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In the present invention, an inorganic reactant is, or reactants 
are, localized With respect to a dendritic polymer by physical 
constraint Within or by a non-covalent conjugation to the 
dendritic polymer. The localized inorganic reactant or reac 
tants is/are subsequently transformed to form a reaction 
product Which is immobilized With respect to the dendritic 
polymer. This immobilization occurs on a nanoscopic scale 

as a consequence of the combined effects of structural, 
chemical and physical changes Without having covalent 
bonds betWeen the product(s) and the dendritic container 
and results in neW compositions of matter called dendritic 
nanocomposites. The resulting nanocomposite material can 
be used to produce revolutionary products such as Water 
soluble elemental metals, With speci?c applications includ 
ing magnetic resonance imaging, catalytic, magnetic, opti 
cal, photolytic and electroactive applications. 
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Fabrication of Dendritic Nanocomposites 
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NANOCOMPOSITES OF DENDRITIC POLYMERS 

FIELD OF THE INVENTION 

[0001] This invention relates to the formation of novel 
nanocomposites between dendritic polymers and a variety of 
materials. 

BACKGROUND OF THE INVENTION 

[0002] The literature describes the formation of nanopar 
ticles in various classical polymers, such as organization and 
immobilization of metal compounds in linear, branched and 
crosslinked polymers. In particular, the literature describes 
immobiliZation of metals, metal ions, and metal sul?des 
using ionomers, and block copolymers. 

[0003] Rules of complex formation are Well knoWn in 
physical chemistry as a consequence of more than ?fty years 
of extensive research. Formation of such complexes may 
occur on the surface of dendritic polymers or in their 
interior. These phenomena have been described in many 
publications. 
[0004] Preparation and analysis, physics and chemistry of 
nanosiZed materials is described for instance in the series of 
books of Kluver Academics On The Physics and Chemistry 
Of Materials With LoW-Dimension Structures, such as 
“Physics and Chemistry Of Metal Cluster Compounds” 
edited by L. J. De Jongh, Kluver Academic, Dordrecht/ 
Boston/London, 1994, and references thereof. A general 
drawback of the presently used methods of preparing nano 
siZed materials is that they either require sophisticated and 
expensive instrumentation or tedious and extensive prepa 
ration and puri?cation processes. Simple preparation of 
transiently stabiliZed nanosiZed materials in solution is pos 
sible by employing a combination of small organic ligands 
and amphophilic molecules. HoWever, these clusters lack 
long-term stability. Also, a general disadvantage With knoWn 
methods of preparing nanosiZed materials is that the siZe and 
siZe distribution of the resulting nanoparticles obey statisti 
cal rules. As a result, preparation of nanoparticles With a 
narroW siZe distribution requires tedious puri?cation proce 
dures. 

[0005] J U Yue et al. have reported, in J. Am. Chem. Soc. 
1993, 115, 4409-4410, a technique for preparing nanosiZed 
materials involving synthesis of Zinc ?uoride in poly(2,3 
trans-bis-tert-butylanildimethyl-norbom-5-ene) domains 
Within polymethyltetracyclododecene matrices, and inter 
conversion of the Zinc ?uoride clusters to Zinc sul?de. Yue 
et al. concluded that the disclosed method demonstrated a 
general approach for carrying out a chemical reaction Within 
a nanoscale region of a block copolymer, and speculated that 
different kinds of clusters can be synthesiZed from a given 
starting material. Yue et al. hypothesiZed that lead sul?de 
and cadmium sul?de clusters can be prepared using the 
general approach disclosed, and reported that this same 
approach has been used to generate Zinc sul?de quantum 
clusters Which are superior in quality to Zinc sul?de clusters 
generated using other techniques. 

[0006] Martin Moller reported in Synthetic Metals, 1991, 
41-43, 1159-1162, the synthesis of nanosiZed inorganic 
crystallites or clusters of cadmium sul?de, cobalt sul?de, 
nickel sul?de and Zinc sul?de prepared from functionaliZed 
diblock copolymers of polystyrene and poly-2-vinylpyri 
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dine. The diblock copolymers Were prepared With narroW 
molecular Weight distributions by sequential anionic poly 
meriZation. Films Were prepared by solvent evaporation 
With metal salts of copper, cadmium, cobalt, nickel, Zinc and 
silver. The ?lms Were subsequently treated With gaseous 
hydrogen sul?de to form the corresponding metal sul?des. 

