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Abstract

Structural types of dendrimer nanocomposites have been studied and the respective formation mechanisms have
been described, with illustration of nanocomposites formed from poly(amidoamine) PAMAM dendrimers and
zerovalent metals, such as gold and silver. StructurfgAi(0)),- PAMAM } and {(Ag(0)),- PAMAM } gold and

silver dendrimer nanocomposites was found to be the function of the dendrimer structure and surface groups as well
as the formation mechanism and the chemistry involved. Three different types of single nanocomposite architectures
have been identified, such as internal (‘I), external (‘E’) and mixed (‘M’) type nanocomposites. Both the organic
and inorganic phase could form nanosized pseudo-continuous phases while the other components are dispersed at
the molecular or atomic level either in the interior or on the surface of the template/container. Single units of these
nanocomposites may be used as building blocks in the synthesis of nanostructured materials.

Introduction to as molecules and too small to resemble small pieces
of crystals. Well defined metal clusters [4,5] are con-
Nanotechnology will be a significant driving force sidered as new perspectives in future nanoelectronics
in the 21st century technological revolution. This [6]. These aggregates generally do not have the same
emerging interdisciplinary area requires a new way Structure or atomic arrangement as a bulk solid, and
of thinking as well as the input of both experimen- can change structure with the addition of just one or a
tal and theoretical scientists from the areas of physics, few atoms. As the number of atoms (and their degree of
chemistry and materials science [1,2]. freedom) increases, eventually a crystal-like structure
Cluster science is devoted to understanding the may be established [7].
changes in fundamental properties of materials as a Fabrication of microscale devices requires nanolevel
function of size, evolving from isolated atoms or small control over their structural materials. Numerous
molecules to a bulk phase [3]. The term ‘cluster approaches are currently used to control the size and
and ‘micro-cluster’ are usually used to describe polydispersity of nanosized particles such as prepar-
aggregations of atoms that are too large to be referredative approaches, in which one attempts to optimize
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reaction conditions for required structures [8], the hybrid nanocomposites [32] and it has quickly pro-
colloid chemical approach [9] utilizing regular or duced further examples [33—-36].
inverse micelles [10], or Langmuir—Blodgett films According to the original dendrimer nanocomposite
[11]. Nanostructured materials have been made by (DNC) concept, a dendrimer is used first a@splate
biomimetic methods [12], in synthetic [13] and nat- to preorganize ions or small molecules. Then, the den-
ural membranes [14], proteins [15] and DNA [16]. drimers are used ase@actor, and the preorganized pre-
Stabilization with protective polymers [17,18], utiliz- cursors are immobilized by an-situ reaction which
ing phase-separation in ionomers [19,20], or block stabilize domains of atoms or molecular components
copolymers [21,22], functionalizing inorganic cluster (either inorganic compounds or elemental metals) and
surfaces with dendrons [23]. In addition, filling car- the used macromolecules with respect to each other.
bon nanotubes with Ag, Au and gold chloride [24] In that phase, the dendrimer host becomes a container
were also reported. Highly ordered polymer-inorganic (Scheme I).
nanocomposites were also synthesized via monomer Control of size, shape and size-distribution is
self-assembly [25]. achieved by employing well-defined dendrimers as
Presently, particle size polydispersity prevents con- templates, because dendrimers have a homogenous
struction of well-defined two- or three-dimensional ligand-field as opposed to micelles or inverted micelles.
structures [26]. A breakthrough in this area would be  Preorganization may occur by any guest—host mech-
of enormous scientific and practical significance in the anism, such as complex formation by ligand/metal-ion
fields of information technology, communication hard- interactions, salt formation, acid—base, donor-acceptor
ware, electronics, optics as well as many other fields. interactions, etc. Due to the large number of available
Since the first report [27] by Tomalia et al. in 1985it binding sites within the dendrimers and the many possi-
has been known, that dendrimers are able to form com- ble overlapping equilibrium processes (involving sev-
