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Figure 120: Optical microscopy image of a piece of lyophilized 6 h acid oxidized SWNT film.

The film was held between a cover glass and imaged at 10x magnification.
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Figure 121: Optical image of a bulk 6 h acid oxidized and lyophilized SWNT film. The sample
was affixed to double sided adhesive tape and the image was taken with a 20x objective and 2x

magnification in front of the camera.
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The effect of oxidation treatment time was also studied. Figure 122 shows the
resulting samples after only 2 h of oxidation. Even at low magnification the sample does
not appear to be as finely structured as the 6 h treated sample. Figure 123 shows a higher
magnification of the film edge displayed in Figure 122. In comparison to the 6 h
oxidized sample, the 2 h sample appears highly bundled and isotropic. Furthermore,
these bundles exist on approximately an order of magnitude larger length scale than the 6
h sample. A transition from a bundled to a more aligned state was previously described
by Rosca et al (2005), as mentioned in Chapter 1 [124]. This was described by an
increase in sample mobility by tube disentanglement and cutting, which is also true in the
preset case. Additionally, the alignment can be explained by the increase in functional
groups over the course of the reaction as well as an increase in mobility from digestion of

small diameter tubes.

220



i

Auburn SEI 2D:DkV ¥4,000 1,um_ WD 15.3mm

Figure 122 : SEM image of a 2 h acid oxidized SWNTs after lyophilization.
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SEI 200kY  X35,000 100nm WD 15.3mm

Figure 123: Close up image of the 2 h acid oxidized SWNTs after lyopholization.

To correlate the degree of functionalization and cutting with time, Raman
spectroscopy on both samples was carried out as shown by Figure 124 and Figure 125.
The results of the Raman study indicate an increase in I(D)/I(G) with treatment time of
almost three fold indicating the presence of significant defect generation to the sidewalls,

tube end defects, or the generation of amorphous carbon.
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Figure 124: Raman Spectra of SWNTs after 6 h acid oxidation and lyophilization.
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Figure 125: Raman Spectra of SWNTs after 2 h acid oxidation and lyophilization.
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The final oxidized and lyophilized product was found to still be water soluble.
Figure 126 shows a comparison of the SWNT 183.6 Pure sample in water after
aggressive tip sonication against that of the 6 h oxidized sample dispersed by bath

sonication.

Figure 126: Image of (left) SWNT 183.6 after aggressive tip sonication in water for 30 min.
pulsed at 5 s on 1 s off and (right) dilute aqueous solution of lyophilized 6 h oxidized SWNT

183.6 re-dispersed in water by bath sonication.

The insolubility of pristine SWNT 183.6 is water is apparent. For the 6 h oxidized
sample dissolution in the aqueous phase is believed to be controlled by more favorable
solute-solvent interactions induced by the oxygen rich groups on the surface as well as
the presence of carboxylate ions. Figure 127 shows the result of a pH dependant UV-
visible spectra to determine the presence of SWNT charging. The as-produced sample
had a pH of 6 and was raised to pH 10 by addition of NaOH. Examining Figure 127, the
peak near 650 nm is attributed to the 1* Van Hove transition of metallic SWNTSs [209].

The effect of slight dilution with the addition of base appears to be negated by an increase
224



in absorbance and feature definition. The increase in bandgap fluorescence is believed to

be a result of tube charging from the formation of carboxylate ions and thus again proves

carboxylic functionalization.

This absorbance behavior is in agreement with photon

quenching observed in poor SWNT dispersions by Graff et al. (2005) [210].

0.30
—pH®6

0.28 - —pH 10
§ 025 - Ist Van Hove transistion of
2 Metallic SWNTs
Q
£ 023 - l

0.20 -

0. 1 8 T T T T T T

400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 127: The UV-visible spectra for 6 h acid oxidized SWNTs after lypholization and re-

dispersion in water and variation of solution pH.