[0007] W. Mahler, in Inorganic Chemistry, 1988, 27(3), 
435-436, reported the preparation of polymer-trapped semi 
conductor particles by milling an ethylene-methacrylic acid 
copolymer With a metal acetate or acetylacetonate at an 
elevated temperature (160° C.) to form a neutraliZed iono 
mer. 

[0008] T. Douglas et al. have reported in Science, Jul. 7, 
1995 Vol. 269, 54-57, the synthesis of amorphous iron 
sul?de minerals containing either 500 or 3000 iron atoms in 
each cluster. The synthesis Was achieved Within the nanodi 
mensional cavity of horse spleen ferritin. The report indi 
cates that the reaction of acidic (pH 5.4) sul?de solutions 
Within ferritin results in the in situ nanoscale synthesis of 
protein encapsulated iron sul?des. Douglas et al. speculated 
that such bioinorganic nanoparticles might be useful as 
biological sensors and markers, drug carriers, and diagnostic 
and radioactive agents. More speci?cally, magnetoferritin 
has shoWn potential as a contrast agent for magnetic reso 
nance imaging of tissue and uranium oxide-loaded ferritin 
could have use in neutron-capture therapy. Douglas et al. 
have also suggested that nanodimensional metal sul?des 
could be useful in the preparation of semiconductors Which 
could be of technological, and perhaps biological impor 
tance. 

[0009] Y Wang et al. have reported in J. Chem. Phys., 
1987 87(12), 7315-7322, December 15, the preparation of 
nanodimensional lead sul?de clusters in ethylene-meth 
acrylic acid copolymers by exchanging Pb2+ into the poly 
mer ?lm and then reacting the resulting lead-resin complex 
With hydrogen sul?de. 

[0010] J. P. KucZynski et al have reported in J. Phys. 
Chem., 1984, 88, 980-984, the synthesis of cadmium sul?de 
in a Na?on polymer ?lm. Small cadmium sul?de crystalline 
particles Were reported to exhibit properties similar to those 
of cadmium sul?de single crystals. 

[0011] M Krishnan et al have reported in J. Am. Chem. 
Soc, 1983, 105, No. 23, 7002-7003, a method of incorpo 
rating a dispersed semiconductor (CdS) throughout an ioni 
cally conductive polymer membrane (Na?on), in Which a 
suitable redox couple and catalyst can be added to promote 
photocatalytic reactions on the membranes. The pre-treated 
membrane Was immersed in a solution of Cd2+ (pH=11) to 
incorporate Cd2+ in the membrane by ion exchange. Sub 
sequent exposure of the membrane to hydrogen sul?de 
produced spherical cadmium sul?de particles of a diameter 
of one micrometer or smaller. A cationic redox agent, such 
as methylviologen (MV2+), can be incorporated into the 
membrane. Kishnan et al. also reported that platinum can be 
incorporated into the CdS/MVZT membrane system, and 
have speculated that by employing an analogous technique, 
incorporation of other semiconductors, such as titanium 
oxide and Zinc sul?de, should be possible. 

[0012] Albert W-H Mau et al. have reported in J. Am. 
Chem. Soc, 1984, 106, No. 22, 6335-6542, that hydrogen 
production ef?ciencies from Water in photocatalytic reac 
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tions at cadmium sul?de crystallites embedded in a polymer 
(Na?on) matrix containing a hydrogen evolution catalyst 
(Pt) Were greater than those observed With unsupported 
colloidal or poWdered semiconductors under similar condi 
tions. 

[0013] Y Ng Cheong Chan et al. have reported, in Chem. 
Mater 1992, 4, 885-894, methods for forming metal clusters 
that are less than 100 Angstroms in diameter, that have a 
narroW siZe distribution, and that are dispersed evenly 
throughout a nonconductive polymer matrix. 

