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Abstract

Cyclic voltammetry was used to determine the stability constants for the complexation of cadmium and zinc ions with hydroxyl-ter-
minated polyamidoamine generation 2 dendrimers with an ethylenediamine core (PAMAM G2-OH) at a mercury ultramicroelectrode.
Cadmium and zinc ions were found to form poly-metal complexes through the interactions with interior amino groups rather than
hydroxyl groups and the maximum number of metal ions per dendrimer or stoichiometry was 4. Complexation is accompanied by a sig-
nificant decrease in the limiting current and by measuring the changes in the magnitude of cathodic current with the analytical dendri-
mer:metal ion ratio and fitting the resulting curves, the four cumulative consecutive complexation constants were determined:
1.3 � 105 M�1, 1.6 � 109 M�2, 3.3 � 1012 M�3 and 4.6 � 1014 M�4 for Cd2+ and 1.0 � 106 M�1, 1.6 � 109 M�2, 4.6 � 1014 M�3 and
2.6 � 1017 M�4 for Zn2+. The stronger interaction of zinc ions with PAMAM G2-OH compared to cadmium was accompanied with
a sharper decrease of the cathodic current with the addition of dendrimer and a larger half-wave potential shift than cadmium. This
was rationalized by evaluating the changes of the diffusion coefficients for these two different systems by electrochemical means.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Dendrimers are highly ordered branched macromole-
cules with repeating fragments. PAMAM dendrimers were
first synthesized two decades ago by Tomalia et al. [1,2]
and have since become well-characterized and widely stud-
ied systems. The highly branched dendritic structure has
advantages over other macromolecular systems and can
be potentially used for drug delivery [3], catalysis [4,5],
and, extraction of aqueous waste [6–9] under optimal con-
ditions. Recent studies have shown that PAMAM dendri-
0022-0728/$ - see front matter � 2008 Elsevier B.V. All rights reserved.
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mers can interact with metal ions through their interior
or exterior complexing groups, and can serve as precursors
in the preparation of metal nanoparticles. For example, Pt
[4], PtPd [5] and Au [10] nanoparticles have been synthe-
sized with PAMAM. However, the thermodynamics and
detailed mechanism of the complexation process of dendri-
mers with metals and metal ions is still not clear.

Absorption spectroscopy, filtration, polarography,
potentiometry and other electrochemical methods can be
used to study the complexation process of dendrimers with
metals [11,12]. Cyclic voltammetry (CV) is especially useful
in probing the nature of the metal–dendrimer complexation
process. For example, CV has been used to characterize the
interaction of silver ions with dendrimers at an inlaid
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Fig. 1. Chemical structure of PAMAM G2-OH dendrimer.

Fig. 2. Schematic drawing of a mercury hemispherical electrode fabri-
cated on a platinum microelectrode by electrochemical deposition.
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macro gold or platinum disk electrode [13] and to study
redox labeled dendrimer systems [14,15]. One of the disad-
vantages of studying metal-ion complexation by CV is the
frequent occurrence of non-nernstian behavior of metal
ions at a solid metal electrode surface [16,17]. Mercury
has a defect-free and renewable surface and reversible elec-
trochemical behavior is frequently found for metal ions
when amalgam formation occurs. For example, it has been
widely used in polarography to measure the stability con-
stants (KL, where L is the number of ligands per central
metal) [17].

In this report, we used a mercury ultramicroelectrode
(UME) to study the complexation characteristics of zinc
and cadmium ions with generation 2 PAMAM (G2-OH)
dendrimer (Fig. 1). The UME is also useful in measuring
both steady-state limiting currents and, with fast scan rates,
in studying short-lived intermediates [18,19]. Cadmium and
zinc have long been known to show good behavior at the
mercury electrode [20] and stable and reproducible cyclic
voltammograms were obtained with G2-OH. Our results
indicate that cadmium and zinc can form poly-metal com-
plexes through the interactions with interior amino groups
and the maximum coordination number of metal ions per
PAMAM G2-OH is 4. The stability constants Kq (where
q = 1–4, represents the number of metal ions per dendri-
mer) were determined by fitting the experimental results,
and a stronger interaction of Zn2+ compared to Cd2+ with
PAMAM G2-OH was observed.

