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ABSTRACT: Poly(amidoamine) PAMAM dendrimers of various generations (generation 2 to generation
6) with different surfaces (amine, Tris, and pivalate) were used as organic templates to form complexes
and nanocomposites of silver. Starting from silver salts and PAMAM dendrimers, first a silver—dendrimer
complex and then a nanocomposite were synthesized. To avoid chemical contamination, transformation
of silver from Ag™ to Ag® was achieved by irradiating the solution of silver complex with an excessive
dose of X-rays. Intensity of the plasmon resonance at 400—420 nm was found to be the function of silver
content, nanoparticle size, and architecture. Internal structural changes during this transformation from
complexes into nanocomposites have been studied in the solution state by the electron paramagnetic
resonance (EPR) technique. Copper(ll) ions were used as a probe. Measurements were performed at various
silver/dendrimer ratios and at various temperatures. We determined the structure of the copper(ll) ions
interacting with the [(Ag")n—PAMAM] silver(l)—poly(amidoamine) dendrimer complexes and compared
those to the structure of the respective Cu(l1) complexes formed with {(Ag®),—PAMAM} silver—dendrimer
nanocomposites. In the presence of silver ions, the interior of the dendrimer was found to be partially
positively charged and it repulsed copper ions, which were then confined to sites not occupied by silver
ions. Transformation of Ag* into Ag® completely modified the Cu(ll) interactions with the interior of the
dendrimer in the direction of favoring the internalization of copper(ll) ions in the dendrimer structure.
In nanocomposites, Ag(0) atoms occupy the smaller outer cavities of the dendrimer interior forcing a
portion of copper ions into the larger cavities. The conclusion above is also supported by high resolution
energy-filtered TEM images of silver nanocomposites. The significance of various surface variations is

also quantitatively described and discussed.

Introduction

Preparation of noble metal nanoclusters is very
important in the development of optical materials,
polymer conductors, catalyst carriers, and other ap-
plications. Formation of metallic silver particles from
silver salts has been in the focus of interest since
the discovery of photography. To achieve optimal per-
formance, it is fundamental to control the size and
polydispersity of the silver particles.

It has been shown that dendrimers are able to form
complexes with a great variety of ions and compounds
and act as excellent templates for nanoparticle fabrica-
tion.1~% Dendrimer templates offer usually better control
over size, shape, and polydispersity than linear’—°
polymers.

Dendrimer nanocomposites (DNCs) are organic/
inorganic hybrid materials composed of nanosized par-
ticles displaying unique physical and chemical proper-
ties due to the atomic/molecular level dispersion of
inorganic guest(s) and organic macromolecular hosts.!
DNCs are made by reactive encapsulation, when den-
drimers are used to preorganize small molecules or
metal ions, followed by an in-situ immobilization of the
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resulting atomic or molecular domains of inorganic
guests within or on their dendrimer host.° This method
provides nearly uniform hybrid nanoparticles with an
excellent control over size and size distribution.

Synthesis of silver dendrimer nanocomposites have
been reported both by direct complexation®!! and
by substitution of copper in the preformed {Cu(0)—
PAMAM} copper nanocomposite.*?

Nanocomposites of metallic silver and poly(amido-
amine) PAMAM dendrimers {Ag(0)n.—PAMAM} are
soft, nanosized spherical polymeric particles containing
dispersed silver atoms and/or small silver clusters
separated by the dendrimer wedges. They are stable and
soluble in polar solvents, such as water and methanol.
Primary structure of these nanocomposite particles
(internal, external, mixed)® depends on the particular
dendrimer (generation, surface, interior, etc.) and the
conditions during fabrication.».610 Structurally, these
materials are completely different from those when
dendrimers are used as stabilizer for preformed crystal-
line silver colloids.314

Structure of these hybrid nanoparticles is in the focus
of interest since the first report on DNC materials.!
However, it is not a simple quest to gain reliable
information on the formed structures in solution without
changing the soft hybrid particles. TEM and HRTEM
are often used to demonstrate the structure of a
particular dendrimer nanocomposite, but sample prepa-
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ration procedures used in these techniques make it
impossible to obtain reliable overall information about
the hybrid DNC structure existing in solution. Small-
angle scattering is the method of choice to determine
average particle sizes,'® but this technique grants no
information about the internal structure of the metal—
dendrimer complexes and the nature of the connections
between host and guest.

A typical procedure for synthesizing internal type
silver—dendrimer nanocomposites from silver complexes
of Tris-terminated PAMAM dendrimers by photolysis
has previously been reported.® It was observed that the
size of dendrimers usually is not altered by the metal
ion complexation.1® In preliminary experiments, solu-
tions of silver—PAMAM complexes proved to be quite
insensitive to light: 1 day exposure to daylight resulted
in only approximately 50% conversion based on the
increase of intensity of the 420 nm plasmon peak in the
visible spectra. Long-term photolysis of the complexed
silver ions generated silver(0) nanocomposites, in which
the homogeneous distribution of silver within the den-
drimer-defined nanodomains was retained upon trans-
formation. This was also supported by the UV—visible
spectra displaying only one major symmetric plasmon
peak at 420 nm.16 On the basis of TEM images, it was
also concluded that silver atoms did not migrate con-
siderably in the organic template within the time scale
of the investigation.® According to the featureless and
very poor XRD spectra of nanocomposites, these inter-
nalized metallic domains are small, are amorphous, and
have a very low degree of crystallinity.

Our goal was to determine the structure of the silver
ion complexes and nanocomposites and identify the
structural differences between silver complexes and
nanocomposites. Thus, we studied the ligand structure
of [(AgT)n—PAMAM] silver(l) poly(amidoamine) den-
drimer complexes and the respective {(Ag®),—PAMAM}
silver(0) dendrimer nanocomposites of various PAMAM
dendrimers by EPR and energy-filtering TEM.

In general, location of the Ag(0) domains depends
on the metal/dendrimer ratio, the structure of the
template, the Kinetics of the immobilizing reaction,
and the fabrication procedure. It has originally been
assumed that silver ions have randomly filled posi-
tions in PAMAM complexes and these positions are
determined by the availability of electron donor ligands
(tertiary nitrogen branching sites). When silver-DNCs
formed in photolysis (i.e., in a process which does not
require the diffusion of an other reactant to the silver
ions), metal atoms should originally form and appear
at the same location where they were bound to the
dendrimer structure even though they may undergo
redistribution in the polymeric phase of the hybrid
nanoparticles.