[0014] These methods involve reduction of metal com 
plexes and aggregation of metal atoms in the solid state, 
either in an organometallic homopolymer or in an organo 
metallic block of a microphase-separated diblock copoly 
mer. Chan et al. suggest that such compositions might 
exhibit discernable catalytic properties. 

[0015] In J. Am. Chem Soc. 1992, 114, 7295-7296, Chan 
et al. reported the synthesis of single silver nanoclusters 
evenly dispersed Within spherical microdomains of block 
copolymer ?lms. 

[0016] Sung Soon Im et al. reported, in J. Appl. Polym. 
Sci, 1992, 45, 827-836, the preparation of metallic sul?de 
and polyacrylonitril (PAN) ?lm composites Which exhibit 
improved electrical conductivity. The composites Were pre 
pared by a chelating method in Which PAN ?lms Were 
treated With ammonium hydroxide solution to induce ami 
doxime groups Which Were coordinated With Cu2+ and Cd2+ 
absorbed to the amidoximated PAN ?lms and subsequently 
treated With hydrogen sul?de gas to form CuS-PAN and 
CdS-PAN composite ?lms. 

[0017] M Francesca Ottaviani et al. reported in J. Am. 
Chem. Soc. 1994, 116, 661-671, the preparation and char 
acteriZation of Cu2+ complexes formed With anionic polya 
midoamine (PAMAM) Starburst® dendrimers (SBDs). The 
PAMAM SBDs (generations 0.5-7.5) Were subjected to 
hydrolysis of methyl ester-terminated generations With sto 
ichiometric amounts of sodium hydroxide in methanol to 
form sodium carboxylate terminated PAMAM SBDs. The 
carboxylated PAMAM SBDs Were treated With aqueous 
Cu(NO3)2 solutions to obtain SBD/Cu(II) complexes. Otta 
viani et al. identi?ed three different complexes of copper 
using electron paramagnetic resonance technique, including 
carboxylate complexes at loW pH, Cu(II)-N202 complexes 
involving interactions With nitrogen centers in the internal 
permeable structure of the dendrimers at intermediate pH, 
and Cu(II)-N30 or Cu(II)-N4 complexes involving a Wide 
number of internal sites at both higher pH and higher 
generation. 

[0018] In J. Phys. Chem. 1996, 100, 11033-11042, Otta 
viani et al. disclosed the preparation and characteriZation of 
PAMAM-SBDs/Mn(II) complexes. Ottaviani et al. con 
cluded that Mn(II) does not interact With amino-terminated 
full generation PAMAM-SBDs, and only interacts probably 
at the second solvation shell, With surface carboxylate 
groups of carboxylated half generation PAMAM-SBDs. 

[0019] InJ. Phys. Chem. B., 1997, 101, 158-166, Ottaviani 
et al. disclosed the preparation and characteriZation of 
PAMAM-SBDs/Cu(II) complexes. Ottaviani et al. con 
cluded that Cu(II) does interact With amino-terminated full 
generation PAMAM-SBDs as a function of pH. Three dif 
ferent complexes Were found in the amino-terminated 
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PAMAM-SBDs, including Cu(II)-N202 complexes involv 
ing interactions With nitrogen centers in the internal perme 
able structure of the dendrimers at intermediate pH, Cu(II) 
N3O complexes and Cu(II)-N4 complexes. 
[0020] InP0lym. Prepn,ACS Div. Polym. Chem. 1995, 36, 
239-240 Wege et al. reported the formation of polymer 
hybrids When methyl acrylate and vinyl acetate polymeriZa 
tion Was initiated by radical initiators in the presence of 
PAMAM dendrimers. Depending on reaction conditions, 
both Water soluble and insoluble hybrids formed. The draW 
back of such a process is, that the method is limited to 
radically polymeriZable organic monomers, and, the reaction 
results in inseparable polymeric hybrid netWorks because of 
the chain-transfer to dendrimer that results in covalent bonds 
betWeen the groWing polymeric chain and the functional 
groups of the host, thereby irreversibly eliminating the 
container-properties of the dendrimers used. 