2. Experimental section

2.1. Chemicals

Generation 2 hydroxyl-terminated PAMAM dendrimer
with an ethylenediamine core, Hg2(NO3)2 Zn(NO3)2,
Cd(NO3)2, citric acid, Na2HPO4 were purchased from
Aldrich Chemical Co. (Milwaukee, WI); KNO3, NaNO3

and agar was from Fisher Sci. Co. (Fair Lawn, NJ); hex-
amineruthenium (III) chloride was obtained from Strem
Chemicals (Newbury Port, MA). All the compounds were
used without further purification. High-purity water (resis-
tivity q = 18 MX cm) (Milli-Q, Millipore Corp., Billerica,
MA) was used in all experiments, and all solutions were
deaerated with argon for 30 min.
2.2. Apparatus and methods

The mercury UME was prepared by following the pro-
cedure of Wehmeyer and Wightman [18]. Briefly, a 10 lm
diameter Pt disk microelectrode was polished with 0.3 lm
alumina (Buehler, Lake Bluff, IL) and further sonicated
in 95% solution of ethanol. A solution of 5.7 mM mercu-
rous ion was used for Hg deposition and 0.5% concentrated
nitric acid in 1 M KNO3 was added to prevent hydrolysis
of the mercurous ions. Mercury was deposited on the Pt
UME, recording the current transient at a potential of
0.1 V vs SCE for 333 s. Fig. 2 shows a schematic drawing
of the mercury UME formed in this manner. The radius
of the mercury UME produced was determined as 7 lm
from steady-state voltammograms of cadmium nitrate
solutions at several concentrations. The mercury could be
stripped off of the platinum surface by applying a positive
potential of 0.5 V (vs SCE) at the end of the experiment to
avoid contamination of the Pt electrode. A fresh Hg UME
was prepared for every set of experiments. A three com-
partment electrochemical cell, with working electrode, plat-
inum wire auxiliary electrode and SCE reference electrode,
was used for electrochemical experiments involving titra-
tion of metal ion with dendrimer. A 2% solution of the agar
gel in 0.2 M NaNO3 aqueous solution was used as a salt
bridge to the SCE to avoid any possible contamination
of the test solution by chloride and mercury ions. PAMAM
G2-OH (MW = 3272 g/mol) was used as the titrant for
both Cd2+ and Zn2+. As PAMAM G2-OH is added to
the metal ion solution, the viscosity increases and this
affects the measured limiting current. A viscosity correction
was made using 0.6 mM RuðNH3Þ3þ6 at pH 3 in a buffer
composed of 0.2 M Na2HPO4 and 0.1 M citric acid. All
solutions were purged with argon for 30 min prior to every
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electrochemical measurement. A CHI 660 electrochemical
station (CH Instruments, Austin, TX) was used for all elec-
trochemistry measurements.
3. Results

3.1. Reduction of Cd2+ in the absence of dendrimers at the

hemispherical mercury UME

The electrochemical behavior of metal ions at a mercury
UME are different from those at a bare platinum or large
hanging mercury electrode. The steady-state current of
metal ions at a hemispherical Hg UME can be expressed as

iss ¼ 2pnFDcr; ð1Þ
Fig. 3. Cyclic voltammograms of 0.6 mM Cd(NO3)2 at a mercury
microelectrode at different scan rates; (1) 50 V/s; (2) 10 V/s; (3) 5 V/s; (4)
1 V/s; (5) 0.1 V/s; (6) 0.05 V/s. The vertical arrow points to decreasing
scan rate for decreasing cathodic current while the horizontal arrow points
to decreasing scan rate for increasing negative potential shift of the anodic
stripping peak. Supporting electrolyte: 0.2 M NaNO3. Electrode radius:
7 lm.