plexes with a great variety of ions and compounds [27— eral different geometries), binding of the guest to the
30]. The concept of dendrimer nanocomposites [31,32] host usually appears as a non-stoichiometric process.
is based on the immobilization of preorganized metal This preorganization results in a dendrimer—precursor
ions. For the first time, this concept has been demon- conjugate, which is in dynamic equilibrium with the
strated on the example of metal sulfide dendrimer template and the precursor reactants. The dynamic
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equilibrium ensures equal distribution of the precur- composed of inorganic domains of small number of
sor molecules between all the equivalent ligands and atoms/molecules dispersed within or on the dendrimers
diffusion provides a homogenous distribution of ions while the covalent branches and connectors of den-
among the dendrimer reactors. drimers act as separators. Due to this unique fine struc-
The second step in the dendrimer nanocompos- ture, DNCs are often amorphous. They usually have a
ite formation is a reaction (or reaction sequence) veryweak internal crystalline order whereas the size of
that yields the desired product from the preorganized the inorganic domains is comparable to the size of the
atoms/molecules. This reaction product must be insol- unit cell [33,40].
uble in the media used as solvent for the templating Three major guest-host arrangements can be
dendrimer, just like in the reduction of the complexed classified according to the location of the dispersed
Cu(ll) ions into Cu(0) in an aqueous solution of the inorganic phase compared to the dendrimer. Each sin-
PAMAM dendrimer [33,34] or transformation of the gle nanocomposite particle consists afe dendritic
complexed Cu(ll) ions or Cd(ll) ions in the solution molecule and the dispersed inorganic guest atom or
of an appropriate PAMAM into CusS [32] or CdS [35]. molecule. Thus, dendrimer nanocomposites may form
After this step, the dendrimer acts as a container, and internal (‘'), external (‘E’) or mixed (‘M’) type single
becomes the organic component of a hybrid material. nanocomposite structures (Scheme ll).
This physical or physicochemical complex entrapment  Regular/classic composites consist of at least one
[37] of the inorganic component may occur either as macroscopically continuous phase as well as one or
a result of interactions of thm-situ generated com-  more components dispersed on a microscopic scale. In
pound(s) with the binding functions of the PAMAM  DNCs, the size of the host is of nanoscopic scale. Due to
dendrimer, or an increase in the size of the reaction the atomic/molecular level dispersion of the inorganic
product compared to the preorganized form, and/or for- and organic matter, dendrimer based nanocompos-
mation of new intermolecular interactions between the ites display unique physical and chemical properties.
product molecules/atoms of the guest. These materials are real composites with no cova-
It is important to emphasize the difference between lent interaction between their components. Dendrimer
conventional nanoparticles and dendrimer based nanocomposites (DNCs), in accordance with their
nanocomposites. Conventional (‘hard’) metal clusters composite character, display physical and chemical
aremicrocrystallineand usually are composed of hun-  properties that are characteristic of both the nano-
dreds of metal atoms that are bonded to each other with sized host and the nanodispersed guest. For example,
metallic bonds. To hinder further crystal growth and while solubility is mainly determined by the container
secondary clustering, surface of these nanoparticlesdendrimer molecule$Cu(0)-PAMAM} nanocompos-
are usually deactivated by stabilizers [38]. Dendrimer ites display the optical properties of the nanodis-
nanocomposites are (‘soft’) hybrid materials that are persed very small copper metal domains [33,34]. As a
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Scheme I Single and one componentinternal (‘'), mixed (‘M) and external (‘E’) type DNCs structures. The spheres representindividual
atoms or molecules.
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result of the intimate atomic/molecular level interac- High purity CHCOOAg, AgNQ, HAuCl,,
tion between the components, new properties are alsoNaAuCl, and hydrazine (30% in }D) were pur-
created, e.g., aqueous solutiong 61(0),- PAMAM- chased from Aldrich and were used without further
E4} nanocomposites had no plasmon peaks in their purification.
visible spectrum [33].

