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One project goal is to provide basic understanding and experimental capabilities enabling demonstration of inexpensive, high-rate production of carbon nanotube yarns and sheets having close to the mechanical, electrical, and thermal transport properties of the component individual nanotubes. This fabrication is by the solid-state transformation of carbon nanotube forests to yarns and sheets. A second goal is to develop the first synthetic process able to make carbon nanotubes of one selected specific type, and therefore uniquely defined properties.  Another goal is to use these advances and developed fundamental insights to provide hierarchal nanotube assemblies optimized for project-demonstrated active devices, especially nanotube-based artificial muscles.


Very few types of nanotube forests are drawable to make yarns and sheets, and minor changes in reaction conditions causes a transition from drawable forests to undrawable forests. Hence, we have focused effort on understanding the structural features that are required for drawability. Our NIRT project studies support our hypothesis that the number of nanotubes per forest area must be in a narrow range in order to obtain the degree of intermittent bundling needed for sheet or yarn draw. Using movies taken in a scanning electron microscope of the draw process, we have formulated a model to explain the transition from vertically aligned nanotubes in forests to horizontally aligned nanotubes in nanotube yarns and sheets. In order to further improve the properties of our nanotube yarns and sheets, we developed methods for increasing nanotube length in spinable forests nearly ten fold, from 0.3 mm to 2.7 mm. Relevant for achieving increased throughput rate for commercial applications, we have synthesized nanotube forests having improved topology that enable sheet draw at 30 m/minute.
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Fig. 1: A: SEM image from movie showing the transformation of 300 (m high nanotube forest (left) to nanotube sheet (right). B: Picture of the continuous draw of a nanotube sheet and the wrapping of this sheet on a rotating mandrel, during the fabrication of an antenna for magnetic resonance imaging (MRI).

Since the initially drawn nanotube sheets are aerogels having a density of only about 0.0015 g/cm3, one goal of the work effort is to understand the structural and properties consequences of using twist, false-twist, and liquid-densification methods for achieving the needed densification. NIRT project experimental findings are that several hundred micron long nanotubes provide sufficient intra-bundle and inter-bundle coupling that false twist and liquid-based densification provide comparable strengths as those we obtain using twist-based spinning. 

 
We have made important progress on theoretically and experimentally understanding why multi-walled carbon nanotube (MWNT) yarn mechanical properties and thermal and electrical transport properties are below those expected for the component nanotubes. The conclusions are that strength reduction principally occurs because of poor coupling between walls in MWNTs, rather than inadequate inter-nanotube coupling (single or small bundle MWNTs are observed to break when individually pulled, rather than slide from a twisted yarn). Thermal and electron transport is not limited by inter-nanotube coupling (the measured individual nanotube bundle and thermal and electrical conductivities yield close to the observed yarn thermal and electrical conductivities after density corrections are made). However, our measurements of thermal conductivity vs. bundle size for individual bundles show that reducing bundle size will dramatically increase thermal conductivity, because of dampening of phonon modes due to bundling and possibly bundling-related scattering caused by imperfections in the bundles, the migration of individual nanotubes between bundles and phonon width. More specifically, we find that the measured thermal conductivity of individual nanotube bundles decreases with increasing bundle diameter from ~600 W/m∙K for a single 10 nm diameter MWNT to 100 W/m∙K for a bundle containing ~100 nanotubes (which is the average bundle size in our nanotube sheets). 

Fig. 2 (Left) Thermal conductivity measurements on individual nanotube bundles show that bundling dramatically decreases nanotube thermal conductivity. (Right) Unlike for graphite yarns, thermal conductivity is unaffected by the small radius bend shown for a nanotube sheet.

Progress is being made on the synthesis of carbon nanotubes by the topochemical solid-state polymerization of cyclic monomers to produce hydrocarbon nanotubes, followed by extrusion of hydrogen from these hydrocarbon nanotubes to make carbon nanotubes. We directly confirmed that our predicted structure for the chloroform-containing polymerizable cyclic tetramer phase is correct (stacked parallel rings are “skewered” on a quasi-linear array of chloroform, as shown in Fig. 3). Also using 3D crystal structure analysis, we found why a chloroform-free phase is not polymerizable – no possible reaction direction exists that satisfies the criteria for reactivity (from our two-dimensional least-motion diagram). Though we have recently found other solid-state polymerizable cyclic monomer phases, an additional phase for the cyclic tetramer and one for a cyclic trimer, we do not yet have much information for these new polymerizable phases.
      A                                         B                              C                             D
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Fig. 3. Proposed synthetic route to carbon nanotubes of one predetermined type. Solid-state 1,4-addition polymerization reaction (A) converts a stack of cyclic tetradiyne molecules                      [-(CH2)4C(C-C(C-]4 (B) into a hydrocarbon nanotube (C), which is the proposed precursor to the (4,4) nanotube (D).
The applications focus of the NIRT project work is on using carbon nanotubes yarns and sheets for artificial muscles, though we have applied NIRT project work results and materials to many other applications (including organic light emitting displays, electron field emission sources, solar cells, biological substrates, sheets for charge stripping from ion beams, devices for electrochemical thermal energy harvesting, and antennas for magnetic resonance imaging). In another recent NIRT project publication we have shown that twist-spun MWNT yarns provide high actuator strokes (up to 0.5%) at high loads (30 MPa, versus the 0.3 MPa stress generation capability of natural muscles) and low creep even at these high loads. Other collaboratively obtained results show that highly oriented 50 nm thick, transparent carbon nanotube sheets and yarns (directly produced with a low content of catalytic particles) support the long-term growth of a variety of cell types ranging from skin fibroblasts and Schwann cells, to postnatal cortical and cerebellar neurons. We also show that our sheets stimulate fibroblast cell migration compared to plastic and glass culture substrates, entice neuronal growth to the level of those achieved on poly-ornithine coated glass, and can be used for directed cellular growth. These findings have positive implications for the use of carbon nanotubes in applications such as tissue engineering, wound healing, neural interfaces and biosensors.

Our educational outreach program for high school students (our NanoExplorers program) has grown from 20 students in 2006 to 33 students in 2007 as a result of NIRT funding. Reports of NanoExplorer accomplishments on making the first carbon nanotube textile have appeared in Science and in Nature Nanotechnology, and our NanoExplorers have authored or co-authored all three of the winning posters at a recent international meeting held in Dallas (the Korea/Texas Nano Workshop). Reflecting in part these successes, the NIRT project PI who originated NanoExplorers received a “Tech Titian Finalist Award” at a black tie award celebration Sept 30, 2007. 
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