[0021] In Eur. Pat. Appl. 95201373.8 (Publ. 0,684,044 
A2), Meijer et al. disclosed a composition consisting of a 
dendrimer and an active substance. This composition is 
formed by mixing a dendrimer With a previously synthesiZed 
compound and treating the surface of the dendrimer With a 
blocking agent Which is sterically of sufficient siZe, Which 
readily enters into a chemical bond With the terminal groups 
of a dendrimer, and Which can also be split off from the 
dendrimer thereby controlling the release of partly or fully 
occluded compounds. The draWback of such a process is that 
it is limited to the inclusion of pre-existing compounds. 
Another draWback is, that the method is limited to dendrim 
ers having identical and modi?able surface groups. 

[0022] In US. Pat. No. 5,422,379, NeWkome et al. dis 
close the construction of unimolecular micelles that are able 
to reversibly expand and contract as a response to a change 
in the environment. These unimolecular micelles may have 
different structures and active reaction sites Which may 
complex metals. 

SUMMARY OF THE INVENTION 

[0023] The invention includes a variety of composite 
compositions of matter in Which discrete nanosiZed inor 
ganic materials are distributed on or in a polymeric material, 
and in Which the siZe and siZe-distribution of the distributed 
nanosiZed inorganic materials are determined and controlled 
by a dendritic polymer. The invention also contemplates 
various methods of forming composite compositions of 
matter in Which discrete nanosiZed inorganic materials are 
distributed on or are in a polymeric material, and in Which 
the siZe and siZe-distribution of the distributed nanosiZed 
inorganic materials are determined and controlled by a 
dendritic polymer. 

[0024] The methods generally include a ?rst step involv 
ing a non-covalent conjugation interaction betWeen a den 
dritic polymer and at least one inorganic material creating a 
conjugate, in Which the distribution of said inorganic mate 
rial folloWs the motif of siZe and siZe-distribution of the 
dendritic polymer, and, in Which both the dendritic polymer 
and the nanosiZed inorganic materials conjugated to the 
dendritic polymer each retain their respective identities as 
Well as their respective physical and chemical properties on 
account of the absence of covalent interaction betWeen these 
separate entities. In a second step, the nanosiZed inorganic 
material or materials are reacted to form a nanostructural 
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composite material in Which the reaction product is con 
strained With respect to the dendritic polymer, Without being 
covalently bonded to the dendritic polymer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] FIG. 1 shoWs interior scaffolding, container and 
surface scaffolding properties in polyamidoamine dendrim 
ers as a function of generation, surface-group distances and 
probe-siZe. 

[0026] FIG. 2 shoWs a simpli?ed scheme of transforming 
dendritic polymer molecules and a multiplicity of dendritic 
molecules into intermediates and nanocomposites. 

[0027] FIG. 3 is a unstained TEM micrograph of the 
{Cu2S-G4.T} nanocomposite at a magni?cation of 200,000; 

[0028] FIG. 3A is a comparison of SEC-chromatograms 
of PAMAM G4.T dendrimer, and of ?ve different nanocom 
posites (With AgZS, ZnS, CuS, Cu2S and CdS); 
[0029] FIG. 3B is a comparison of the RP-IP-HPLC 
chromatogram of PAMAM G4.T and the {Ag2S-G4T} 
nanocomposite Wherein the continuous line represents pure 
dendrimer and the dotted line represents the nanocomposite; 

[0030] FIG. 3C is a comparison of capillary electrophero 
grams of the host and tWo nanocomposites; 

[0031] FIG. 4A is 13C NMR spectrum of G4.T; FIG. 4B 
is 13C NMR spectrum of {ZnS-G4.T} (CH3COOH signals 
are due to the starting material, the Zn(II)-acetate); 

[0032] FIG. 5 is 1H NMR spectrum of the {Cu2S-G4.T} 
(CH3COOH signals originate from the Cu(II)-acetate start 
ing material); 
[0033] FIG. 6 is a comparison of UV-visible spectra of 
PAMAM G4.T and {Ag2S-G4.T}. [Ag2S]=7.78 mM, 
[G4.T]=0.25 mM, 2 mg/ml solution, L=0.l cm; 

[0034] FIG. 7 is a comparison of the RP-IP-HPLC chro 
matogram of G4.T and its complex With Cu-acetate Wherein 
the continuous line represents dendrimer and the dotted line 
represents the internal Cu-compleX; 