In DNCs, most of the interactions between guest .
atoms and their microenvironment (metal-metal and Techniques
metal—solvent interactions) are substituted with the . _ .
metal-dendrimer and dendrimer—solvent interactions. | "€ Starting materials and the obtained products were
For this reason, DNC solutions may be stable for very carefully characterized by different analytical tech-
long time in appropriately selected solvent systems. NiAues. UV-visible spectra were obtained on a Cary 1E
This feature is especially important in the nanoscopic SPECtrophotometer at room temperature between 200
region, where decreasing size results in increasing f‘”d 9001£1m in a Suprasil 300 quartz céll£ 1 mm).
number of surface atoms, therefore in an increasing role H and C NMR measurgments_, of the dendrlmers
of surface interactions. However, what can be consid- Were carried out by a Varian Unity 300 multinuclear

ered as the ‘surface’ of a DNC, is still to be defined. spectromete.r equipped with a temperature controller.
Size Exclusion Chromatography was performed on

three TSK gel columns (4000, 3000 and 2000) using

Experimental a Waters 510 pump with a Wyatt Technology Dawn
DSP-F MALLS and Wyatt Technology 903 interfer-
Materials ometric refractometer and a Waters 510 pump with a

Waters 410 differential refractometer respectively.

In this work, ethylenediamine core poly(amidoamine) A Phillips EM301 instrument was applied for
(PAMAM) dendrimers were used. Amino surface gen- transmission electron-microscopy (TEM) of nanocom-
eration 5 PAMAM dendrimer (128 terminal primary ~ POSites using Formvar coated carbon grids after appro-
amino groups and 126 internal tertiary amino groups) Priate dilution. High resolution TEM was preformed
based on ethylenediamine core (Mi28,826) and ~ UsSing a JEOL JEM-2000-FX and JEM-3010 trans-
carboxylate surface generation 5 PAMAM dendrimer Mission electron microscopes. A glove box with a
(256 termina-COOH and 126 internal tertiary amino ~ dry nitrogen atmosphere was used to prevent change
groups, Mn=50,865) was purchased from Dendritech of oxidation state of the metals within the den-
and was used without further purification. Techni- drimer nanocomposites during sample preparation.
cal grade chemicals were uses85% generational ~ 1he grids used for HRTEM were carbon supported
dendritic purity). TRIS-modified dendrimers were syn- film 400-mesh copper grids. The carbon films were
thesized by standard literature procedures. Genera-réndered hydrophilic by plasma etchings. In several
tion four TRIS-modified dendrimer (Ms 18,636)was ~ Cases polystyrene spheres (diamet&l+6 nm) were
provided by Dr. D.R. Swanson, MMI (Table 1). used for calibration. Grids were scanned on the 2000-

These combinations offered cationic and strong FX operated at 200kV accelerating voltage then the
electrondonor—-NH,, polar and weak protondonor Mostsuitable grid was transferred to the JEM-3010 and
—C(CH,OH)s groups as well as anionic carboxylate ter- imaged at 300kV accelerating voltage. The original

minal groups with a comparable number of nitrogen high-resolution micrographs were taken at 100,000—
ligands. 150,000 magnifications and subsequently enlarged

Table 1 Comparison of PAMAM dendrimers used

Shorthand  Surface No. of subsurface  Possible position of
tertiary nitrogens  ion bonding

E4.TRIS 64-C(CH,0OH), 62 interior

E5.NH, 128—NH, 126 interior+ exterior

E5.COOH 256-COOH 126 interior+ exterior
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three times on the enlarger and zoomed further on the dendrimer nitrogens into zerovalent gold. The solutions
scanner. were transparent and displayed no Tyndall effect. Con-

Silver content was determined by atomic absorption trol solutions without dendrimers resulted in an imme-
measurements at the Independent Testing Laboratorydiate gray precipitate.

of the Saginaw Valley University, MI. Concentrations of the final nanocomposite solutions
were 3.78¢g/L for dendrimer and 0.5 and 0.58 g/L
Preparation of silver—dendrimer nanocomposites for gold.

We have stored our dendrimer—gold and dendrimer—

For silver complexation experiments typically silver silver nanocomposites for more than 120 days at room
acetate was selected because of its low solubility in temperature. They were stable and did not coagulate.
water. Thus, a typical procedure for example #1 was
as follows: to 0.209 g1.25 x 1073 mol) silver acetate
powderand0.746 @.0x 10-° mol) PAMAM E4.TRIS Results and discussion
20 ml of water was measured in a vial and shaken until
the solid dissolved (metal/dendrimer31.29). Dendrimers are perfect organic templates because of

Photolysis of the colorless solution over an extended their well-defined, predetermined and variable com-
time, yielded a dark brown silver nanocomposite solu- position, symmetric structure, monodisperse distribu-
tion, which proved to be stable even in more con- tion, size, controlled shape, and chemically variable
centrated (10% w/w nanocomposite) nanocomposite interior and exterior. Dendrimers with different com-

solutions. position and architecture can interact and contain a
For example #2, to 15ml of water 5.007g wide variety ofin-situ synthesized compounds, while
aqueous solution of 0.524¢1.034 x 10°mol) the surface of the dendrimers may still be available