The aqueous solution from the 6 h oxidized sample was also dropped directly

onto an SEM stub for imaging both before and after centrifugation. The sample without

centrifugation in Figure 128 appears to have a significant amount of amorphous carbon

generated from the oxidation and sonication treatment. After centrifugation the sample

appears markedly different as seen by Figure 129. Here, the amorphous carbon is not

noticeable and “crack bridging” can be seen over distances approximately 600-800 nm,

presumably longer than the SWNT contour length. Higher magnification images across
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the cracks can be seen in Figure 130. The SWNT film appears to be mechanically robust
as indicated by the intertube-interfacial adhesion allowing for crack bridging.
Furthermore, this can be seen from examining Figure 131 showing the leading edge of a
crack in the dried drop. Here, the crack propagation, created by capillary forces as the
solvent evaporated, appears to have been halted from progression by crack bridging of

the SWNTs.

SEI 15.0kY XGS,DUD 100nm WD 10.6mm

Figure 128: Drop dried image of lyophilized 6 h acid oxidized SWNTs that were re-dispersed in

water. Both SWNTSs and amorphous carbon generated from the oxidation can be seen.
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Auburn SEI 15.0kY 33,000 100nm WD 10.6mm

Figure 129: Drop dried image of lyophilized 6 h acid oxidized SWNTs that were re-dispersed in

water and centrifuged at 17k x g for 90 min.

227



Auburn SEl  150KkV X100000 100nm WD 10.6mm

Figure 130: High resolution image of crack bridging from a drop dried and centrifuged aqueous

dispersion of lyophilized 6 h acid oxidized SWNTs.
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Auburn SEIl 15.0kY X100,000 100nm WYD 10.6mm

Figure 131: Drop dried image of the 6 h oxidized dispersion after centrifugation and drop drying

showing crack propagation/bridging phenomena.

The apparent mechanical robustness of the sample after oxidation can be
explained by examining the Raman spectra before and after oxidation. Specifically, by
comparing the diameter dependant radial breathing modes as shown in Figure 132. The
disappearance of the peaks at 247 nm and 261 nm indicates the consumption of small
diameter metallic SWNTs during treatment. This resulted in a narrower tube diameter
distribution, which increased the shear modulus of the tube bundles, resulting in higher
film modulus. Furthermore, the amorphous carbon generated can fill voids in the films
[126].
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Figure 132: Comparison of the Raman Spectra at 514 nm excitation of SWNT 183.6 Pure before

and after (183.6 Ox) acid oxidation showing small diameter digestion.

In summary, this method for creating aligned films is attractive for a number of
reasons. First, the water is used instead of an exotic organic solvent. Second, the
oxidation method described for this process can replace the purification step in raw tubes,
which may reduce the amount of damage introduced onto the nanotube sidewalls. Early
attempts to template macroscale films have also been successful by freezing aqueous
dispersions of the 6 h oxidized tubes inside a Petri dish. Through these experiments the
mode of self-assembly has been partially identified. It appears that the act of freezing
itself initiates the process, not the subsequent treatment under high vacuum in the
lyophilization chamber. This may be a result of a change in solvent strength upon phase

change.
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5. CONCLUSIONS AND RECOMMENDATIONS

The intention of this work was to provide a detailed analysis on the critical
aspects related to the dispersion of carbon nanotubes in a viscous unsaturated polyester
resin. The results of various nanotube dispersion techniques such as bath sonication,
syringe extrusion, and high shear mixing were characterized. Only high shear mixing
was successful in dispersing single-walled carbon nanotubes, but was unable to exfoliate
individual tubes alone. Bulk rheological measurements were made pre-cure in order to
probe fluid microstructure and draw conclusions on the effect of nanotube specific
viscoelastic property enhancement. It was determined that pristine single-walled carbon
nanotubes (SWNT 183.6 Pure) showed the greatest reinforcing potential over acid
oxidized nanotubes (SWNT-Ox Film) and vapor grown carbon fibers. Using primarily
controlled strain oscillatory shear measurements, two major types of concentration
dependant behavior were identified for SWNT 183.6 Pure dispersions.

