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Final Report for “Design of Nanoscale Polymeric Materials with Transition Metal Catalysis” 
 

a. Introduction.  
 

With partial support from the ARO (Grant #: DAAD19-01-1-0686), my students and I 
have been engaged in development of highly efficient catalytic synthesis of polymeric materials 
having controlled branching topology and functionality. For many applications, polymeric 
materials are very sensitive to feedstock prices and environmental regulations, which provides 
the driving force to design catalytic routes that can transform simple commercial monomers into 
new polymers with improved and/or new structures and properties. My group has been exploring 
a new concept of synthesizing dendritic polymers through transition metal catalyzed one-pot 
polymerization of simple commercial monomers.1,2 We demonstrated that polymers having 
various topologies could be prepared from transition-metal catalyzed polymerization of simple 
olefinic monomers. In one strategy, polyethylene topologies were successfully controlled from 
linear to hyperbranched to dendritic by controlling the competition between chain walking and 
insertion using the Brookhart palladium-bisimine chain walking catalyst.3 In parallel to polymer 
synthesis, new ligands and their transition metal complexes were also explored to enhance our 
capability in polymer synthesis. In this report, the progress we made in both polymer synthesis 
and catalyst design during the funding period will be summarized. 
 
b. Progress in One-Pot Catalytic Polymer Syntheses 

 
b.1. One-pot synthesis of functional polymers having controllable topology. 

Following our previous success in controlling polyethylene branching topology using a Pd-α-
diimine chain walking catalyst, we demonstrated for the first time that the branching topology of 
ethylene polar copolymers can be controlled by simply changing ethylene pressure and the 
comonomer concentrations using the chain walking catalyst.4 For ethylene copolymerization 
with the ether and ester comonomers, the copolymer topology becomes more dendritic as the 
concentrations of ethylene and comonomers are decreasing. This provides a simple route to 
access a wide variety of functional polymers with controllable topologies for many potential 
applications. As a few examples, we synthesized dendritic copolymers containing multiple 
hydroxyl, epoxide and 
mannose groups.4 Although 
these polymers are not perfect 
dendrimers because of their 
polydisperse nature in 
molecular weight and 
branching length distribution, 
their branching topology and 
globular structure resemble 
those of dendrimers and many 
chemical and physical 
properties of these dendritic 
polymers made by the chain 
walking catalyst are also 
similar to dendrimers made of 
the same building block.  
Whereas perfect dendrimers 
have beautiful structural 
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precision and uniformity, the multi-step syntheses involved in their preparations sometimes limit 
their general applications. Our approach offers a simple one-pot process for making functional 
polymers with tunable topologies starting with simple olefinic monomers.  Due to the ease of 
synthesis and the availability of many olefinic monomers, these functional dendritic polymers 
may find many general applications in which polymer structural precision and uniformity are not 
critical.  

b.2. One-pot synthesis of functional polymers having controllable topology. 
Amphiphilic soft nanoparticles have many potential applications including drug delivery and 
presenting multivalent ligands. Developing efficient synthesis of this type of soft nanoparticles is 
challenging and needed. Using the Brookhart chain walking catalyst, we demonstrated that  
copolymerization of ethylene and a comonomer with a 
polyethylene glycol (PEG) tail afforded, in one step, 
amphiphilic copolymer having hydrophobic core and 
hydrophilic shell.5 Light scattering, fluorescence and 
UV/Vis spectroscopic studies with Nile Red in aqueous 
solution showed unimolecular micellar properties for the 
copolymers. The unimolecular micellar properties coupled 
with the good water solubility and biocompatibility of the 
PEG moieties make these molecular nanocarriers 
promising candidates for a variety of biomedical 
applications such as delivering hydrophobic drugs and as 
stable three-dimensional scaffold to present multivalent 
antigens. One-step synthesis of fluorophilic-lipophilic type 
of unimolecular micelles are also developed with the same 
copolymerization strategy which will be explored for 
fluorous and CO2 applications. 

b.3. One-pot synthesis of hyperbranched polymer by radical polymerization. 
Following our success in controlling polyolefin branching topology using a Pd-α-diimine chain 
walking catalyst, we developed a new approach for the synthesis of hyperbranched polymers by 
direct free radical polymerization of divinyl monomers controlled by a cobalt chain transfer 
catalyst (CCTC).6  By controlling the competition between propagation and chain transfer with 
CCTC, the free radical polymerization of ethylene glycol dimethacrylate afforded soluble 
hyperbranched polymers in one pot.  The structure of the hyperbranched polymers was 
confirmed by 1H and 13C NMR.  The molecular weight and intrinsic viscosity of the 
hyperbranched polymers were measured by matrix-assisted laser desorption ionization (MALDI) 
mass spectrometry and size exclusion chromatography (SEC) equipped with triple detectors. The 
intrinsic viscosities of the hyperbranched polymers are much lower than those of their linear 
analogs and do not show molecular weight dependence.  The unique structure and properties of 
these hyperbranched 
polymers combined 
with the commercial 
availability of many 
divinyl monomers and 
the robustness of free 
radical 
polymerization make 
this new approach 
attractive for the 
preparation of new 
functional materials. 
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c. Progress in Development of New Polymerization Catalysts 
 