PAMAM _E5.COONa (Mn=50,865) was added and for further modifications. Thus, using dendrimers as
shaken with excess of (0.427 g) Ag-acetate overnight. templates, reactors and containers, ideally the size,
This procedure resulted in dissolving 0.25Ugb0 x shape and size-distribution of the dispersed material(s)
1073 mol) inorganic salt. The undissolved material was are created, determined and controlled by an appro-
removed by filtration. To the resulting dark tan solution, priate dendritic polymer. Countless combinations are
that contained the silver-salt of the anionic PAMAM possible between metal cations or anions and den-
and sodium acetate, calculated amount (150 ml) of 30% drimers, therefore we limit our examples to aque-
aqueous hydrazine solution was added by means of aous solutions of nearly spherical ethylenediamine core
microsyringe during vigorous stirring. The dark brown poly(amidoamine) (PAMAM) dendrimers (see Table 1)

solution was stored at room temperature. with container properties [37] in conjunction with
silver(l) cations and gold(lll) ions in the form of com-
Preparation of gold—dendrimer nanocomposites plex [AuCl,]~ (tetrachloroaurate) anions and below the

saturation level of the templates. Our conclusions, how-
Preparation of gold—dendrimer complexes were car- ever, will be useful and demonstrative for many other
ried out in aqueous solution by mixing dilute (1 mM) similar systems.

aqueous solutions of [Aug]i with the aqueous solu- In PAMAM dendrimers (Scheme I) the branching
tion of the PAMAM dendrimer at a molar ratio of ten  points are Ntertiary nitrogens possessing all the abil-
gold atoms per dendrimer. The yellow [Aufl solu- ity to enter either acid/base reactions or act as elec-

tion lost its color immediately upon mixing with the tron donor ligands in the complexation of metal ions.
PAMAM indicating the formation of a salt between Thus, in aqueous solutions of the pure PAMAM the
the dendrimer tertiary nitrogen and the complex gold interior is protonated and has a cationic character,
anion. Stable dendrimer gold nanocomposites were except for extreme conditions. The exterior of the
prepared by reducing the PAMAM — tetrachloroau- molecule, however, may either be hydrophobic (e.g.,
rate polysalts at room temperature with a slight excess —n-alkyl) or hydrophilic, the latter may possess cationic
of hydrazine (50 mol% excess). Upon addition of the (—NH,), neutral (CH,OH) or anionic {COOH) ter-
hydrazine solution to the dendrimer—gold conjugate, minal groups.

a color change from slightly yellow to deep red indi- There are four major factors to consider as key to the
cated the reduction of gold anions coordinated to the successful imaging of size, shape and size-distribution
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when using templates:

(i) composition, architecture and quality of the tem-
plate used,;

(ii) the effectiveness/effectivity of filling the template
with the appropriate precursor (nature of preor-
ganizing interactions, equilibrium constants, total
capacity, degree of loading, etc.);

(iiif) the nature (order, mechanism and kinetics) of the
immobilizing reaction producinig-situ-generated

nanodispersed domains ofthe guestmolecules, i.e.,

the formation of the final composition;

(iv) the ‘afterlife’ of the nanoparticles (inherent stabil-
ity, type, resulting interparticle interactions, asso-
ciation, self-assembly, etc.) that may result in
secondary products and architectures according to
the physics and chemistry of the nanocomposites
formed, i.e., the finalization of the structure of
the DNC.

Every above mentioned step has its specific char-
acter and its own time-scale that may be different in
the case of different nanocomposites. We are going to
focus on primarily on the first three factors, since (iv)
requires much more research in order to collect suffi-
cient amount of reliable information that will afford at
least a certain degree of generalization.

Considering, that either cations or anions may serve
as precursors, the following three major preorganiza-
tion mechanisms are considered in this paper:

Examples of formation mechanisms

DNC-1: Conjugation by complexation followed by a
zero-order monomolecular reaction

Example. Complexation of silver cations in neutral
(TRIS) surface dendrimers followed by photolysis into
an interior (‘I') type {Ag(0)}, nanocomposite;

DNC-2: Conjugation by dendrimer carboxylate salt
formation followed by a bimolecular reaction
Example. Binding of silver cations on carboxy-
late terminated PAMAMSs followed by reduction
into a dominantly exterior (‘E’) type{Ag(0)}e
nanocomposite;

DNC-3: Salt formation between complex anions and
cationic sites of PAMAM dendrimers followed by a
bimolecular reaction

Example. Salt formation between tetrachloroaurate
anions and PAMAM dendrimers followed by reduction

into dendrimer gold nanocomposites. This reaction
route may provide both interior and exterior types,
but usually results in mixed (‘M’) type{Au(0)}y
nanocomposites.

DNC-1 example:Complexation of silver cations in
aliphatic OH (TRIS) surface dendrimers followed by
photolysis

(Conjugation by complexation of transition metal ions
followed by a zero-order monomolecular reaction.)