First, over the range of concentrations from 0.025% - 0.250% vol., viscoelastic
behavior was found. Colloidal scaling was used to remove the dependence of
concentration on the viscoelastic response while providing insight into network
development. The resulting mastercurve showed two separate subtypes of rheological
response. At concentrations near 0.025% vol., a developing nanotube network structure
was observed. At concentrations near and above 0.100% vol. a saturated and elastic

network structure began to form. These observations were correlated with percolation.
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Common methods for examining percolation such as low frequency storage modulus
response and power-law scaling were employed. Additionally, a recently developed
method tracking the network yield stress was compared. It was determined that the onset
of rheological percolation occurred at ~0.100% vol. loading in all methods. However,
the network strength was weaker than predicted for bond force percolation theory. This
was attributed for the bundled dispersion state of the nanotubes as indicated by the
effective hydrodynamic aspect ratio and TEM analysis. In addition, parallels between the
onset of percolation from storage modulus data and the trend in crossover parameters
were found.

In the second type of rheological behavior, for the range of concentrations from
0.0030% - 0.010% vol., the dispersions were found to behave as a viscous liquid.
Through the linear viscoelastic response, no indication of nanotube interaction or network
development was observed over this concentration regime. Using a reduced complex
viscosity, the concentration dependence on rheological response was removed. The slope
of the shear thinning data revealed non-Brownian behavior. This was supported by
theoretical calculations for the rotational Peclet number, based on a conservative
estimation of the rotary diffusivity. As a result of the bundled nanotube dispersion state,
experimentally imposed hydrodynamic forces were dominant. Thus, the SWNT 183.6
Pure samples were extremely sensitive to shear history.

Through the application of small shear rates over long time scales, shear
dependant aggregation behavior was observed in dilute nanotube dispersions.
Experiments using various single-walled carbon nanotubes indicated the driving force for

shear aggregation was chemical in nature, as opposed to being a function of the
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dispersion state. Surface analysis and comparative measurements indicated oxygen rich
functionalities were capable of providing dispersion stability. Specifically, experiments
suggest hydroxyl and phenolic groups helped prevent nanotubes from re-aggregation.
Physically, the ability for these functional groups to hydrogen bond with the isophthalic
polyester structure supports this finding.

All attempts at dispersing acid oxidized nanotubes failed without prior treatment
in ethanol (SWNT-Ox Film). It was concluded that carboxylic functional groups were
not compatible with unsaturated polyester resin. The presence of adsorbed ethanol was
believed to aid in increasing the compatibility between oxidized nanotubes and the resin.
The specific nature of the chemical interaction in the presence of ethanol is unknown.
From this study, it is recommended that future experiments be carried out with a
treatment method capable of oxidizing nanotubes to primarily alcohol based
functionalities (hydroxyl, phenolic), rather than from carbonyl to carboxylic groups.

The current state of nanotube solution thermodynamics was critically analyzed
and used to estimate the heat of mixing in SWNT-UPR dispersions. Calculations support
experimental evidence showing the enthalpy of mixing to be large and positive.
Estimates of the Gibbs free energy indicate the dispersions were only kinetically stable.
The observation of low shear aggregation and dispersion phase separation over prolonged
periods of storage support this conclusion.

Finally, the discovery of a lyophilization based method for creating aligned self-
assembled films from aqueous, oxidized nanotube dispersions was reported. In future

applications, it is recommended that this method be used to replace typical nanotube
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purification steps, thus minimizing nanotube damage from overprocessing. The nanotube
self-assembly was believed to occur during the freezing of the dispersion.

In summary, the state of the art in commercial thermoset polymer composites
reflects an interest in utilizing high performance and lightweight materials to push the
limits of design and application. With this in mind, the intent of this work was to
characterize a potential next generation lightweight thermoset composite material with
the hope of motivating new applications for older technologies, such as unsaturated
polyester resins. This research provides a significant advancement the in the scientific
understanding of dispersion and physical behavior of carbon nanotube-unsaturated

polyester resin systems.
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APPENDIX B - ALTERNATE PERCOLATION GRAPHS
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Figure B1: The storage modulus as a function of SWNT loading for fixed angular frequencies on

a lin-log axis.
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Figure B2: Plot of the crossover modulus and frequency on a lin-log axis.
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APPENDIX C - FTIR OF SWNT 187.3
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Figure C1: FTIR spectra for SWNT 187.3. The sample was dispersed in 1,2-dichlorobenzene and

dropped on a ZnSe ATR crystal. The peaks are representative of sp® hybridized carbons.

252





