cu3L

6+) is large enough to make Cu3L
6+ the prominent, almost

unique species around pH 6 in solutions containing L and Cu2+

in a 1:3 molar ratio, the trinuclear complex giving rise to
Cu3LOH

5+ at higher pHs (Figure S3c, Supporting Informa-
tion). According to the structure suggested for Cu2L

4+ (Figure
11), only two ligand donor atoms are not coordinated in this
complex. The equilibrium constant for the binding of the third
Cu2+ ion (log K = 7.87, Table 4) is then mostly determined by
the favorable coordinative contribution from these two nitrogen
atoms reduced by the energetic cost for rearrangement of the
complex structure and increased electrostatic repulsion between
metal ions. As a matter of fact, this equilibrium constant is
lower, by about 2 orders of magnitude, than the constants for
the binding of Cu2+ by diamine ligands, such as ethylene-
diamine and its N-alkylated derivatives.51 To be noted is also
the absence of protonated forms of the trinuclear complex,
which can be reasonably interpreted as evidence that all 10
nitrogen atoms of the ligand participate in the coordination to
the three metal ions.
The crystal structure of the [Cu3LCl(OH)0.5(NO3)0.5ox]

2+

complex described above (Figure 5) shows that each Cu2+

cation is coordinated to a single triamine branch of the ligand,
one of them also including the innermost tertiary nitrogen
atom in its coordination sphere. A similar arrangement of metal
ions, deprived of coordinated anions, seems to be a good model
for the structure of Cu3L

6+ in solution (Figure 11). It involves
all ligand donors, achieving the most equitable distribution
among the metal ions, and allows the three metal centers to
stay apart from each other to minimize the electrostatic
repulsion between them. Reasonably, this crystal structure can

also be taken as a model for the trinuclear hydroxo Cu3LOH
5+

complex, once all coordinated anions, but OH−, are removed.
The electronic spectrum of Cu3L

6+ (Figure S11 in the
Supporting Information) is characterized by a maximum at 663
nm (ε = 304 M−1 cm−1) with a pronounced shoulder at lower
energy (∼870 nm) denoting the presence of Cu2+ ions in both
sp and tbp coordination geometries within the solvated
complex.
When the metal ion binding properties of this poly(ethylene

imine) ligand and its analogous linear52 and macrocyclic52d,58

molecules able to form polynuclear complexes are compared,
we find that the dendrimeric structure endows L with a greater
nucleating ability and a greater ability to form highly
protonated metal complexes, although the complex stability is
commonly lower than that of these linear and macrocyclic
polyamines.

■ CONCLUSIONS
To sum up, we have shown that the G-2 poly(ethylene imine)
dendrimer L, based on ammonia as the initiating core molecule,
exhibits special properties in the formation of metal ion
complexes. Mono-, bi-, and trinuclear complexes, as well as 3:2
metal/ligand species, are formed, depending on the nature of
the metal cation and the metal/ligand molar ratio. Metal ion
binding can take place either in the inner region or on the
surface of the dendrimer molecules. Coordinated metal cations
decorating the dendrimer surface can direct the self-assembly of
dendrimer units into monodimensional aggregates according to
two different ion-directed association routes developing under
thermodynamic control: (a) aggregation via metal ions shared
by the surfaces of contiguous dendrimer molecules and (b)
aggregation via chelating ligands bridging surface metal ions
pertaining to contiguous dendrimer molecules. The first
association mode was displayed by the crystal structure of the
linear Ni3L2

6+ assembly. Interestingly, Ni3L2
6+ and the

analogous nanostructures formed by Zn2+ and Cd2+ are stable
in aqueous solution. The second mode was achieved by the
action of oxalate anions (ox) on the trinuclear Cu3L

6+ complex,
as displayed by the crystal structure of [Cu3LCl(OH)0.5-
(NO3)0.5ox]Cl1.5(NO3)0.5·5.5H2O showing zigzag ···Cu3L

6+-ox-
Cu3L

6+-ox··· hierarchically nanostructured chains that self-
organize into two-dimensional sheets. In the two cases, both
mono- and two-dimensional aggregation is triggered by the
action of ionic species behaving either as functional groups on
the dendrimer surface (metal ions) or as the glue (metal ions,
oxalate) that sticks together dendrimer units.
These two routes, which are shown here to be effective with

a G-2 dendrimer, are expected to function also with higher-
generation analogues; in particular, this applies to the second
route, which does not require a special flexibility of the
dendrimer molecule. Accordingly, they provide coordinative
methods for the creation of novel families of nanostructured
functional materials that could prove useful for the develop-
ment of the material science-based approach to nano-
technology.
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2+. This material is available

free of charge via the Internet at http://pubs.acs.org.
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Crystallogr. 2006, E62, m1139−m1141.
(51) Smith, R. M.; Martell, A. E. NIST Stability Constants Database,
Version 4.0; National Institute of Standards and Technology:
Gaithersburg, MD, 1997.
(52) (a) Arago,́ J.; Bencini, A.; Bianchi, A.; Garcia-España, E.;
Micheloni, M.; Paoletti, P.; Ramirez, J. A.; Paoli, P. Inorg. Chem. 1991,
30, 1843−1849. (b) Arago,́ J.; Bencini, A.; Bianchi, A.; Garcia-España,
E.; Micheloni, M.; Paoletti, P.; Ramirez, J. A.; Rodriguez, A. J. Chem.
Soc., Dalton Trans. 1991, 3077−3083. (c) Bencini, A.; Bianchi, A.; Fusi,
V.; Paoletti, P.; Valtancoli, B.; Andreś, A.; Arago,́ J.; Garcia-España, E.
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