Preorganization mechanism:Complexation in a
homogenous ligand-
field

Immobilization reaction: (monomolecular, zero
order)

Ag" + hv = Ag(0)
Dendrimer—Dendrimer
(D<D)

A low metal con-
tent and dominantly
interior ‘I’ type nano-
composite

Dominant DNC interaction:

Result:

When transition metal cations are used that form
complexes with the free electronpair of the unproto-
nated tertiary nitrogens located at the branching sites
of PAMAM dendrimers, the distribution of metal ions
is homogenous within the dendrimers because of the
isotropic nature of the diffusion. Accordingly, the indi-
vidual dendrimers will form complexes with an equal
and well-defined number of metal atoms. The num-
ber is predetermined by the ratio of metal ion moles
perdendrimer moles. When TRIS-modified PAMAMs
are used, silver ions prefer the tertiary nitrogens to
the aliphatic hydroxide and accumulate in the interior
of the dendrimers. According to X-ray and neutron
diffraction measurements [39-41], the size of the den-
drimers usually is not altered by the complexation, but
the electrostatic interactions between dendrimer—metal
complexes are considerably decreased [42].

Silver—dendrimer nanocomposite was prepared by
photolytic decomposition of silver acetate complexed
ina PAMAM_EA4.TRIS dendrimer. The solution of this
complex proved to be quite insensitive to light: one day
exposure to daylight of a glass vial containing 10 mM
solution of [(CHCOOAQg)k:-PAMAM _E4.T] complex
resulted in only approximately 50% conversion based
on changes in the visible spectra. Extended exposure
to light completed the photolysis and provided dark
brown {Ag(0):;-PAMAM _E4.TRIS} solution.
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Photolysis of these complexed silver ions gen-  According to their featureless or very poor XRD
erates metallic silver domains while maintaining spectra (not shown), these internalized metal/inorganic
the homogenous distribution. UV-visible spectrum domains are amorphous or have a very low degree
(Figure 1) displays one major symmetric plasmon peak of crystallinity. Location of these domains depends
at 420 nm. also on the kinetics of the immobilizing reaction.

A representative TEM image of théAg(0)s;-
PAMAM _ES5.T} is shown in Figure 2. The large
round objects on the selected image are polystyrene
(PS) latex microspheres, which have been deposited
with the dendrimers as scale markers. The two darker
objects are a dendrimer—silver nanocomposite and a
dendrimer-silver cluster. Inthis TEM image employing
a mass—thickness contrast mechanism, the nanocom-
posites appear darker although their diameters are
much smaller than the PS spheres and thus their thick-
ness are much smaller than the PS spheres. This s clear
evidence of metal incorporation into the dendrimers.
The featureless image of the nanocomposites suggests |
an amorphous arrangement of the silver atoms within
the dendrimers.

Interactions between the ‘I'-type nanocomposite
particles are dominated by the dendrimer—dendrimer
surface interactions. It is characteristic to TRIS-
terminated PAMAMSs that the H-bonding between den-
drimers leads to self-assembly in concentrations higher
than 0.8% w/w [41]. What are the scaling factors for
these higher order aggregates is not understood yet,
but the same contrast (i.e., silver content) illustrates
well the identical result of the identical forces within
identical nanoparticles. Whether these aggregates are

tin th iqinal soluti f th Figure 2 TEM image of {Ag(0);-PAMAM_E4.TRIS
present in the original solution o € nanocompos- nanocomposite particles. The three lighter objects, joined at the

iFeS or the consequence of the TEM Sz'a.mple prépara- eqges, are polystyrene spheres. The single nanocomposite (S)
tion process remains to be seen, and this phenomena isas a diameter of 14 nm and the multiple nanocomposite cluster

presently under investigation. (M) has a size of 28 by 20 nm.
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Figure L UV-visible spectra o{Ag(0):;;-PAMAM _E4.TRIS} nanocomposite solution in water.
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We assume that when this reaction is a zero-order pro- added to the carboxylate terminated PAMAM, a white
cess, such as the photolysis of silver ions, metal atoms salt precipitated. This precipitate dissolved only after
form at the same location where they were originally several days. We speculate, that carboxylates are weak
complexed. According to the TEM images, they did acids and therefore most of the silver ions are present
not migrate considerably within the time-scale of the at first in undissociated forms, i.e., on the surface of

investigation. the template. However, nitrogens under the carboxy-
late layer remained able to form multidentate cationic
DNC-2 exampleBinding of silver cations by complexes with silver, which later resulted in soluble

PAMAM carboxylates followed by chemical reduction nanocomposites. Of course, in both cases the equilib
(Conjugation by salt formation between PAMAM rium character is preserved resulting a mixed (‘M’)

dendrimer surface poly-anions and transition metal type nanocomposite in which both the interior and the
cations followed by a bimolecular chemical reaction.) exterior contributes to hosting the silver ions, although
according to a different mechanism. This mixed tem-
plate mechanism results in higher metal ion binding
capacity (a generation five PAMAM carboxylate den-
drimer was able to contain up to 150 silver atoms
per dendrimer molecule) but generates more complex
nanocomposite structures upon immobilization. We

Preorganization mechanism:Salt formation on a
spheroidal carboxylate
(anionic) exterior sur-
rounding a homoge-
nous (cationic) ligand-

A . f|gld . believe that size distribution differences due to the for-
Immobilization reaction: (bimolecular chemical : hani I f )
reduction) mation mechanism are also reflected in these more

irregular images.