Fig. 4. Experimental (1) and simulated (2) cyclic voltammograms of 0.6 mM C
electrolyte: 0.2 M NaNO3. Electrode radius 7 lm. Simulated data: diffusion
8.0 � 10�6 cm2/s; Uncompensated resistance: 21 kX; capacitance: 1 � 10�10 F.
where n is the number of the electrons transferred, r is the
radius of a hemispherical electrode and D is the diffusion
coefficient of the metal ion. Since the UME was made by
electrodeposition in our experiment, the radius of the elec-
trode can be estimated from the deposition time, t, assum-
ing a diffusion-controlled deposition of a mass of Hg and a
volume of mercury V = 4/3pr3

r ¼ ½2MDMCt=q�1=2
; ð2Þ

where M is the molecular weight and q is the density of
Hg, and DM is the diffusion coefficient of mercurous ions.
[18] Cyclic voltammograms of cadmium ions at a Hg
UME, at scan rates, v, of 0.05–50 V/s (Fig. 3) showed a
slight shift of the half-wave potential to more negative val-
ues with a decrease of v. Such scan rate dependence at a
Hg UME is similar to that seen with mercury thin film
electrodes and is caused by saturation of the amalgam
with metal at slow scan rates [21–23]. The experimental re-
sults for the reduction of Cd2+ at the Hg UME were very
close to digital simulation results (Fig. 4). Digital simula-
tions were established by using Digielch 2.0 software [24].
The disparity between the experimental and the simulated
oxidation current may partially be due to the modeling
problem of simulation and partially due to the incomplete
stripping of the cadmium from the mercury. The latter
suggests that a large quiet time must be used to regenerate
a clean mercury drop. In the simulation, a spherical elec-
trode was assumed and then corrected by a factor of 1/2
for a hemisphere to obtain the results shown by Fig. 5a.
This assumption might not be completely appropriate to
simulate the diffusion current within an electrode with
spherical-segment geometry, e.g. a hemisphere. Simula-
tions were established assuming very fast heterogeneous
kinetics (ko = 105 cm/s) and the measured uncompensated
resistance and capacitance values of 21 kX and
1 � 10�10 F, respectively. Diffusion coefficients were found
d(NO3)2. Scan rate: (a) 50 mV/s; (b) 50 V/s. Experimental data: supporting
coefficient of Cd2+ was 6.8 � 10�6 cm2/s and for the metal stripping