Electron paramagnetic resonance (EPR) technique
was successfully applied before!®20 to gain insight into
the detailed structure of copper(ll) complexes of the
amine and methylester terminated PAMAM dendrim-
ers. Selection of copper(ll) ions as reporter ions is well
justified, since their chemistry, spectral properties and
ligand character have extensively been investigated.17:2!
Details of Cu(ll) complexation with PAMAM dendrimers
have also been examined in details by UV-—visible
spectroscopy,?322 by small-angle neutron and X-ray
scattering,’® and by the combination of ultrafiltration
and ion-selective concentration measurements?® both in
aqueous and methanol solution.
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Scheme 1. General Experimental Scheme of This
Study Using a Generalized Generation 2 Dendrimer?

A [Cu*+ {Ag"]

a Silver ions (large, empty gray circles), silver atoms (large
black full spots), and copper(ll) ions (small black circles) are
shown.

EPR spectra were detected by adding known amount
of copper(ll) ions to the preformed silver—dendrimer
complexes in comparable concentrations. The same
procedure was applied to the solutions of silver nano-
composites made by the X-ray irradiation from the
aliquot parts of the silver—PAMAM complex solutions
(Scheme 1). Computer-aided analysis of the EPR spectra
provided information on the formation of copper com-
plexes in various internal or external locations of the
dendrimers, as well as the structure of the complexes
and nanocomposites as a function of the size and surface
of the dendrimers, temperature, silver content, etc.

Energy-filtering TEM was also utilized to confirm and
illustrate the structure of the silver nanocomposite
particles. Energy-filtering TEM uses the fact that
electrons can interact with a sample in a number of
ways, including elastic (forward scattering, energy is
unchanged) and inelastic scattering. Inelastic scattering
results from interactions with the sample where elec-
trons experience energy loss. Electrons can interact
inelastically with a sample plasmon, or with atoms in
the sample generating an energy loss spectrum corre-
sponding with different aspects of the sample material
experienced by the electrons. Element specific energy
loss may then be quantitized and can be used to map
elements and generate element specific contrast. Energy
loss due to plasmon interactions can also be used to
provide enhanced contrast in polymers.

Experimental Section

Materials. In this work, poly(amidoamine) dendrimers were
used. Amine terminated ethylenediamine core PAMAM den-
drimers were purchased from Dendritech, Midland, MI, and
were used without further purification. Technical grade chemi-
cals were used with >85% generational dendritic purity.

Tris- and pivalate-terminated PAMAM dendrimers were
prepared according to the literature.®

These combinations of terminal groups offered cationic and
strong electron-donor —NH; and polar and weak proton donor
—NH—-C(CH,0OH); groups as well as hydrophobic —-NH—CO—
C(CHz3)3 terminal groups with a comparable number of nitro-
gen ligands and dendrimer template sizes (see Table 1).

High purity AgNO3; and methanol were purchased from
Aldrich and were used without further purification. Cupric
nitrate was purchased from Sigma and used as received.

Preparation of Silver—Dendrimer Nanocomposites.?¢
To reflect the contribution of architectural differences among
various dendrimer templates, both the total concentration of
N ligands (approximately 0.1 M) and the concentration of silver
ions (6.26 x 102 M) were kept constant. This silver concentra-
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Table 1. Main Properties of PAMAM Dendrimers Used
(Significant for This Study)

theoretical no.

terminal of subsurface possible position
shorthand groups tertiary N of ion bonding
E4.Tris 64 —C(CH20OH)3 62 interior
E5.NH, 128 —NH; 126 interior + exterior
E5.P 128 —C(CH3)3 126 interior

Table 2. Data of Silver—Dendrimer Complexes and
Nanocomposites?

tot. no. [tot. NJ, [D],
dendrimer M, —NH, —N= of N mol/L mol/L  Ag/D

E2.A 3256 16 14 32 9.96E—2 3.32E—-3 3.77
E3.A 6909 32 30 62 1.01E—-1 1.63E-3 7.66
E4.A 14 215 64 62 126 1.06E—1 8.37TE—4 14.96
E5.A 28826 128 126 254 8.93E—2 3.52E—4 35.62
E6.A 58048 256 254 510 1.04E—1 2.03E—4 61.75
E4.T 18 124 0 62 62 1.05E—1 1.69E—-3 7.41
E3.P 9597 0 30 30 1.01E-1 337E-3 3.71
E5.P 50 613 0 126 126 9.94E—2 7.89E—4 15.87

a Dendrimer—NH—Z, where Z = A denotes primary amine
termini, i.e., dendrimer-NH; end group structure; T = Tris, i.e.,
dendrimer—NH—-C(CHs3)3; and Z = P, where P = pivalate, i.e.,
dendrimer—NH—COC(CHz3)3, termini.

tion was estimated to be a 50% capacity of the dendrimer
total silver binding ability, allowing measurable amount of
copper ions to bind. (Relative ratio of reporting ions was
between 1.5 and 24.6 Cu?*/dendrimer molar ratio from the
generation 2 to the generation 6 dendrimer complexes and
nanocomposites.)

Complexation. For complexation experiments, silver ni-
trate was selected because of its good solubility both in water
and in methanol. To ensure identical silver concentration
0.1064 g AgNO;3 was dissolved in 50 mL of DI water and 5 mL
aliquots were used. Thus, a typical procedure was, as follows:
5 mL of silver nitrate stock solution (10.64 mg AgNO3) was
added dropwise with stirring to the weighed amount of
PAMAM dendrimer stock solution (20% w/w in methanol). The
volumetric flask was filled up to 10.00 mL with methanol
resulting in a 1:1 = water/MeOH solution of sample containing
0.1 M nitrogen ligands and 5.32 mg of silver ion ([Ag*] = 6.263
x 10723 M) for the investigated solutions.

The metal ion/dendrimer ratio is predetermined by the ratio
of metal ion moles per dendrimer moles due to the uniformity
of dendrimers and the isotropic nature of the diffusion.
Accordingly, individual dendrimers will form complexes with
an equal and well-defined number of metal atoms per den-
drimer molecule which are expressed as average numbers
(Table 2).

Photolysis. To ensure complete conversion of silver ions,
X-ray irradiation was used with a dose rate of 1.5 Gy/min. The
vials containing silver—dendrimer complex solutions were
submerged in water. The vials were irradiated from the side
for appropriate buildup of dose. The applied doses were 2 x
1000 rad to make sure that the photolysis is complete.

Exposure of the complex solutions to visible light over an
extended time yielded yellow to light brown silver nano-
composite solutions, which were stable even at 10% w/w
nanocomposite solutions. DNC solutions were stored in Para-
film-sealed volumetric flasks under nitrogen in the dark at
room temperature.