Comparison of the UV-visible spectra also suggests
this difference. In an otherwise identical local environ-
ment, the position of the observed dispersion peak for
nanoparticles is the function of the domain size and
the aspect ratio [3]. Consequently, one expects a sin-
gle distribution curve in the electromagnetic spectra
for a homogenous particle and the resultant of sev-
eral different curves (therefore broader and much less
defined) for a nanoparticle system that has multimodal

Due to their architecture, medium and high gen- distribution [13].{Ag(0):;;-PAMAM _E4.TRIS} forms
eration PAMAM dendrimers are generally unable an ‘I’ type nanocomposite, because (a) silver ions pre-
to interpenetrate, and behave as separate spherefer the nitrogen ligands to the surface OH groups,
[43]. Carboxylate-terminated dendrimers are interest- and (b) the immobilization was caused by a photo-
ing examples of a Janus-faced macromolecule, in chemical reduction which is not site-specific. How-
which the interior contains a high local concentration ever, {Ag(0)s0-PAMAM _E5.COOH constitutes an
of tertiary nitrogens with lone electronpairs (proton- ‘E’-type nanocomposite, because Ags more pre-
acceptors), while the surface is covered with weakly ferred by the surface carboxylate groups than the
dissociated carboxylate groups (proton-donors). Car- internal nitrogens. In addition, the immobilization
boxylated Starburétdendrimers strongly interactwith ~ reaction in this case was a reduction with a slight
positively charged molecules [44,45] or surfaces, but excess of hydrazine. Since this reactant encounters
they are also known to behave as non-interacting the preorganized ions fromutsideof the dendrimer
spheres during chromatography in the presence of molecules, the primary location of reaction will be
an appropriate aqueous mobile phase [46]. This non- the periphery and the exterior of the host molecule,
interacting behavior is due to the negatively charged similarly to the case of copper sulfide nanocompos-
dendrimer surfaces which repel each other, regardlessites [40].
of whether the salt or acid forms are dominant. Comparison of UV-visible spectra of these silver

When insoluble silver acetate was added to the nanocomposite solutions illustrates well the expected
aqueous solution of the TRIS modified dendrimer, it difference between the single peak spectrum of the
quickly dissolved, but when silver nitrate solution was internalized silver nanodomains in the ‘I’ case and the

Ag" +e = Ag(0)

Dominant DNC interaction: Guest—-Guest (& G)

Result: A high metal content
‘E’ (exterior) type
nanocomposite  con-
taining different size
multiplets of equally
loaded single den-
drimer units.
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Figure 3 Comparison of the UV-visible spectra{fg(0)isc-PAMAM _E5.COOH (‘E’-type) and{Ag(0)s;-PAMAM _E4.T} (‘I'-type)
nanocomposite solutions in methanol.
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2500 iy

Figure 4 Overview of the{Ag(0):s0-PAMAM _E5.COOH TEM image.

presence of a more heterogeneous size-distribution in  HRTEM image of the individual {Ag(0):sc-
the external one (Figure 3). PAMAM _E5.COOH nanocomposites (Figure 5, A)
The formation mechanism  of {Ag(0)so- in some cases suggested the ‘collapse’ of the silver
PAMAM _E5.COOH often gives rise to multiple  domains toward the interior of the nanoparticles. In
nanocomposite units (containing several dendrimers addition, inhomogenous scatteribgtweernhe associ-
surrounded with and connected by silver nanoshells) ated host molecules may be noticed (Figure 5, B). In
resulting in more complex spectral peaks (see also Figure 5, the three individual dendrimer nanocompos-
TEM image on Figure 4). ites on the right-hand-side of the image have the same
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Figure 5 Hr TEM image of a{Ag(0)150-PAMAM _E5.COOH nanocomposite. See explanation for A and B in the text.

kind of structure as in Figure 2, where the metal is followed by a monomolecular or bimolecular
incorporated into the dendrimers and is not crystalline. reaction.)