[0035] FIG. 8 is a UV-visible spectrum of dendrated CdS 
in a polypropylene cuvette; FIG. 9 is a UV-visible spectrum 
of CoS in Water in a polypropylene cuvette; 

[0036] FIG. 10 is a UV-vis spectrum of {AgOH-G4.T} 
i.e., a dendrimer encapsulated AgOH; 

[0037] FIG. 11 is a UV-vis spectrum of the dendrimer 
encapsulated AgBr solution in MeOH stored in dark for 1 
day, polypropylene cuvette; 

[0038] FIG. 12 is a UV-vis spectrum of AgBr solution in 
MeOH photolysed for 1 hr. in a polypropylene cuvette; and 

[0039] FIG. 13 is a comparison of U-visible spectra of 
Cu2+ in Water (Cu2+/W), the [Cu2+-G4.T] in toluene (Cu2+/ 
T) and CuS in toluene (CuS/T). 

[0040] FIG. 14 is a graph of the absorbance of gold 
nanocolloides formed in the presence of a G4.T PAMAM 
dendrimer in Water. [Au(0)]=33 mg/L. 

[0041] FIG. 15 is a graphical comparison of the UV 
visible spectrum of the [CuAC2)31 
G4.(NHCHCH(OH)C4H/1O)64] molecular complex and the 
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corresponding nanocomposite solution, that contains 
elemental copper domains in the inverted dendritic micelle. 

[0042] FIG. 16 is an electron micrograph of colloidal 
gold. 

[0043] 
gold. 
[0044] FIG. 18 is an electron micrograph of colloidal 
gold, brominated. 

[0045] FIG. 19 is an electron micrograph of colloidal 
copper. 

[0046] FIG. 20 is an electron micrograph of {CuS-G70} 
dendritic nanocomposite. 

[0047] FIG. 21 is an electron micrograph of {CuS-G90} 
dendritic nanocomposite. 

FIG. 17 is an electron micrograph of colloidal 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0048] The ability to fabricate nanometer-scale objects 
identically replicated in unlimited quantities is an ultimate 
challenge in modem materials research. Success in this area 
offers outstanding fundamental and potential technological 
consequences. 

[0049] This invention makes possible the de?nition of 
shape and siZe of materials at a nanoscopic scale. This scale 
represents a transition of physical and chemical properties 
betWeen atomic and bulk material. Successful, simple and 
economic preparation of uniform nanomaterials is highly 
desirable. These novel nanocomposites display neW, surpris 
ing and an important physical (such as solubility, optical, 
electronic, magnetic, etc.,) and chemical properties (reac 
tivity, selectivity, etc.). 
[0050] The methods of this invention provide simple and 
economic means for fabricating assemblies of nanometer 
scale materials identically replicated in unlimited quantities 
With a predetermined composition, siZe, and siZe-distribu 
tion. Combinations of “Zero dimensional” dendritic building 
blocks, i.e., dendrimers, dendrons, dendrigrafts and hyper 
branched polymers into multiple structures With 1-D, 2-D 
and 3-D (dimensional) features such as chains, ?lms, cova 
lent and non-covalent clusters, crosslinked dendritic poly 
mers and dendritic polymers afford a great structural and 
architectural variety for nanocomposite preparation. UtiliZ 
ing the periodic properties (illustrated in FIG. 1) of these 
Well-de?ned compounds, such as interior scaffolding, con 
tainer and surface scaffolding properties, it is possible to 
de?ne and control the siZe and siZe-distribution of the 
dispersed phase(s) in composite materials or conventional 
organic or inorganic polymers. Although FIG. 1 illustrates 
only the periodic properties of PAMAM dendrimers With 
respect to one particular metal ion, the periodicity of these 
three properties Will be similar for any dendritic polymer 
and any interacting reactant. These periodic properties are 
the function siZe and properties of the probe compared to the 
nature and distance of the surface groups and the general 
structure of the dendritic polymer. Only the borders betWeen 
interior scaffolding, container and surface scaffolding Will 
be shifted. 

[0051] The fundamental advantages of using dendritic 
polymers in this procedure are their Well de?ned structure, 










