Preparation of the Samples for EPR Analysis. Stock
solutions of cupric nitrate were prepared in dry methanol and
added to the dendrimer solutions to obtain final concentrations
of 0.01 and 0.005 M in Cu?* and 0.2 M in dendrimer external
surface groups (for simplicity and for a better comparison with
previous works,%2° the dendrimer concentration in the EPR
analysis was calculated in external surface groups). About 100
uL of freshly prepared solutions were inserted in 2 mm glass
tubes, sealed, and immediately processed by EPR. Indeed,
aging of the solutions did not change the results for at least
1 month.
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Energy Filtering TEM. TEM samples were prepared as
reported previously.® In some of the images, contrast appears
inverted because we were using the energy filter to create an
image using inelastically scattered electrons. Dendrimers are
visible as white spots in these images (and can be virtually
invisible in normal TEM). The resolution is lower in the
inelastic images because (A) a lower proportion of the electrons
hitting the sample was used to form the image resulting in
increased speckling and (B) a fairly wide slice of the inelastic
loss spectrum (i.e., electrons with a variety of energies) was
used to focus and form an image, which sometimes results in
chromatic aberration, etc. By selecting a “slice” of inelastically
scattered electrons, we can distinguish the polymeric den-
drimers from the polymeric film substrate used in sample
preparation, because the two substances have different in-
elastic interactions with electrons (even though their elastic
interactions are virtually identical). Inelastic interactions are
very sensitive to the electronic structure of the sample.

The “normal” images are elastic brightfield ones—the in-
elastic electrons have been filtered out to maximize crispness
and contrast from the elastic electrons. In an unfiltered TEM
image, a high magnification image is created using electro-
magnetic lenses after the electron beam interacts with the
sample. Inelastic interactions between the electrons and the
sample result in a spectrum of electron energies in the beam
after it interacts with the specimen, resulting in increased
chromatic aberration which limits both contrast and resolu-
tion. In an elastically filtered image, the aberration and
background from nonelastic interactions with the sample is
removed, resulting in high contrast images even at high
voltages.

Techniques. The starting materials and the obtained
products were carefully characterized by different analytical
techniques. UV—visible spectra were obtained on a Perkin-
Elmer Lambda 20 spectrophotometer at room temperature
between 200 and 1100 nm in a Suprasil 300 quartz cell
(L =1 mm). *H and **C NMR measurements were carried out
on a Bruker 500 multinuclear spectrometer equipped with a
temperature controller. Size exclusion chromatography was
performed on three TSK gel columns (4000, 3000, and 2000)
using a Waters 510 pump with a Wyatt Technology Dawn
DSP—F MALLS and Wyatt Technology 903 interferometric
refractometer and a Waters 510 pump with a Waters 410
differential refractometer, respectively.

An AECL Theratron 80 high intensity cobalt-60 source was
used to irradiate the silver complex solutions.

Energy-filtering TEM images were taken at Leo Electron
Microscopes in Oberkochen, Germany, using Formvar coated
carbon grids after appropriate dilution. A LEO 922 with a high-
resolution pole piece and an Omega energy filter was used to
obtain energy filtered images of the dendrimers at 200 kV.
Images were captured using a slow scan CCD camera. Grids
were screened prior to analysis in Germany at the University
of Massachusetts Amherst using a JEOL 2000 Mark Il with a
high-resolution pole piece operated at 200 kV and images were
collected on “Kodak electron image plates” EM film. The grids
used for HRTEM were carbon support film 400 mesh copper
grids. The carbon films were rendered hydrophilic by plasma
cleaning. y-Irradiated silver nanocomposites were imaged. A
glovebox with a dry nitrogen atmosphere was used to prevent
change of oxidation state of the metals within the dendrimer
nanocomposites during sample preparation.

EPR spectra were recorded by means of a EMX-Bruker
instrument interfaced to a PC computer with the Bruker
software for spectra recording and handling. The temperature
was controlled by means of a Bruker ER4131VT temperature
controller. Magnetic parameters were measured referring to
1,1-diphenyl-2-picryl-hydrazyl (DPPH) standard (g = 2.0036)
and evaluated by suitable computer programs for spectral
computation. Low-temperature spectra, typical of Cu(ll) in a
glasslike environment, were computed by means of the CU23GP
program, kindly provided by Prof. Romanelli, University of
Florence, Florence, Italy. Accuracy in determining the mag-
netic and mobility parameters, as well as the relative percent-
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ages of the spectral components, was 5%, as obtained from the
fitting between the experimental and the computed signals.

Results and Discussion

Dendrimers of various generations (generation 2 to
generation 6) with different surfaces (primary amine,
tris(hydroxymethylamino)methane, and pivalate) were
used as templates and as organic components of the
nanocomposites. Complexation of metal ions depends on
the metal/dendrimer ratio and the composition, genera-
tion, and structure of the PAMAM dendrimers, but it
does not depend on the dendrimer concentration it-
self.239.11 |n our experiments, both the overall concen-
tration of nitrogen ligands as well as the silver ion
concentration were kept constant. Variation in the
silver/PAMAM relative molar ratio therefore is expected
to be the result of the variations in template architec-
ture and generation.

The concentration of the dendrimers was kept suf-
ficiently low (Table 2) not to favor intermolecular
bonding between the templates, since aggregation of
templates may occur in solution, and it has also been
demonstrated that Ag—N coordination bonds can be
reliably used for the construction of supramolecular
networks.2® In the case of silver—PAMAM complexes,
these networks could form within the dendrimers and
between the complex containing macromolecules when
primary amine surface groups are present that can act
as ligands (as opposed to tert-butyl and Tris termini).

Dendrimer—silver complexes were transformed into
nanocomposites by irradiating the [(Ag"),—PAMAM]
aqueous solutions with an excessive dose of gamma-rays
to avoid the introduction of further chemicals. Scheme
1 delineates the general procedure followed.

Since silver does not have a measurable signal in
EPR, copper(ll) ions were used as a probe. On the basis
of general stability constants, copper(ll) complexation
with small molecules is preferred to silver(l) with
otherwise identical nitrogen ligands.?! Due to the equi-
librium nature of the complexation process, a redistri-
bution of complexing sites is expected to take place when
both Cu(ll) and Ag(l) ions are present. In other words,
Cu?t ions will compete with Ag* ions in the mixed
complexes and they will occupy the space available in
the dendrimer structure.