Fig. 5. (a) Experimental cyclic voltammogram (1) of 0.6 mM metal ions under radial diffusion control at a hemispherical mercury electrode and simulated
data (2) under radial diffusion control without film formation; scan rate 50 mV/s. (b) Scan rate dependence of the peak current of the cyclic
voltammograms for metal ions under radial diffusion control (1: simulated; 2: experimental data) in comparison of the one under planar diffusion control
(3: simulated results); (c) expanded plot of the b in the peak current range from 13 to 28 nA. For the experimental data: supporting electrolyte: 0.2 M
NaNO3. Electrode radius 7 lm. Simulated data: Diffusion coefficient of Cd2+ was 6.8 � 10�6 cm2/s and for the metal stripping 8.0 � 10�6 cm2/s;
Uncompensated resistance: 21 kX; capacitance: 1 � 10�10 F.
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to be 6.8 � 10�6 cm2/s for the reduction of cadmium ions
and 8.0 � 10�6 cm2/s for the stripping of cadmium metal
from mercury. Usually the stability constants K of the
coordination reactions between metal ions and organic
species are determined by measuring the potential
difference in the voltammetry of free metals to the ligand-
bound ones [20]. However, cadmium shows a negative po-
tential shift at low scan rate at a Hg UME, limiting the
use of a slow scan rate to determine the stability constants
through potential shifts (Figs. 3 and 5a). Therefore fast
scan rates of 1 V/s or higher were used to determine the
complexation parameters of cadmium based on the poten-
tial shift after a complex formed with other ligands. In this
case the formed amalgam is not saturated and thus the
experimental conditions are close to those for a simple dif-
fusion-controlled process of metal ions in solution. Fast
scans can be used for current measurements, where the
electrochemical reduction of the metal ions at the Hg
UME can be treated by planar-diffusion and the Ran-
dles–Sevčik equation used for current calculations. The
region between the spherical and planar diffusion-con-
trolled processes is less convenient to treat. Since the
amalgam film is not saturated with Cd, metal diffusion in-
side the mercury film leads to electrochemical behavior
characteristic of diffusion control with no potential shift
as a function of v. The slow scan rate experiments show
that the steady-state current is the same at Hg UME as
that of a regular hemispherical electrode without influence
of amalgam formation (Fig. 5a). This combination of slow
and fast scan rate CV allows us to determine the charac-
ter of the binding between dendrimer macromolecule and
metal ions. The experimental and theoretical scan rate
dependences of cathodic peak current are presented in
Fig. 5b. There is a change from hemispherical to planar
diffusion with an increase in scan rate. At 30 and 50 V/s
the square root scan rate dependence is close to linear,
indicating diffusion control. The line does not extrapolate
to zero due to the small contribution of the radial diffu-
sion as evident from the simulation of hemispherical
UME (Fig. 5a).
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3.2. Reduction of the Zn2+ in the absence of dendrimers at

hemispherical Hg UME

Similar to electrochemical behavior of Cd2+ at the Hg
UME, zinc also forms amalgams at the mercury electrode
surface after reduction (Fig. 6). The reduction peak current
shows a behavior close to a linear square root scan rate
dependence, suggesting diffusion control at the Hg UME.
The oxidation peak broadening in the CVs is due to the
heterogeneous kinetic limitations of the electrode reaction.

3.3. Complexation studies of the PAMAM G2-OH

dendrimers with Cd2+ and Zn2+ ions

Addition of the bulky ligand to the metal ions has two
effects: a significant decrease in the diffusion coefficient
and a negative shift in the potential of the wave. The
CVs of Cd2+ in the presence of G2-OH at scan rates of
50 V/s and 50 mV/s in Fig. 7 show the pronounced nega-
tive shift in the reduction potential. A similar shift in the
reduction peak upon addition of dendrimer was observed
for silver–dendrimer G2-OH complex [13]. Compared with
Zn2+, as we will discuss below in more detail, the reduction
peak potential shift for Cd2+ is relatively small because of
weaker interaction between Cd2+ and the dendrimer. The
shift of the oxidation reaction to more positive potential
with v is ascribed to the effect of slower heterogeneous
kinetics.

One can study the complexation by titrating a solution
of the metal ion with dendrimer and noting the ratio of
total metal ions to total ligand. A decrease in the reduction
current was obtained for Cd2+ when PAMAM G2-OH was
added to the electrolyte to form complexes. The decrease in
reduction current is due to a decrease of the amount of free
Cd2+ and the formation of metal–dendrimer complexes,
which have smaller diffusion coefficients than free Cd2+
Fig. 6. Cyclic voltammograms of 0.6 mM Zn(NO3)2 (a) at increasing scan
electrolyte: 0.2 M NaNO3. Electrode radius: 7 lm.
ions. The cyclic voltammograms for the free Cd2+ and
the largely complexed Cd2+ and their scan rate dependence
are shown in Fig. 7. A linear dependence of cathodic cur-
rent on v1/2 at v > 1 V/s shows a diffusion-controlled pro-
cess for the formed metal–dendrimer complex (Fig. 7d).
The metal–dendrimer binding stability and other character-
istics can be studied by measuring the dependence of the
reduction current on R = CD/CM, where CD and CM are
the analytical concentrations of dendrimer and metal,
respectively. As shown in Fig. 8, a dramatic decrease of
the steady-state current after the initial addition of the den-
drimer, with a very slow decrease in the presence of the
excess dendrimer is seen in the titration results. The former
decay is due to the metal–dendrimer complex formation
and the later is caused by the changes of solution viscosity
induced by the excess amount of dendrimer. The magni-
tude of current decay caused by the viscosity increase can
be estimated by addition of the same amount of dendrimer
to 0.6 mM RuðNH3Þ3þ6 that does not form complexes with
PAMAM G2-OH dendrimer. As shown in Fig. 8b, the
reduction peak current of RuðNH3Þ3þ6 shows a decrease
with an increased amount of PAMAM G2-OH dendrimer
due to the increase of viscosity of the solution. Correction
of the titration results for Cd2+- and Zn2+-G2-OH complex
formation by subtracting the current changes due to the
viscosity changes yield an essentially flat current with
R > 4 (Fig. 8c).