c.1. New N^P ligands 
and bisazaferrocene ligands for 
Ni(II) and Pd(II) catalysts. In 
parallel to our polymer synthesis, 
we spent significant amount of 
efforts on developing better late 
transition metal olefin 
polymerization catalysts. 
Whereas the Ni(II)- and Pd(II)-α-
bisimine catalysts exhibit excellent activity and good functional group tolerance, one severe 
limitation is their relatively low thermal stability.  The catalysts decompose rapidly at 
temperatures about 50 °C for Pd(II)- α-bisimine and 70 °C for Ni(II)- α-bisimine catalysts, which 
is significantly lower than the decomposition temperatures of early transition metal such as 
Ziegler-Natta and single-site metallocene catalysts. For practical applications, significantly 
higher thermal stability is desired for process and economic considerations. With the attempt to 
address this critical issue in late-transition-metal polymerization catalysis, we have synthesized a 
few new family of chelating ligands and tested their complexes with late-transition metals for 
olefin polymerizations. We have successfully prepared new Pd(II) and Ni(II) catalysts containing 
new P^N ligands 7 and bisazaferrocene ligands,8 which exhibit significantly higher thermal 
stability than the current α-diimine counterparts. In the P^N ligands, we used a better σ-donating 
phosphine to replace one imine site of the bisimine ligands with the purpose to increase the 
binding strength of the ligand to the metal center.  The stronger binding ability of the phosphine 
led to an improvement of the catalyst thermal stability. We also developed novel C2-symmetric 
and unsymmetric bisazaferrocene complexes with late-transition-metal Ni(II) and Pd(II).  In 
these complexes, the two sp2 hybridized nitrogen atoms in the azaferrocene rings coordinate to 
the transition metals with the azaferrocene architecture presenting pentamethyl or pentaphenyl 
cyclopentadiene (Cp* or Cpo) rings above and below the coordination plane for the purpose of 
blocking the associative chain transfer processes of ethylene from the axial faces. The complexes 
were prepared, fully characterized, and tested for ethylene polymerization. 
 
c.2. New cyclophane ligands for Ni(II) and Pd(II) catalysts. A major breakthrough in our 
catalyst development is the discovery of new cyclophane-based catalysts that show extremely 
high activity and high thermal stability for ethylene polymerization.9 In our ligand design, we 
strategically position metal binding sites at the core of cyclophanes to chelate transition metals. 
The cyclophane framework shields all directions of the catalytic metal center except leaving two 

cis coordination sites open in the front:   one for 
monomer entry and the other for the growing polymer 
chain. The well-defined cavity and sterically hindered 
microenvironment of cyclophanes offer great 
opportunities for tuning the catalytic properties. A key 
strategy in our ligand synthesis is the use of the cis-α-
diimine as a template to facilitate the cyclization by 
ring closing metathesis (RCM).10 The Ni(II)-
cyclophane catalyst has a productivity of 42,000 kg 
PE/(mol Ni·h) and is thermally stable up to 90 °C, the 
temperature suitable for industrial gas phase olefin 

polymerization processes. A patent has been filed for this 
family of catalysts and we are currently developing a 

X-Ray crystal structure of the 
cyclophane-α-diimine-Pd(Me)Cl

^-'^C?^ 

^    ■\ 
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series of new cyclophane-based ligands for olefin polymerization catalysis.  

 
d. Summary. Significant progress has been made in the last three years on developing 

highly efficient synthesis of functional polymeric materials having complex molecular structure 
and architecture through transition metal polymerization catalysis. Important breakthroughs were 
made in one-pot synthesis of highly functional polymers having controllable branching 
topologies including amphiphilic dendritic nanocarriers. The development of highly active and 
stable new catalysts will further enhance our capability in new polymer design. The transition 
metal catalyzed polymerization will ultimately lead to highly efficient routes toward complex 
and multifunctional polymeric materials from simple monomeric building blocks. This will open 
the door for producing functional materials for many practical applications including biomedical 
and nanotechnological applications. 

The ARO fund has also provided for research and education activities to be conducted by 
undergraduate students and Ph.D. students. The multi-disciplinary research activity encompassed 
many areas including organic synthesis, organometallic, computer modeling, and polymer 
synthesis and polymer property studies, which provided great opportunities to train graduate and 
undergraduate students, especially for minority and women students currently working on this 
project. During the funding period, I maintained constant interactions through emails and 
discussions at national meetings with the program manager for this grant, Dr. Douglas Kiserow, 
at the Army Research Office. I presented our work at the DOD MURI Workshop on Polymer 
Branching Topology held on May 27-28, 2003, and the International Workshop on Branched 
Polymers for Performance held on May 23-26, 2004. I also visited the Army Research 
Laboratory on May 29, 2003 for discussing potential collaborations. 
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