Cu(ll) ions will not disturb the structure of the
preformed silver(0) DNC, because silver is a less elec-
tronegative metal, and it has been shown that silver
substitutes copper in its compounds?! and in preformed
{Cu(0)—PAMAM]} copper nanocomposites.'* However,
Cu(Il) complexation will be hindered near ligand sites
preoccupied by the silver atoms in the hybrid nanocom-
posite particles. As a consequence, ligand structure of
Cu(l1) complexes of nanocomposites will provide indirect
but useful structural information regarding the posi-
tioning of silver ions and metallic silver domains in the
host dendrimers. In our study, the structures of Cu(ll)
complexes were detected and analyzed for information
regarding the silver components.

Intensity of the silver plasmon resonance in the DNC
solutions was found to be a function of nanoparticle size
and architecture: it was observed to be increasing for
increasing generations of amine-terminated PAMAMSs
(Figure 1). Increasing intensity suggests increasing
nanoparticle size or increased concentration.?> As the
overall silver concentration (and silver/nitrogen ratio)
was kept constant throughout the nanoparticle fabrica-
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Figure 1. Comparison of UV—visible spectra of {(Ag%)n—
PAMAM_Em.A} nanocomposites after X-ray treatment. E =
ethylenediamine core, n = average number of complexed silver
ions per dendrimer (See Table 2), m = generation number,
and A = amine-terminated.

4.000 ——
o {itg)3 71-E3P}

Abs - .
3000 wn {(Ag)15 57 EIF}

—— {{Agi741-E4T}

300 400 500 600 700 800 900
Wavelength, nm

Figure 2. Comparison of UV—visible spectra of {(Ag®)s71—
E3.P}, {(Ag®)158,—E5.P}, and {(Ag®)7.41—E4.T} nanocomposites
after X-ray treatment. E = ethylenediamine core, n = average
number of silver atoms per dendrimer, m = generation, and
P = pivalate-terminated and T = Tris-terminated polymers.

tion process, the molar concentration of the templates
was observed to be decreasing with increasing den-
drimer generations and the number of silver ions per
macromolecule was observed to be increasing. (Every
generation roughly doubles the molecular mass of a
PAMAM.) It is demonstrated in both Figures 1 and 2
that the intensity of the silver plasmon peaks clearly
increases with increasing generations until the overall
diameter of the DNC reaches about 4 nm. The low
intensity peaks observed for {(Ag®);7:—PAMAM_E3.P}
and {(Ag®);.41—PAMAM_E4.T} nanocomposites can be
explained with the formation of internal nanocomposites
that contain smaller metal domains. Tris- and pivalate-
terminated dendrimers can form internal silver com-
plexes only as their terminal groups do not interact.

{(Ag®)1587—PAMAM_ES5.P} displayed a surprisingly
intense plasmon resonance (Figure 2). One can specu-
late that in the case of a dense dendrimer surface
structure, such as for PAMAM_ES5.P complexes and
nanocomposites may form only in the peripheral region.
A more detailed investigation is in order to explain this
observation.

EPR Analysis of the Cu(ll) Complexes of the
Silver—Dendrimer Complexes [(Cu?")i(Ag)n—
Em.A], [(Cu*)j(Ag")n—Em.P], and [(Cu?")i(Ag*)n—
PAMAM_Em.T]. EPR samples have been prepared
with Cu(ll) at 0.01 and 0.005 M present in the samples.
EPR spectra were recorded at 160, 298, and 358 K.
Analysis of both room temperature and low-temperature
spectra was carried out by means of suitable computer
programs. The spectral computation allowed us to
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extract the magnetic parameters, namely the compo-
nents of the g tensor for the Zeeman coupling between
the electron spin and the magnetic field and the
components of the A tensor for the coupling between
the electron spin and the nuclear spin. The increase in
A components with the correspondent decrease in the
g components of powder spectra arises from a variation
in Cu(ll) coordination, such as substitution of oxygen
ligands with nitrogen ligands, and a variation in the
complex structure. By comparison of the magnetic
parameters with those found in the literature for several
Cu(ll) complexes, the coordinating groups and the
structure of the complexes are proposed. All the spectra
shown in the present study are typical of Cu?* com-
plexes with an elongated octahedral structure (square
planar, with d,2-y2 ground level), and an almost axial
symmetry (gzz > Oxx =~ Oyy). Also, the line widths are
included as input data in the calculation. An increase
in line width is often attributable to inhomogeneous
sources and spin—spin interactions. The room-temper-
ature spectra were analyzed by means of the program
of Schneider and Freed,?* which not only allows us to
confirm the magnetic components evaluated from the
analysis of the spectra at low temperature and, there-
fore, the proposed coordination and structure of the
complexes but also let us evaluate the correlation time
for the reorientational mobility, z.. “Slow motion” condi-
tions correspond to 1 x 107% < 7, <5 x 107" s and led
to a partial resolution of the anisotropy of the magnetic
components. It was possible to evaluate the “not rigid”
components, A/, g and go (usually A7 is too small to
be evaluated). “Fast mobility” and “rigid mobility” are
of course at the two outer extremes (7. <1 x 102s and
7. > 5 x 1077 s, respectively).

The best fit between the experimental and the com-
puted spectra was obtained by using several input
parameters, with an accuracy of about 5%. Input
parameters above or below the accuracy limit changed
the computed line shape and decreased the accuracy in
the fitting. Of course, we cannot exclude that different
sets of parameters might produce a better fitting with
the experimental signals, but we are confident with the
obtained computations for the following reasons: (a)
each parameter usually produces a different modifica-
tion in the computed line shape; (b) the selected set of
parameters was obtained after several attempts of
computation, by a trial and error procedure, changing
each parameters and controlling the fitting; (c) the
physical meaning of the parameters also limit the
possibility of changing the selection; (d) the fitting of
series of spectra of the same system, but changing the
experimental conditions (such as temperature or con-
centration), was obtained by means of the same set of
parameters, only changing the parameter which was
expected to be modified by the physical modifications
of the system.

The increase in Cu(ll) concentration from 0.005 to
0.01 M (results not shown) led to (a) a small broadening
of the EPR lines, attributable to inhomogeneous line
broadening, (b) an increase in the component belonging
to noninteracting Cu(ll) (“external component”, indi-
cated as Comp. A), and (c) a decrease in the signal-to-
noise ratio.

