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Polymer Nanocomposites: Opportunities 
 
 

 Synergy 
 change of crystal phase/morphology of polymer 
 effect on structure/dynamics of polymer chains 
 "confinement" effects 
 …as opposed to simple mixtures 

 

 Interfaces 
 behavior dominated by interfaces/synergy 
 …as opposed to weighted average of bulk properties 

 

 

Overcome Tradeoffs in Materials Properties/Performance 



Polymer Nanocomposites  

 

• Widespread interest in nanocomposites has been motivated by the 
promise of unique performance, design flexibility, and lower cost 
– Market forecast for nanocomposites $800M by 2011 (24% pa) 

 
• Persistent challenges with poor miscibility, dispersion and 

interfacial strength have prevented nanocomposites from realizing 
their full potential 
 

 
   Clay Nanocomposites 
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      (a)                                             (b) 

Fig. 1.  Simplified models of functional 

oligomers supported by a (dark-shaded) 

inorganic matrix, (a) for a particulate matrix (as 

for NIMs) and (b) for a porous matrix.   

 
 

Fig. 2. Micrograph of a 

porous cellular support. 

 

 We propose a program, Development of Scalable Nanomanufacturing of Nanoscale Hybrid 

Materials, of collaborative research and education focused on novel processes and techniques for 

continuous and scalable nanomanufacturing of organic-inorganic hybrid nanomaterials. This will be a 4-

year program of research and development that will build upon a base of fundamental knowledge and 

capabilities in the synthesis and characterization of nanoscale hybrid materials developed since 2005 in 

the laboratories of Professors Archer and Giannelis.  The Cornell group will manage a team of graduate 

students and industrial partners (Section 2) in the development of materials for applications in high 

performance hybrid lubricants, secondary high power lithium batteries, and industrial-scale carbon 

capture that promise to enhance US competitiveness.  By piloting the large-scale synthesis of these 

materials, we will remove a key bottleneck that would otherwise prevent the commercialization of these 

and other nanoscale technologies.  Additionally, by placing a prototype kg-scale production system 

employing the combined stirred-tank reactor/ultracentrifugation process on the Cornell campus, we can 

make available a new and powerful nano-synthetic scale-up tool for Cornell- and non-Cornell-based 

research groups. 

The nanoscale hybrid materials at the heart of our proposed project are composed of functional 

oligomers supported either (a) on inorganic particles or (b) within pores of inorganic materials (Fig. 1). 
For lubricants and battery electrolytes, the oligomers 

are supported on hard inorganic nanoparticles.  

Termed Nanoscale Ionic Materials (NIMs), this family 

of hybrids provide multiple handles [e.g. the inorganic 

core chemistry, size, shape, mass-distribution (e.g. 

hollow or core-shell particles), and the organic corona 

chemistry, grafting density, and molecular weight], 

through which near molecular control can be exerted 

upon physical properties.  For application as CO2 

capture materials, the hybrids are comprised of 

oligomeric amines supported within porous silica 

foams (Fig. 2).   By varying the average particle or 

pore size (2-50 nm) of the inorganic host as well as 

the molecular weight and mass-loading of the oligomer guest, the CO2 

capture capacity, kinetics, and thermal release characteristics of these 

hybrids can be manipulated. 

 As discussed below, we have already demonstrated that both 

materials families provide promising, new platforms for significantly 

advancing the targeted areas. A critical bottleneck to their commercial 

deployment is the scale-up of materials synthesis, exacerbated by the many 

steps required to synthesize these hybrids. Seven steps are currently used  

to make NIMs:  (i) synthesize inorganic nanostructures; (ii) stably disperse 

in a suitable solvent (typically pH 10-11 water); (iii) attach (corona) 

ligands with reactive functional groups; (iv) dialyze to remove excess 

corona oligomers; (v) bind (canopy) oligomer to corona functional groups; (vi) dialyze/fractionate to 

remove  unlinked canopy oligomers; and (vii) evaporate/exchange  remaining solvent. NIMs constitute 

unique self-suspended nanoparticle suspensions with high ionic conductivities, low friction coefficients, 

good interfacial and wear characteristics, and negligible vapor pressure.  NIMs with a lithium ion 

conducting polymer as the oligomeric corona serve as ideal candidates for solvent-free lithium battery 

electrolytes, with excellent conductivity, electrochemical stability, and higher Li transference numbers; 

which yet cannot leak or volatilize as with conventional battery electrolytes, enhancing performance and 

safety.  Likewise, NIMs with an oligomeric corona comprised of a polymer with a low-Tg and low 

segmental friction coefficient serve as novel lubricating gels, greases and oils that enhance efficiency and 