CVs for the Zn–PAMAM G2-OH dendrimer system are
shown in Fig. 9. These are similar to the interaction of cad-
mium ions with dendrimers, with a negative potential shift
and a peak current decrease after the complexation. The
scan rate dependence and the CV for the mostly bound zinc
ions show a diffusion control process (Fig. 9c). The greater
negative potential shift for zinc ion reduction than that for
cadmium ion in the presence of dendrimers can be
explained by a stronger complexation of the dendrimers
rate and the peak current dependence on the scan rate (b). Supporting



Fig. 7. Cyclic voltammograms of 0.6 mM Cd(NO3)2 upon the addition of various concentrations of dendrimer at a scan rate of 50 V/s (a); 0.05 V/s (b).
The concentration of dendrimer are: 0 mM (1), 0.2 mM (2), 0.45 mM (3), 1 mM (4), 3 mM (5) and 6 mM (6), respectively; The arrows point to decreasing
dendrimer concentration for decreasing anodic current. (c) is the expanded plot of b in the current range from �5 to 5 nA; (d) Scan rate dependence of the
peak current of 0.6 mM Cd(NO3)2 with 1 mM dendrimer added. Supporting electrolyte: 0.2 M NaNO3. Electrode radius: 7 lm.
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with Zn2+. The decrease of the current is sharper compared
with the cadmium complexes, which also suggests forma-
tion of complexes with a larger formation constant.

4. Theoretical model

Classically [25] the electrochemical (polarographic)
study of complex ions was based on shifts in the half-wave
potential with ligand concentration. Measurements based
on the magnitude of the diffusion currents were ordinarily
not made, because the diffusion coefficients and simple
metal ion and complex were usually too similar to allow
one to distinguish among the various complexes. However
when a metal ion complexes with a large ligand, such as a
polymer, one can also obtain valuable information about
complexation by studying the change in limiting current
with the ratio of metal ion and ligand. This approach has
been used in investigations involving the intercalation of
ruthenium complexes into DNA, for dendrimer–ferrocene-
methanol electrostatic interactions, [26–30] and also in the
dendrimer–silver ion complexation studies [13].
The theoretical approach assumes the following square
scheme:

(Cd2+)qDDM + 2qe      Cd(Hg)qDDM

qCd2+ + 2qe qCd(Hg)
+  +

DDM   DDM

One assumes, based on the electrochemical behavior,
that all electron transfer reactions are nernstian and that
all complexation reactions involving bound and free species
are at equilibrium:

E0
b;q � E0

f ¼ ð0:059=2Þ logðK0=KqÞ ð3Þ

where E0
f corresponds to the standard potential for the free

metal ion electron transfer and E0
b;q for the bound one, Kq is

the equilibrium constant for the cumulative complexation
of q metal ions and K0 recognizes the possibility that the