However, the absence of spin—spin effects indicates
that the higher concentration does not produce occupa-
tion of close sites in the dendrimer structure by Cu(ll)
complexing surface groups. Furthermore, since the
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Figure 3. EPR experimental spectra (full lines) at 298 K of
the pivalate-terminated dendrimer samples in the absence
([(Cu?"),—E3.P] and [(Cu?"),—E5.P]) of silver ions and in the
presence of silver ions ([(Cu?")n(Agt)1s87—E5.P] and [(Cu?"),-
(Agh)s71—E3.P]). The figure also shows the various signals
extracted using a subtraction procedure described in the text.
In the figure, the A, g and gy parameters are indicated in
the [(Cu?"),—E5.P] spectrum for which the calculated spectrum
(dashed line) is also shown.

spectra are mainly constituted by different components
corresponding to different Cu(ll)—dendrimer coordina-
tions, the distribution of Cu(ll) in different dendrimer
environments is not modified by the higher Cu(ll)
concentration. We henceforth describe and discuss the
spectra obtained from 0.005 M solutions.
Surprisingly, the spectra underwent really small
changes between 298 and 358 K (results are not shown).
The spectra at 298 K still show conditions of restricted
mobility for Cu(ll) interacting with the dendrimer
structure. Figure 3 shows the EPR spectra at 298 K of
the pivalate-terminated dendrimers in the absence
[(Cu2t),—PAMAM_E3.P] and [(Cu?*),—PAMAM_E5.P]
and in the presence [(Cu?*)n(Agh)s71—PAMAM_E3.P]
and [(Cu?M)n(Ag™)i5.87—PAMAM_ES5.P] of complexed
silver ions. In the figure, the A/, g/ and go' components,
characteristic of slow mobility, are indicated. Similar
mobility conditions are usually found at about 200 K
for Cu(ll) complexes in solution with “small” ligands.
Such mobility quenching is expected on the basis of
Cu(Il) trapped in the dendrimer structure and coordi-
nated to surface sites at the dendrimer branches. Similar
results have been previously found for Cu(l1) complexed
by PAMAM dendrimers at high generation and high
pH.2% The increase in temperature from 298 to 358 K
led to a small increase in mobility: the spectral line
shape remained almost unchanged in this range of
temperature. This result may be interpreted on the
basis of the increased rigidity of the dendrimer structure
due to the presence of the silver atoms. We henceforth
describe and discuss the spectra obtained at 298 K.
The dashed line in Figure 3 is the spectrum (Comp.
(b)) computed by means of the program of Schneider and
Freed.2* The magnetic parameters used for computation
were the ones used for the spectra at low temperature
(Comp. (B), see below). The mobility parameter from
computation—namely, the correlation time for the re-
orientational mobility, r.—is indicative of slow motion,
that is, 7. = 2 x 1072 s. This spectrum provides a good
fitting of the experimental signal from the [(Cu?"),-
(AgH)15.87—PAMAM_ES5.P] and [(Cu?"),—PAMAM_ES5.P]
in methanol. Comparing the spectrum of [(Cu?"),—E5.P]
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with the other EPR signals, a different line broadening
is evident for the different samples. Besides, a simple
increase in line width in the spectral computation
cannot reproduce the line shape variation of [(Cu?"),—
E5.P] between [(Cu?"),—E5.P] and the other samples.
A subtraction procedure allows the extraction of further
signals (bottom spectra). The subtraction of 70% of
Comp. (b) from the spectrum of [(Cu2*),—E3.P] produces
a second component, termed Comp. (c), still in slow
motion, in which the variation of the magnetic param-
eters, in correspondence with the low-temperature
Comp. (C) (see below), is indicative of the change in
Cu(ll) coordination toward a substitution of nitrogen
ligands with oxygen ligands. The subtraction of 50%
of Comp. (b) from the spectrum of [(Cu?"),(Agh)s 71—
PAMAM_E3.P] produces the same Comp. (c) (result
not shown). On the contrary, subtraction of 50% of
Comp. (b), i.e., [(Cu?"),—E5.P], from the spectrum of
[(Cu?)n(AgH)15.87—E5.P] leads to a different signal. The
hypothesis that this signal still contains the Comp. (c)
is true: subtraction of 30% of Comp. (c) extracts a third
component, termed Comp. (d), which is broad and
unstructured, likely due to Cu?™ not interacting with
the dendrimer surface, but only with solvent molecules.
Summarizing these results we get the following:

spectrum [(Cu*"),(Ag"); ,,—PAMAM_E3.P] =
50% Comp. (b) + 50% Comp. (c)

spectrum [(Cu*"),—PAMAM_E3.P] =
70% Comp. (b) + 30% Comp. (c)

spectrum [(Cu*")(Ag");5 57— PAMAM_ES.P] =
50% Comp. (b) + 30% Comp. (c) + 20% Comp. (d)

spectrum [(Cu*"),—PAMAM_ES5.P] =
100% Comp. (b)

Of course, we trust these results only to the extent
to which they correspond to the results acquired at
low temperature. Figure 4a shows the EPR spectra of
Cu?* ions complexed in pivalate-terminated dendrimers
(generations 3 and 5) at 160 K in the absence and in
the presence of Ag*. The computed spectra (dashed
lines) were obtained by means of the following proce-
dure.

(a) First, a subtraction—addition procedure was per-
formed to extract the different components, using (and
consequently verifying) the component percentages
found at room temperature. Small variations in the
percentages were found, which are expected for the
different accuracy in the calculation (for instance, Comp.
(c) and Comp. (d) are partially superimposable, whereas
the correspondent components at low temperature are
well distinguished);

(b) Then each component was computed: Figure 4b
shows the three components, termed Comp. B, Comp.
C, and Comp. D, related to the corresponding compo-
nents at room temperature, and their computation; the
magnetic parameters used for computation are also
indicated in the figure. From the comparison of the
magnetic parameters to those found for Cu(ll) com-
plexes with PAMAM dendrimers,'%2° and in line with
these previous results, we attribute Comp. B (and Comp.
(b) at room temperature) to Cu(ll) interacting with three
to four amino groups at the dendrimer surface (substi-
tuting methanol molecules), that is, a Cu[N3O] or Cu[N4]
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Figure 4. (a) EPR experimental spectra (full lines) of [(Cu®"),—
E3.P] and [(Cu?7),—E5.P] complexes at 160 K. The computed
spectra are shown as dashed lines. (b) Three EPR components
(full lines) extracted from the experimental spectra in part a
by means of the subtraction-addition procedure described in
the text. The computed signals are also shown as dashed lines
together with the magnetic parameters used for computation.

complex. Again in line with previous results on Cu(ll)—
dendrimer complexes,%20 Comp. C is attributed to Cu(ll)
interacting with two nitrogen ligands and two oxygen
ligands, that is, a Cu[N,O,] complex. Comp. D arose
from a Cu(ll) solution which separates at low temper-
ature forming an undissociated salt (probably internal
to the dendrimer, since this component is present at
room temperature as Cu?™ solution = Comp. (d)).
Previous studies with PAMAM dendrimers!®2° also
showed the formation of Comp. D upon freezing of the
samples.