The larger clusters on the left-hand-side of the image
contain dark spots and bands present in the image.
These dark patterns are indicative of diffraction con-
trast caused by a metal crystalline lattice. It thus appears
that the surface-positioned silver has formed very small
nanocrystalline regions by means of adhering single
nanocomposite units together.

TEM images acquired from more concentrated
nanocomposite solutions show largel(micron) silver molecular  chemical
_clusters (nots_hown). Howgver, even afterthorough_dry— reduction.
ing, the resulting black solid nanocomposite remained [AUCI,]~ = AUCls4 HCl = [AUCI,OH]", etc.

soluble in water. As zerovalence silver would crystal- o .o~ NG interaction:  Guest—Guest (&G)
lize into insoluble clusters, these nanocomposite par-

Preorganization mechanism:Salt formation on a
spheroidal  carboxy-
late (cationic) exte-
rior surrounding a
homogenous (cationic)
ligand-field.

Immobilization reaction: Monomolecular  de-
composition or bi-

. . . Result: Interior ('), mixed
ticles must be separated by organic domains and must (M) or exterior
have at least part of their dendrimer surface accessible (E) type {Au(0)}

for the solvent. This observation also supports a possi-
ble slow movement of silver atoms into the interior of
the nanocomposite particles.

nanocomposites  de-
pending on the actual
metal content and the

DNC-3 example Salt formation between procedure used.

tetrachloroaurate anions and cationic PAMAM Noble metals, especially gold, have many applica-
dendrimers followed by disproportionation or tions in optical and biological sciences due to its sta-
reduction into dendrimer—gold nanocomposites bility. Gold is extensively used on electrode surfaces

(Salt  formation  between complex anions andasabase-layerforself-assembled monolayers[47].
and cationic sites of PAMAM dendrimers Metallic gold are usually produced by reduction using
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Na-citrate, citric acid, hydrazine, hydrogen or elec- basic environment of the PAMAM interior the com-
trochemical deposition, and the color is the function plex anion slowly loses HCI from the complex anion
of size and shape of the metal domains formed [13]. to the dendrimer nitrogens and gradually becomes
Spectral characteristics and nonlinear optical proper- immobilized by the subsequent hydrolysis. Due to this
ties of gold nanolayers/rods/particles are well inves- complex reaction mechanism, the temperature, reagent
tigated from both theoretical and experimental point ratios, concentrations and the order of addition are also
of view. influences of the product structure. Solubility and sta-
Use of PAMAM dendrimers as platforms for the bility of the obtained{Au(0),,-PAMAM, E5.0} gold
deposition of gold colloid monolayers on various nhanocomposites were determined by the solubility of
substrates allowed an unusual degree of control andthe hostdendrimer molecule. UV-visible spectra of this
uniformity [48]. nanocomposite showed a plasmon peak [36,49,51] at
Preorganization of the gold atoms with dendrimers 532 nm (Figure 6).
has been carried out by mixing aqueous dendrimer and  According to literature data on ‘hard’ nanoparticles
[AuCl,]~ solutions in calculated ratios [49]. The yel- [52], appearance of a plasma absorption band in clas-
low [AuCl,]~ solution lostits yellow colorimmediately  sical gold colloids is an indication of a particle size
upon mixing with the PAMAM indicating a change largerthan 2 nm. Diameter of the PAMAM E5.0 equals
in the electronic environment of the tetrachloroaurate to 54 A [53], thus these optical measurements confirm
counterion, i.e., the formation of a salt between the that the sizes of the metallic domains of dendrimer
dendrimer nitrogens and a multiple complex anion, nanocomposites are in the nanometer ranges. What is
[(PAMAM _E5.NH,) [AuCl,]1o7]- (Formation of other  the location of the gold atoms in this nanocomposite?
hydrolysis products, such as AuCH,” or differ- Apparently, ten to fifteen metal atoms cannot cover the
ent cationic four-coordinate tetrachloroaurate depend- surface of a dendrimer with a 54 A diameter.
ing on concentration and pH are also possible on the High resolution TEM micrograph of dAu(0),-
analogy of the reaction with diethylenetriamine may PAMAM, E5.0} gold nanocomposite clearly demon-
also be possible) [50]. In the ammonium salt forma- strates that the sizes of the gold metal domains were
tion between dendrimers and complex anions of tran- templated by the PAMAM dendrimers. When limited
sition metals a polycationic amino surface dendrimer number of gold atoms are present in a PAMAM den-
acts as preorganizer for the anions and salt-formation drimer, the metallic domains appear as an inverse image
occurs with the dendrimers. Structure of the result- ofthe shape, and size-distribution of the host dendrimer
ing polysalt is the function of the dendrimer archi- (Figure 7).
tecture, i.e., whether the dendrimer surface is able or It also has to be mentioned, that average diameter
unable tointeract with the precursor anion. The reaction of PAMAM dendrimers is different from the diameters
may be continued by allowing a slow disproportion- determined by scattering methods [53] in solution.
ation reaction of the AlD; x H,O or with reducing This HRTEM image also shows spherical particles
the immobilized gold ions into metallic gold with any  with all the three possible structures present. Within
conventional reducing agent. If not reduced, in the the single gold nanocomposite particles (depending
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Figure 6 UV-visible spectrum of §Au(0),,-PAMAM _E5.NH,} nanocomposite after seven days (gold concentration is 0.5 mg/ml).
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Figure 7. Hr TEM image of a{Au(0),,-PAMAM _E5.NH, } gold—dendrimer nanocomposite.