Fig. 8. Dependence of the normalized current on dendrimer concentrations for (a) 0.6 mM Cd(NO3)2 (1, �) and Zn(NO3)2 (2, j) and (b) 0.6 mM
RuðNH3Þ3þ6 . The data in (a) were corrected for the viscosity contribution using data from (b) and the corrected results are shown in (c). (d) is an expanded
plot of (c) in the R range between 0 and 2.
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zero valent metal remains associated with the dendrimer
after reduction. The limiting potential shift for the cad-
mium–dendrimer interaction, at large R, was 0.080 V,
which yields Kq/K0 to be �500. Complexation of the zinc
ions with the dendrimer at large R gives a potential shift
of 0.136 V, which corresponds to the stability constant ra-
tio Kq/K0 to be �4 � 104. Such limiting stability constant
ratios do not provide information about the individual
complexation constants for smaller values of q. While this
could be obtained in principle by studying the variation of
the half-wave potential as a function of R, the rather small
potential range would limit the precision of the reported
values. Rather, we used the variation of the limiting current
with R to construct a theoretical model to determine the
stability constant Kq.

In the dendrimer titration experiments shown in Figs. 7–
9 a solution of the free metal ion was prepared, dendrimer
was added in small increments, and the limiting current as
a function of R was determined. The first addition of a
small amount of dendrimer (R� 1) leads to the formation
of the polynuclear complexes containing the maximum
number of metal ions per ligand. Further additions of den-
drimer causes the dissociation of the complexes and forma-
tion of metal–dendrimer complexes with smaller q-values,
finally dominated by q = 1 at the end of the titration. By
assuming that all complexes formed have the same diffu-
sion constant, Db, the steady-state current can be expressed
to be the sum of the reduction current of free and com-
plexed diffusing species,

i ¼ 2pnFDf r½Me� þ 2pnFDbr
Xq

q¼1

q½MeqL� ð4Þ

where Df is the diffusion coefficient of free metal ion and Db

the diffusion coefficient of the complexed metal. The
measured diffusion coefficient of zinc complex is 3.6 �
10�6 cm2/s, which is smaller than that of cadmium–dendri-
mer complex, 4.6 � 10�6 cm2/s, The diffusion coefficient of
the cadmium ions is also higher (6.8 � 10�6 cm2/s) com-
pared with zinc ions (5.4 � 10�6 cm2/s) due to the smaller
hydrated radius.

The steady-state current of Eq. (4) can be normalized
using the current for totally free metal ions in the absence
of dendrimer and

½MeqL� ¼ Kq½Me�q½L� ð5aÞ



Fig. 9. Cyclic voltammograms of 0.6 mM Zn(NO3)2 upon the addition of various concentrations of dendrimer at a scan rate of 50 V/s (a); 0.05 V/s (b).
The concentration of dendrimer are: 0 mM (1), 0.06 mM (2), 0.12 mM (3), 0.45 mM (4), 0.6 mM (5), 1 mM (6), 1.5 mM (7) and 4 mM (8), respectively; The
arrows point to decreasing dendrimer concentration for decreasing anodic current. (c) Scan rate dependence of the peak current of 0.6 mM Zn(NO3)2 with
1 mM dendrimer added. Supporting electrolyte: 0.2 M NaNO3. Electrode radius: 7 lm.
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to obtain

inorm ¼
½Me�
CM

þ Db

Df CM

Xq

q¼1

qKq½Me�q½L�

¼ ½Me�
CM

þ Db

Df CM

ðCM � ½Me�Þ ð5bÞ

where CM is the total metal ion concentration without
addition of dendrimers. Free metal ion concentration
[Me] in the presence of dendrimer can therefore be derived
from Eq. (5),

½Me� ¼
inorm � Db

Df

� �
CM

1� Db

Df

ð6Þ

Using expressions (5) and (6) and the ones [31] related to
the stability constant for each of the metal–dendrimer com-
plex and its relation with free metal concentration [Me] and
free dendrimers [L], we then get a direct relationship be-
tween the R and free metal concentration (see appendix).
[32]

R ¼
ðCM � ½Me�Þð

Pq
q¼1ðKq½Me� þ 1Þ

CM

Pq
q¼1qKq½Me�q ð7Þ

Since [Me] is related to the normalized current (Eq. (6))
one can obtain the values of Kq from a plot of inorm vs
R. The maximum value of q is obtained from consider-
ation of the initial points of this plot, which in this case
give a value of 4. The inorm vs R curve was fit with a
non-linear routine with four unknown equilibrium con-
stants as adjustable parameters. The curves are shown
in Fig. 10 and the equilibrium constants obtained are gi-
ven in Table 1.