New Nanocomposite Platforms 

a) Organic Molecules Tethered on Nanoparticles 
b) Organic Molecules Tethered on a Porous Matrix 

 



Opportunities: Science & Technology 

• Particles carry solvent on their back  

– No volatiles – environmentally friendly 

 

• Tunable materials properties  

– Fluidity (liquid, gels, LC, solid) 

– conductivity, magnetic susceptibility, refractive index 

 

• External fields can be used for assembly 

 

 

 



Gen-1 NIMs 
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charged corona 

canopy  
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Nanoparticle Cores: SiO2, TiO2, Fe2O3, ZnO, Au, Ag, PbS, CNTs, C60 



Gen-2 NIMs 
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Acid-Base Titration: NIMs Transition 

Amine Theoretical  Experimental 

XTJ-506 (MW=1000 g/mol) 40 % wt/wt 44 % wt/wt (32 % v/v) 

M2070 (MW=2000 g/mol) 26 % wt/wt 27 % wt/wt (18 % v/v) 

L300 (MW=3000 g/mol) 20 % wt/wt 21 % wt/wt (13 % v/v) 
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New Platform: NIMs Without Corona   
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Dispersion of New NIMs 
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Modulating Optical Response 

SHEAR RELAX 

R. Li, AA 



Opportunities in Upstream Exploration and Production 

 Map the well connectivity in the field 
 What is the T, P, pH, salinity in the reservoir?  
 
 Map the oil-water interface 
 
 Delivery of surfactants into the reservoir 
 are there surfactants that survive 100 °C and 100 Kppm salinity (M2+) ? 
 
 Estimate oil saturation 
 is oil present in droplets or big patches? 
  
 Saudi Aramco: Nanotech Europe 09 



 

A large number of fluorescent tracers has been 
developed especially for biological systems 
 quantum dots 
 encapsulated dyes 
 … 
 

Stable particle suspensions is a well-known technology 
practiced in many different fields 
 steric stabilization 
 electrostatic stabilization 
 

Fluorescent nanoparticles that are stable at 100 °C 
& 100 Kppm salinity (Ca2+, Mg2+ and SO4

2- ions) are 
required 
 
 
 
 

State of the Art for Nanoparticle Tracers 



Stability of NP Suspensions  

www.malvern.com 

ψ = ψ0e-kx 

1/k = Debye Length  

 k2 ~ z2[c] 
 

1/k      as electrolyte concentration 
   
1/k     as ionic charge    
 

http://www.malvern.com/LabEng/industry/colloids/dlvo_theory.htm


Fluorescent Nanoparticle Tracers 

 

    Fluorescent Core 
 
 

Hairs aid dispersion 

1. Simple one-step, high-yield reaction   
 

2. Uniform size nanoparticles  
 

3. Nanoparticles disperse in water (or other solvents) 
  chemistry/length of hairs can be readily controlled  

 
4.  Synthesis has been scaled-up to Kg 

Molecular Precursor 
Heat  



Fluorescence Spectra of Nanoparticle Tracers 

Tracers can be detected at 5 ppm level 

 

Saturation at concentrations larger than 200 ppm due to self-quenching 
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Unstable Nanoparticles 

16 hr at 150 °C 56 hr at 150 °C 
 

Stability of Nanoparticles in High Salinity  

  

15 hr at 150 °C  62 hr at 150 °C  

Stable Nanoparticles 
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   Carbon Dioxide Capture & Sequestration  

    
 CO2 is a greenhouse gas  

 

 Post-combustion capture has the greatest near-term potential for 
reducing CO2 emissions 

 

 A challenge because of the scale of CO2 to be captured  
 Low concentration of CO2 in flue gas 

 Often with other gases including H2O  

 

 Simple amines such as MEA is the state of the art 
 Corrosive: increases construction cost 

 Evaporate and degrade: need to be replaced frequently 

 

 Several carbon capture technologies under development    

 

 



Tetraethylenepentamine (TEPA) 

Polyethylenimine (PEI, Mn~430) 

New CO2 Capture Platform 

Silica Capsules with Mesoporous Shell 



CO2 Capture Platform 



Benchmarking Between Sorbents  

Maximum capacity at 
higher amine loadings 
with capsules 
 
Capsules with thinner 
shell and larger size 
are better for capture 
 
 

PEI 
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RO/FO Thin-Film Composite (TFC) Membranes  

Salt rejection rate and permeability of the membrane remained virtually unchanged  
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