(c) Finally, the computed components were combined
in the same ratios as they were extracted previously to
simulate the experimental line shape reported in Figure
4. Percentages of the components which produced the
best fit of the experimental with the computed spectra
are also indicated in Figure 4.

Summarizing, spectral analysis of Cu(ll) complexes
of the PAMAM_ES3.P and PAMAM_E5.P dendrimers
and the [(Agh)s;77—PAMAM_E3.P] and [(Ag")is87—
PAMAM_ES.P] pivalate dendrimer complexes resulted
in the following conclusions.

1. The coordinations of the dendrimers are similar as
found earlier with PAMAM dendrimers.19:20

2. Cu(ll) in E5.P mainly coordinates to the amino
groups internal to the dendrimer structure, since the
mobility of the complexes remains slow even at high
temperature.
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Figure 5. EPR experimental spectra (full lines) in the absence
[(Cu?%),—E4.T] and in the presence [(Cu?")n(Ag*)7.41—E4.T] of

silver ions at 160 K. The computed signals are also reported
(dashed lines).

3. Decrease in generation (from E5.P to E3.P) leads
to the appearance of a further component, which shows
a decrease in the number of coordinating nitrogen
ligands. Most likely, the more open structure of the
dendrimer facilitates the entering of solvent molecules
which takes the nitrogen ligands farther from each other
and from the Cu(ll) ions. However, the complex still
shows slow mobility at room temperature, indicating the
internalization of Cu(ll) in the dendrimer structure.

4. The presence of silver ions in the dendrimer
decreases the number of available nitrogen ligands thus
increases the average distance between the available
uncomplexed nitrogens within the same polymer mol-
ecule. This effect appears as the decrease of the Cu[N30]
chromophores in favor of Cu[N»O>], i.e., the main effect
of silver ions is hindering Cu(ll)—N coordination.

5. Furthermore, a third component appears in the
Cu(l1) complex of [(Ag")15.57—PAMAM_ES5.P], that is,
excess Cu2t in uncomplexed Cu(ll) solution which
separates as CuCl; salt at low temperature. The occur-
rence of this behavior may be attributed to the entrap-
ment of Cu(ll) ions inside the dendrimer structure in
regions mainly occupied by silver, which in turn restricts
the space available to the paramagnetic ions.

The change of the —C(CH3); terminal pivalate groups
to —C(CH;OH); Tris groups in PAMAM_E4.T and
[(Ag*)7.41—E4.T] affects the complexing behavior of
Cu(ll). The room-temperature spectra (not reported)
show a lower mobility of the Cu—dendrimer complex.
This means that Tris terminal groups provide a stronger
constraint of the dendrimer structure than pivalate does
in the region in which the complex forms.

The spectra at 160 K for [(Cu?"),—E4.T] with and
without Ag™ are reported in Figure 5. The computation
indicated superposition of Comp. B', (only differing from
Comp. B for an increase in line width,) and Comp. C.
The increase in line width, in parallel with the room-
temperature results, may arise from the increased
constraint of the dendrimer structure which forces the
Cu ions to stay closer to each other. It is noteworthy
that the formation of silver ion nanoclusters provokes
a marked increase in Comp. C at the expenses of Comp.
B'. The internal silver ions modify the dendrimer
structure and prevent coordination of Cu(ll) with more
than two nitrogen sites, resulting in increased coordina-
tion with solvent molecules.
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Figure 6. EPR experimental spectra (full lines) recorded from

[(Cuz){(Ag®)i—Em.A}] Cu?* complexes of silver(0) nanocom-

posites of various generations of amine-terminated dendrimers
at 160 K. The dashed lines are the computed spectra.

A more intricate situation is found for [(Cu?"),-
(AgH)m—PAMAM_En.A], for the silver complexes of the
amino-terminated dendrimers. The room temperature
spectra (not reported) indicated an increased mobility
of the copper complexes. Figure 6 shows the EPR
spectra recorded from these dendrimer complexes at low
temperature. The dashed lines in Figure 6 are the
computed signals. The procedure of computation is the
same as described above: first of all a subtraction
procedure was carried out, followed by computation of
the extracted components; finally, the computed com-
ponents were composed at the determined ratios to
provide the fitting of the experimental signals.

For the sake of simplicity, EPR spectra of the [Cu(ll)—
PAMAM] dendrimer complexes are not shown. The line
shape in these spectra is almost the same as found in
water,2® and it is comparable to the spectra shown for
pivalate and Tris-terminated compounds, that is, mainly
composed from Comp. b and Comp. B at room and low
temperature, respectively.

The analysis of the EPR spectra of Cu(ll) complexes
with [(AgH)m—PAMAM_En.A] indicated the presence of
at least four well-distinguishable components at low
temperature. A further component was found in the
spectra, termed Comp. A. Comp. A and its computed
signal are shown in Figure 6 (top spectrum). The
magnetic parameters obtained from computation and
the fast mobility at room temperature suggests that this
component arises from solvated Cu(ll) ions that are not
in interaction with the dendrimer surface, but are
affected by the surface in the sense that no salt separation
occurs upon freezing of the solution for this fraction of
Cu(ll) ions. This signal was already found for Cu(ll) in
PAMAM dendrimer solutions,®20 mainly at low pH and
low generation, since protonation of the amino groups
prevents Cu(ll) coordination. It is noteworthy that in
the present case the noninteracting component A in-
creases at the expense of Cu(ll)—dendrimer components
(mainly B) with the increase in generation. This sug-
gests that binding of Ag* ions in the highly packed large
dendrimers is preferred to Cu(ll) ions, which is reflected
in the increasing amount of the Cu—solvent complex.
This phenomenon also produces a small increase in
Comp. C (which indicates Cu(ll) interacting with two
amino groups and two external solvent molecules).

Finally, Comp. D is present to a good extent at low
temperature, whereas it is absent at room temperature.
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In this case, Comp. D arises from the Cu(ll) salt, which
separates from the external solution upon freezing. The
smaller fraction of Comp. D at high generation with
respect to low generation is expected since the large
dendrimer modifies the freezing ability of the solution
toward a more glasslike behavior.

Analysis of the EPR Spectra of the Cu(ll) Com-
plexes of the Silver—Dendrimer Nanocomposites
[(Cu)i{ (AgO)m—ENn.A}], [(Cu?){ (Ag°)m—EN.P}], and
[(Cuz){ (Ag®)m—EN.T}]. The silver ions were trans-
formed into metal atoms by X-ray irradiation of the
samples. This simple modification changed the interac-
tion of Cu(ll) with the dendrimers in the direction of
favoring the internalization of copper in the dendrimer
structure.