Note the different diffusion coefficients for the different
metal ions for the 1:1 Me–dendrimer complex (q = 1).
We are confident in these values since they are calculated
from the steady-state current under conditions where no
net changes in the current due to the complexation occur
(i.e., no changes in [Me] or D with [L]). This could indi-
cate that the different metal–dendrimer complexes could
also have different diffusion coefficients. It could be pos-
sible to add these parameters to the mathematical model,
but at the expense of requiring many more experimental
points to provide a statistically significant fit. However,
our model, assuming all D are equal, fits the experimen-
tal results well. The difference in D for the Me-DEN
complexes (q = 1), even though they follow the trend
of the free ions, are within the same order of magnitude
for the different metal ions and complexes (3–
7 � 10�6 cm2/s). However, the equilibrium constants vary
8 and 11 orders of magnitude for the Cd- and Zn-com-
plexes. Thus, our results suggest that the changes of D



Fig. 10. Fit of the normalized peak current vs R. Plot concentration is 0.6 mM for both Cd(NO3)2 (a) or Zn(NO3)2 (b). Points are experimental values and
line is fitted with the formation constants in Table 1.

Table 1
Four equilibrium constants for cadmium(II)–dendrimer and Zn(II)–
dendrimer complexes determined by fitting the electrochemical titration
results

K1 (M�1) K2 (M�2) K3 (M�3) K4 (M�4)

Cd2+ 1.3 � 105 1.6 � 109 3.3 � 1012 4.6 � 1014

Zn2+ 1.0 � 106 2.1 � 1011 4.6 � 1014 2.6 � 1017

294 A.B. Nepomnyashchii et al. / Journal of Electroanalytical Chemistry 621 (2008) 286–296
for the Me-DEN complexes or their effects are negligible
and the equilibrium constants carry most of the weight
on determining the voltammetric properties of these
systems.

Consistent with our electrochemical study at a Hg
UME, previous spectrophotometric titration studies of
G2-OH dendrimer by copper (II) ions show a saturation
number of the metals to be equal to 4. Cadmium, zinc
and copper have similar complexation behavior with
G2-OH dendrimer and a maximum stoichiometry of 4
can be obtained for all of these metal ions to form com-
plexes with dendrimer. This is also can be seen as evi-
dence that the interior amino groups are responsible
for the complexation rather than the exterior hydroxyl
groups. The fit of the experimental curve using four equi-
librium constants was very close to the experimental
data. Zinc ion forms stronger complexes compared to
cadmium ion. These results are consistent with the earlier
report on the complexes of zinc and cadmium with
amines and ethylenediamines, [31] where the affinity of
zinc ions to nitrogen groups has been shown to be higher
than cadmium ions.

5. Conclusions

To conclude, reversible electrochemical behavior of
cadmium and zinc ions can be obtained at the Hg
UME. This electrode is easy to fabricate and it can be
applied to the study of the coordination chemistry of
dendrimers with metal ions. A square scheme can be
used to explain the cadmium and zinc–dendrimer com-
plexation. The present study shows that cadmium and
zinc can form stable complexes with dendrimer through
its interior amino groups rather than exterior hydroxyl
groups. In addition, zinc ion forms stronger complexes
with dendrimer than cadmium ion. An electrochemical
titration and measurement of the limiting current as a
function of dendrimer:metal ratio was used to determine
the stability constants of the metal–dendrimer complexes,
with a maximum number of metal centers per dendrimer
of 4. The procedure should also be applicable to larger
dendrimers (e.g. generation 3. . .), but the greater number
of complexed metal ions and smaller diffusion coefficient
of Db will complicate the treatment.
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Appendix A

