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Summary

Our interdisciplinary team is using a combination of experimental and simulation tools to conduct a study that would greatly improve our understanding of the nature and control of molecular transport through carbon nanotubes. Our project explores the following two broad topics:

· Fundamentals of molecular interactions with CNTs and the effects of spatial confinement on the molecular structure, dynamics and transport. 

· Active regulation and control of molecular selectivity and transport through carbon nanotubes using highly specific DNA-based molecular gating. 

Intellectual Merit: The proposed research will broaden and enhance the fundamental science of nanofluidics. We will not only investigate the effect of confinement that has implications for understanding ionic and water transport in living cells, but also lay the foundation for the development of membrane-based transformational technologies. The newly discovered phenomenon of fast transport through carbon nanotubes will be exploited to enable improvements in the performance of membranes for desalination, gas separation as well as other applications such as protective gear and drug delivery. 

Broader Impacts: Beyond the training of graduate and undergraduate students on nano-bio-fluidics and the strengthening the course curricula at the partner institutions, we will design and implement co-taught graduate level courses. We will also place special emphasis on the recruitment of minority and underrepresented students.

Activities and Findings:

Our research focused in three main areas:
1) Understanding of the growth of aligned carbon nanotubes

2) Understanding of ion exclusion mechanisms of carbon nanotube membranes

3) Understanding of gas transport mechanisms through a comparison between simulation and experiements

1) GROWTH OF ALIGNED NANOTUBE ARRAYS 

Catalytic CVD growth, in which a mixture of the carbon feedstock gases flows over the metal nanoparticle catalyst at high temperatures, readily produces vertically aligned carbon nanotube arrays in laboratory conditions, yet the growth mechanism is still poorly understood. As the result, synthetic control over nanotube diameter, chirality, and length is either limited or non-existent.
We found that systematic variations of process pressure and water concentration in our CVD system results in large fluctuations in the yield and quality of the carbon nanotube arrays.   The important role played by these two parameters is not surprising, as the total pressure affects the partial pressures of the reaction species, and thus ultimately determines the incoming flux of carbon to the catalyst.  The primary role of the water is to oxidize and remove amorphous carbon on the catalyst, but it could also etch the graphitic carbon  Under our growth conditions there is a very stable region in the pressure and water content parameter space that maximizes the CNT growth rate and routinely and reproducibly produces nanotube arrays of up to 1 mm in height at high yield.  The height of the array grown at these conditions was extremely uniform and varied by only 1-2% over the sample.  Significantly, array height was also reproducible from run to run: nanotube array height measured after 13 different 10-minute-long growth runs over the course of 8 months using three different catalyst depositions showed standard deviation of only 7.8%.  The TEM analysis shows that growth in the optimal region of the parameter space produces high quality multi-wall carbon nanotubes (MWNTs) with well-graphitized sidewalls and low concentration of defects.


Kinetics of carbon nanotube growth shows a relatively long initial stage during which the CNT arrays grow at constant rate, followed by a very abrupt growth stoppage.  This behavior, although regularly observed in CNT growth experiments, has not been explained by any microscopic growth model.  Moreover, it contradicts the widely-used exponential growth model by Iijima and co-workers.  We present a new model that combines a microscopic mechanism for growth poisoning by amorphous carbon with the mass transport limitations considerations to provide a description of the growth kinetics that matches experimental data with high precision.

Reproducible growth of nanotube arrays under controlled conditions that we have demonstrated removes many obstacles to the technological applications of carbon nanotube arrays.  Tight control over array dimensions should enable their incorporation into the MEMS and NEMS devices using processes and architectures that require close matching of the components.  We also showed that the kinetics of CNT array growth can be described quantitatively using a simple model that considers carbon pyrolysis equilibrium, carbon diffusion through the catalyst particle and poisoning of the catalyst surface.  This model enables better understanding of the molecular mechanisms of carbon nanotube growth and also provides a strong foundation for the future growth process optimization efforts.

2) ION EXCLUSION BY NANOTUBE PORES


Biological pores regulate the cellular traffic of a large variety of solutes, often with high selectivity and fast flow rates. These pores share several common structural features: the inner surface of the pore is frequently lined with hydrophobic residues and the selectivity filter regions often contain charged functional groups.  Hydrophobic, narrow diameter carbon nanotubes can provide a simplified model of membrane channels by reproducing these critical features in a simpler and more robust platform.  Previous studies demonstrated that carbon nanotube pores can support a water flux comparable to natural aquaporin channels.  We investigated ion transport through these pores using a sub-2-nm, aligned carbon nanotube membrane nanofluidic platform.  To mimic the charged groups at the selectivity region, we introduced negatively charged groups at the opening of the carbon nanotubes by plasma treatment. 
Pressure-driven filtration experiments, coupled with capillary electrophoresis analysis of the permeate and feed, were used to quantify ion exclusion as a function of solution ionic strength, pH, and ion valence.  We showed that carbon nanotube membranes exhibit significant ion exclusion that can be as high as 98% under certain conditions.  Our results strongly support a Donnan-type rejection mechanism, dominated by electrostatic interactions between fixed membrane charges and mobile ions, while steric and hydrodynamic effects appear to be less important.

3) GAS TRANSPORT STUDIES

The experimental efforts focused on the following thrusts: (i) assembly of a multi-component gas permeation system,, (ii) membrane characterization, including single-component gas permeation studies, and (iii) binary gas permeation studies using the multi-component gas permeation system.  We have explored transport and selectivities for various gas mixtures as a function of temperature and gas mixture composition.
Atomistic simulations are a useful tool to complement our experimental studies of CNT membranes, as they bring the possibility of exploring in great detail the physical mechanisms that control molecular flux through nanopores. Previous simulations by Sholl and co-workers have explored diffusion of gas mixtures through individual CNTs. Real membranes, however, inevitably contain a polydisperse distribution of carbon nanotube pore sizes. We are currently using atomistic simulations to explore the influence of pore diameter polydispersity on the performance of CNT membranes for gas separations. Understanding these effects is nontrivial because the separation accomplished by each individual nanotube in a membrane is coupled with every other nanotube through the gas mixture present on the feed and permeate side of a membrane. We have tackled this task by performing detailed atomistic simulations of individual nanotubes of several different pore diameters, then using these results to define a continuum-level description of gas transport through these pores. This continuum description is suitable for describing the overall performance of a collection of coupled nanotubes acting as a complete membrane. Preliminary results from these calculations indicate that in membranes that are dominated by carbon nanotubes with diameter < 2 nm, as we see in our experimental studies, the contributions due to the presence of a small fraction of nanotubes with diameters of 2-4 nm define only a small correction to the overall performance of the membrane.
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