The EPR spectra were analyzed with the same
computation procedure described in the previous sec-
tion.

First, we examine the EPR spectra of the amino-
surface-terminated dendrimer nanocomposites. Parts
a—c of Figure 7 show the EPR spectra of the copper(ll)
ions complexed in the silver nanocomposites of various
generations of amine-terminated dendrimers at the
same concentration as in the previous part and at three
temperatures: 358 (Figure 7a), 298 (Figure 7b), and 160
K (Figure 7c). With respect to the complex copper
spectra of Agt—dendrimer complexes, the spectra of
Ag®—dendrimer nanocomposite complexes show inter-
esting differences also at 358 K. The analysis of the
spectra in Figures 7a—c indicates the following point:

Cu(11) mainly localizes in the interior of the dendrimer
nanocomposite structure and only a small fraction of
copper coordinates to dendrimer sites in the vicinity of
the PAMAM surface. The coordination changes as a
function of temperature and generation.

(@) At room temperature, the spectra show slow
motion conditions due to the entrapment of Cu(ll) in
the internal dendrimer structure. The slow motion is
mainly confirmed by the partial resolution of the aniso-
tropic components at low field (A)).

(b) Because of the fact that slow motion conditions
are still retained at a temperature as high as 358 K;
we expect that the partial occupancy of the dendrimer
interior by Ag® decreases the freedom of mobility of both
the Cu(ll) ions and the dendrimer branches. Indeed, only
fast motion conditions were found at high temperature
in previous studies about the complexes formed between
Cu(ll) and PAMAM dendrimers in the absence of
AgO.lQ,ZO

(c) The mobility in templates both at room and high
temperatures decreased with the increase in generation,
as already found in previous studies of Cu(Il)-PAMAM
dendrimer complexes.1%20 |n fact, smaller dendrimers
have an open structure: the distances between nitrogen
ligands are large and the branches have a large freedom
of motion.

(d) An interesting feature is the presence of two
superimposing signals in the spectra at 358 K of the
small generation DNC complexes, [(CuZ"),{(Ag®)s77—
E2.A}] and [(Cu?")n{(Ag®)7es—E3.A}]. One signal is
constituted by the four resolved hyperfine lines from
which the isotropic coupling constant [Alis evaluated
as about 75 G. The presence of the second signal is
evidenced by the shoulder of the fourth line at high field.
Probably these two signals are already present for the
lowest generations at 298 K, since the fourth line is
particularly broad. Since the spectrum at low temper-
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Figure 7. EPR experimental spectra (full lines) of from
[(Cu?"){(Ag®)i—Em.A}] nanocomposite complexes at 358 (a),
298 (b), and160 K (c). The dashed line in part c is signal C'
extracted from the addition-subtraction procedure. For the
sake of simplicity, individual spectra belonging to different
complexes have been annotated by using the shorthand of their
dendrimer component, i.e., “6a” refers to the copper complex
of the silver nanocomposite formed with the generation 6
amine-terminated PAMAM, etc. Computation of the spectra
(not shown) provides the percentages of signals B and C' for
each complex also reported in Figure 7c.

ature is constituted by a single component, we may
exclude that the two superimposed signals are due to
Cu(Il) in two different coordination. More probably, the
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two signals arise from almost the same copper complexes
but in two different mobility conditions. Since in the
absence of silver only one signal (the four resolved lines
due to fast moving copper complexes) is present inside
the dendrimer,120 we suggest that the second signal,
due to copper complexes still slow moving at 358 K, is
due to copper complexes entrapped in the same den-
drimer internal cavities as silver atoms, which dimin-
ishes the freedom of the Cu(ll) complex. This second
signal gradually disappears with the increase in gen-
eration since the overall size of internal cavities in the
dendrimer decrease in size and do not allow the en-
trance of both copper and silver. Therefore, in the
cavities occupied by copper, the mobility of the complex
is low at high generation even at 358 K.

(e) The analyses of the spectra (subtraction of the
signal 2 from the signal of higher generations) indicate
the presence of a further component, termed signal C’
(also present at room temperature), which increases in
intensity at the expenses of signal B with the increase
in generation. The variation in percentages of signal B
and signal C' is reported at the bottom of Figure 7c.
Signal C', reported as a dashed line in Figure 7c, does
not correspond to signal C described for the Ag™—
dendrimer complexes: its magnetic parameters (the
parallel components of the A and g tensors are also
reported in the figure) are much closer to those of signal
B than those of signal C. The parameters of signal C’'
correspond to copper complexes quite similar to those
responsible of signal B, that is, Cu—N3 or Cu—Ny, but
the nitrogen centers are observed at a greater distance
from copper and at least one methanol molecule will
compete with the nitrogen group for coordination with
copper.

This behavior at high generation is positively due to
the occupancy of the narrower cavities of the dendrimer
interior by Ag®. As a consequence, a portion of the copper
is forced to occupy the larger cavities (which are closer
to the core) forming less stable complexes with nitrogen
centers being a longer distance from copper ions but still
qguenched in mobility at high temperatures.

The spectra obtained from the pivalate-terminated
[(Cu?)n{(Ag®)s71—E3.P}] and [(Cu?*)n{(Ag)1587—E5.P}]
are reported in Figure 8a at the three temperatures of
160, 298, and 358 K.

The spectra at 160 K are quite similar to each other
indicating the presence of a variable amount of signal
C, between 40 and 45%, with slightly changing line
widths (about 23—25 G). The presence of such an
amount of signal C is mainly unexpected for [(Cu?™),-
{(Ag®)371.—PAMAM_E3.P}] if compared to the results
from Figure 7. This means that the pivalate groups at
the surface modify the behavior of the dendrimers,
rendering the low generation dendrimer similar to the
high generation dendrimer in its coordination ability.
Consequently, the distribution of both Ag® and Cu?* in
the periphery also changes. This is confirmed by the
analysis of the spectra at room and high temperature:
even at 358 K, copper ions complexed by {(Ag%s71—
PAMAM_ES3.P} show very slow motion.

We believe that the bulky pivalate groups at the
surface confer more rigidity to the dendrimer branches.
As a consequence, the copper ions interact with the
nitrogen ligands in more rigid dendrimer branches with
Ag° partly impeding the close approach to the nitrogen
centers.
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Figure 8. EPR experimental spectra (full lines), at 160, 298,
and 358 K, obtained from (a) ([(Cu?")n{(Ag®)1ss7—E5.P}] and
[(Cuz")n{(Ag®)s71—E3.P}], the Cu?* complexes of the nanocom-
posites formed from pivalate-terminated dendrimers (5p and
3p, respectively), and (b) [(Cu®")n{(Ag®)7.41—E4.T}], the Cu?+
complex of a silver nanocomposite of the Tris-terminated
dendrimer template.