The total metal concentration is equal to the sum of free
metal concentration [Me] and bonded ones with
dendrimers,

CM ¼ ½Me� þ
Xq

q¼1

q½MeqL� ðA:1Þ

where q is the number of metal ions coordinated to one
dendrimer. The total dendrimer concentration CD is com-
posed of free dendrimers and the complexed ones

CD ¼ ½MeL� þ ½L� ðA:2Þ

with the stability constant for each metal–dendrimer
complex,

Kq ¼
½MeqL�
½Me�q½L� ðA:3Þ

from which the concentration of each of the corresponding
metal–dendrimer complexes can be derived,
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½MeqL� ¼ Kq½Me�q½L� ðA:4Þ
using Eq. (A.4) to replace [MeqL] in Eq. (A.2), we obtain
the expression for the total dendrimer concentration as
function of free dendrimer [L], free metal [Me] and stability
constants Kq,

CD ¼
Xq

q¼1

Kq½Me�q½L� þ ½L� ðA:5Þ

therefore the free dendrimer concentration can be written as,

½L� ¼ CDPq
q¼1ðKq½Me�q þ 1Þ ðA:6Þ

Using Eqs. (A.1) and (A.3) to replace [L] in the above
equation by [Me] and stability constants, we can obtain
the following expression,

CD ¼
ðCM � ½Me�Þð

Pq
q¼1ðKq½Me� þ 1ÞPq

q¼1qKq½Me�q ðA:7Þ

Rewriting the above equation by changing the position of
CD and CM yields

CM ¼ ½Me� þ
CD

Pq
q¼1qKq½Me�qPq

q¼1ðKq½Me�q þ 1Þ ðA:8Þ

since R = CD/CM, Eq. (A.8) can be rewritten as Eq. (7)
above.
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where q is the number of metal ions coordinated to one dendrimer.
The total dendrimer concentration Cs is composed of free dendrimers
and the complexed ones with metal ions,

Cs ¼ ½MeL� þ ½L� ðA:2Þ

stability constant for each of the metal–dendrimer complex is,

Kq ¼
½MeqL�
½Me�q½L� ðA:3Þ

from which the concentration of each of the corresponding metal–
dendrimer complexes can be derived,

½MeqL� ¼ Kq½Me�q½L� ðA:4Þ

using Eq. (A.4) to replace [MeqL] in Eq. (A.2), we got the expression
for the total dendrimer concentration as function of free dendrimer
[L], free metal [Me] and stability constants Kq,

Cs ¼
Xq

q¼1

Kq½Me�q½L� þ ½L� ðA:5Þ

therefore the free dendrimer concentration can be written as,

½L� ¼ CsPq
q¼1ðKq½Me�q þ 1Þ ðA:6Þ

using Eqs. (A.1) and (A.3) to replace [L] in the above equation by
[Me] and stability constants, we can obtain the following expression,

Cs ¼
ðCt � ½Me�Þð

Pq
q¼1ðKq½Me� þ 1ÞPq

q¼1qKq½Me�q ðA:7Þ

Rewriting the above equation by changing the position of Cs and Ct

yields
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Ct ¼ ½Me� þ
Cs
Pq

q¼1qKq½Me�q

Pq
q¼1

ðKq½Me�q þ 1Þ
ðA:8Þ

since R ¼ Cs
Ct

, therefore Eq. (A.8) can be rewritten as
R ¼
ðCt � ½Me�Þð

Pq
q¼1ðKq½Me�Þ þ 1Þ

Ct
Pq
q¼1

qKq½Me�q
ðA:9Þ

which is Eq. (7) in the main text.
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