on the degree of metal loading) gold may be found paper we use the term ‘cluster’ to identify multiples

eitherinsideof the dendrimer molecule, @nthe den- of elemental nanocomposite particles held together by
drimer molecule, or both on the surface and inside, physical forces.) This clustering process of hanocom-
similarly to the DNC-2 silver case. The individual posites largely depends on their composition, architec-
metal—-dendrimer ratios are determined by the local ture, surface and local environment. For example, itwas

reagent ratios during mixing.

observed [32,39], thaf(CuS),-PAMAM _E4.TRIS}

The obtained structural pattern depends also on and{(Cu,S)s-PAMAM _E4.TRIS} aliphatic hydroxyl

the reactant ratio. Figure 8 shows a surface-plot of
a{Au(0),,-PAMAM, E5.0} gold nanocomposite TEM
image analyzed by the ‘NIH Image’ software. The base
diameters on this plot are proportional to the particle
size, and the height is proportional to the optical den-
sity, i.e., the metal concentration.

Despite of the nearly uniform distribution of the
single gold nanocomposite units, it is obvious that
there are two different distributions present in the sam-
ple. One of the distributions is the consequence of
the instant decomposition (i.e., immobilization) of the

surface dendrimer based copper sulfide nanocompos-
ite singlets self-organized into about 100 nm diame-
ter composite clusters containiqgcuS} or {Cu,S}
nanocomposite particles connected by their peripheral
copper sulfide content upon storing their aqueous solu-
tions at room temperature for three days [40].

This cluster formation occurs through the interaction
of the nanocomposite surfaces. In the case of exter-
nal type metal nanocomposites, these physical clusters
are composed of well-defined size nanoshells touching
each other. In Figure 9 several examples of single, dou-

gold compounds during mixing (distribution in particle ble, triple and higher degree of clustering of ‘E’-type

loading) and the second is caused by the metal-metalgold nanoshells are shown, in addition to an example

interactions on the dendrimer surface resulting from of dimerized superclusters containing approximately

the bimolecular nature of the reduction (distribution in 50—60 single units.

particle diameter). It is also possible to organize single nanocom-
Finally, formation of secondary structures and higher posite units into higher hierarchies through chem-

order assemblies between single dendrimer nanocome-ical surface interactions. To a gold nanocomposite

posite particles has also been detected, similar to classi-solution of { Au(0),,-PAMAM _E5.NH,} (see TEM in

cal clusters of ‘hard’ nanocrystalline particles. (In this Figure 10A) a dilute bromine solution was added in
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Figure 8 Surface plot representation of a TEM image acquired froftAal(0).,-PAMAM _E5.NH,} nanocomposite sample.

Figure 9. Different surface clustering of §Au(0),,-PAMAM _E5.NH,} nanocomposite unit as shown by its TEM.
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Figure 10 TEM image of & Au(0)..-PAMAM _E5.NH,} nanocomposite before (A) and after (B) reacting the nanocomposite with slight
excess of bromine in aqueous solution.

methanol (equimolar to the concentration of primary of physical clustering in dendrimer nanocomposites,
amino groups), which, instead of a continuous distribu- similarly to the ‘magic numbers’ [38].

tion, led to the formation of larger particles depicted in ~ Very little is known about the physics and chem-
Figure 10B. Formation of only two major sizes (clusters istry of clusters and nanocomposites based on dendritic
and ‘superclusters’ thereof) were observed from the polymers yet. Observations, rules and theory that are
primary clusters. This phenomenon apparently demon- valid for conventional metal clusters (which are com-
strates the importance of scaling rules in the process posed ofmicrocrystallinemetals) are for comparison
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