A different situation is found for Cu(ll) complex of
the Tris-terminated nanocomposite [(Cu?™)n{(Ag®)7.41—
E4.T}], for which spectra are shown in Figure 8b for
160, 298, and 358 K. The spectrum of E4.T is constituted
by one component, termed signal B”, which differs from
signal B for a small decrease of the A, component (from
183 to 178 G). The spectrum at high temperature
provides a proof of the presence of a single component
with a smaller [AO (the isotropic coupling constant
measured from this spectrum is about 68 G, with respect
to about 75 G measured for [(Cu?"){(Ag®)s71—E3.P}]).

Therefore, the {(Ag®)7.41—E4.T} nanocomposite pro-
vides homogeneous types of sites for copper complex-
ation in the dendrimer interior. These sites are similar
to those of the low generation amine-terminated nano-
composites, but give rise to a different geometry of the
complexes (for sure three and not four nitrogen centers
are linked) and are quite close to each other.

These conclusions regarding the internal structure of
silver nanocomposites are also supported by energy-
filtered TEM images using unstained specimens. On the
bright field image of the {(Ag®)14.96—PAMAM_E4.A}
nanocomposite (Figure 9), only the silver content is
visible. Uniform gray areas indicate uniform distribu-
tion of silver atoms in the nanocomposite particles, while
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kS
Figure 9. Bright field image of the {(Ag®)12.96—PAMAM_E4.A}
nanocomposite. Unstained image, only the silver content is

visible. Uniform gray areas are indicative of uniform distribu-
tion of the silver atoms in the hybrid nanocomposite particles.
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incresing density indicative of the formation of small
silver metallic domains is observed toward the core.
Sample preparation on a grid may lead to structural
changes in the resulting particles as solvent evaporation
followed by high vacuum will promote the association
of nanocomposite particles. However, the procedure
cannot reverse the formation of silver nanodomains and
cannot lead to the formation of particles with homoge-
neous silver domains, unless they have existed before
the sample preparation. (Silver complexes should also
provide uniform gray images, but silver ions cannot
exist in TEM due to the high energy electron beam.)
Overlap of some of these homogeneously loaded particles
can also be observed in Figure 9 indicating clustering
of individual particles. How much these aggregations
are the consequence of TEM sample preparation tech-
nique is unknown yet. In most of the nanoparticles,
combination of gray and small black areas shows that
nanosized silver(0) domains have already developed
within the nanocomposite particles. This type of image
also suggests that hybrid particles containing uniform
distribution of metal ions in a dendrimer matrix may
gradually undergo phase separation and small metallic
domains develop within the polymer phase. This feature
is demonstrated by the second example in Figure 10, a
dark field image of the {(Ag®7.41—E4.T} silver nano-
composite. Here, dendrimers appear light while the fine
dark lines within the polymeric matrix show the inter-
nal silver structure of the nanoparticles. We speculate,
that metal atoms interact stronger within each other
than with the organic matrix, a fine structure forms in
time wherever silver atoms are close to each other or
the matrix is locally less dense.

On the basis of these experiments and reasoning, we
conclude that silver ions are distributed homogeneously
in complexes, and silver metal atoms in the nanocom-
posites primarily occupy the narrower cavities of the
dendrimer matrix and form secondary structures.

Conclusions

Silver complexes and nanocomposites of various
PAMAM dendrimers were constructed at a constant
silver and amine concentration ratio. First an Ag*—
dendrimer complex was obtained, and then the silver
ions were transformed from Ag™ to Ag® by irradiating
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Figure 10. Dark field image of the {(Ag%;41—E4.T} silver
nanocomposite. Dendrimers appear as light areas while silver
is represented by the fine dark lines within the polymeric
matrix (unstained specimen with energy filter).

the complex solution with an excessive dose of X-rays
to avoid alteration of the structure of the complexes
during transformation into nanocomposites. Because of
the varying generations (from 2 to 6) and terminal
groups (amine, pivalate, and Tris) of the dendrimer
templates, the molecular masses and the silver/den-
drimer ratios were different in each case. Intensity of
the silver(0) plasmon resonance in the dendrimer nano-
composite solutions was found to be a function of
nanoparticle size and architecture—lower generations
resulted in peaks of lower intensity.

EPR spectra were obtained by adding Cu?* solutions
to the Ag'—dendrimer complexes and to the AgP—
dendrimer nanocomposites. Detailed computer-aided
EPR analysis revealed that the internal structure of the
dendrimer—silver ion complexes changed during their
transformation into nanocomposites as different inter-
nal coordination were recognized for Cu?" in the den-
drimer network in the complexes and in the respective
silver nanocomposites. In the presence of silver ions, the
interior of the dendrimer is positively charged and
partly repulsed copper ions, which were largely confined
to sites not taken by the silver ions. The mobility of
Cu(ll) is quenched due to the internalization in the
dendrimer structure. The Tris surface provides a stron-
ger constraint of the dendrimer structure with respect
to pivalate in the region in which the Cu—dendrimer
complex forms. Relatively, a lower degree of Cu2"
binding occurs inside the [(Ag")m—PAMAM_En.A] sil-
ver complexes of amine-terminated dendrimers, with
respect to the pivalate [(Ag")m—PAMAM_En.P] and
[(AgT)m—PAMAM_EN.T] Tris-terminated ones.

Transformation of Ag™ into Ag® completely modifies
the Cu(ll) interaction with the dendrimer in the direc-
tion of favoring the internalization of copper(ll) ions in
the dendrimer structure. In nanocomposites, Ag® atoms
primarily occupied the narrow cavities of the dendrimer
interior, forcing a portion of copper ions into the larger
cavities. Due to the presence of Ag® both the freedom of
mobility of the Cu(ll) ions and of the dendrimer branches
decreases. The mobility (both at room and high tem-
peratures) decreases with the increase in generation.

Redistribution of the available ligands occurred in
silver ion—dendrimer complexes upon addition of the
copper ion probes. Formation of silver ion complexes
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reduced the mobility of the copper ion probes and
increased the rigidity of the dendrimer structure. When
silver ions in the Ag complexes were transformed into
zerovalent atoms, they lost both their charge and
mobility. These silver atoms remained in the narrow
cavities of the PAMAM dendrimer network and ef-
ficiently blocked them from copper ion probes. Energy-
filtered TEM images have demonstrated the partial
phase separation of the silver in the polymeric matrix
of the nanocomposite particles.
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