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(57) ABSTRACT 
A carbon nanotube-polymer composite includes a polymer 
continuous phase having at least a first polymer, and a plural
ity of carbon nanotubes dispersed in the polymer continuous 
phase. The carbon nanotubes are non-functionalized nano
tubes. The carbon nanotubes are between 0.05 and 40 weight 
% of the composite. At least 98% of the carbon nanotubes are 
not involved in nanotube bundles. 
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POLYMER COMPOSITES HAVING HIGHLY 
DISPERSED CARBON NANOTUBES 

2 
Other than strong acid treatment, a wide range of non

destructive chemical modification methods have also been 
reported to obtain increased dispersion ofCNTs in solution. 
However most of these methods involve the use of surfactants CROSS-REFERENCE TO RELATED 

APPLICATIONS 5 or other chemicals to assist in the dispersion process. Afterthe 
nanocomposite materials are processed and dried, the surfac
tants and chemicals generally remain in the final composite 
material as additives, which can significantly adversely affect 
the resulting properties of the composite material. 

10 

This application claims is a divisional application of U.S. 
non-provisional patent application Ser. No. 12/050,780 
entitled "POLYMER COMPOSITES HAVING HIGHLY 
DISPERSED CARBON NANOTUBES AND METHODS 
FOR FORMING SAME" filed on Mar. 18, 2008, which is 
now U.S. Pat. No. 7,951,850, which claims the benefitofU.S. 
provisional patent application No. 60/895,573 entitled 
"HIGHLY DISPERSED CARBON NANOTUBES POLY-

15 

SUMMARY 

A method of forming carbon nanotube-polymer compos
ites comprises the step of forming a mixture solution com
prising a plurality of carbon nanotubes dispersed in a co
solvent comprising an organic solvent and a second solvent 
comprising a short chain fluorinated carboxylic acid. The 
second solvent has a boiling point at STP of 150° C., is less 

MER COMPOSITES AND METHODS FOR FORMING" 
filed on Mar. 19, 2007, both of which are incorporated by 
reference in their entirety into this application. FIGS. l(a)-7 
were submitted previously with U.S. non-provisional patent 
application Ser. No. 12/050,780 and are also incorporated 
herein by reference. 

GOVERNMENT INTERESTS 

20 oxidizing than nitric acid, and is soluble in both the organic 
solvent and water. In one embodiment the boiling point of the 
second solvent is <l 00° C., such as provided by trifluoroace
tic acid (TFA). A lower boiling point solvent will increase 
volatility which generally helps remove the second solvent 

The U.S. Govermnent may have certain rights to embodi
ments of the invention based on National Science Foundation 
NIRT award (DMI 0506531) and NER award (CBET 
0608870). 

25 after formation of the composite is complete. 
The first polymer is mixed with the mixture solution to 

form a polymer comprising mixture. The co-solvent is 
removed from the polymer comprising mixture to form a 
dispersed nanotube-polymer composite. The carbon nano-

FIELD OF THE INVENTION 

Disclosed embodiments relate to polymer composites, 
more particular to carbon nanotube comprising polymer com
posites. 

30 tubes used in the method are providednon-functionalized and 
are generally not functionalized during the method so that the 
resulting nanotube-polymer composite consists essentially of 
non-functionalized nanotubes. As used herein, the phrase 
"non-functionalized nanotubes" refers to pristine nanotubes 

BACKGROUND 

Carbon nanotubes (CNTs) have significant attention due to 
their mechanical, thermal, and electrical properties. Recently 
there have been significant research activities regarding 
development of CNT/polymer nanocomposite materials. 
CNT /polymer nanocomposites have shown promise in appli
cations such as electromagnetic interference (EMI) shielding, 
photovoltaic devices, and gas sensors. 

35 that lack surface modification, such as nanotubes made from 
chemical vapor deposition or other methods without any 
additional chemical treatment. One example of chemical 
treatment is oxidation, such as due to exposure to an acid (e.g. 
nitric acid) that is known to form COOH groups on the nano-

40 tube surface. 

For example, CNT/polymer nanocomposites are highly 45 

sought-after candidates to replace traditional metal and metal 
alloys for aircraft manufacturing. However, significant limi
tations still exist which prevent the potential of these nano
composites from being fully exploited. In the fabrication of 
nanocomposite materials, a good dispersion and adhesion of 50 

nanofillers with polymer matrices generally play an impor
tant role towards obtaining nanocomposite materials with 
expectant and reproducible properties and performances. 
However, the as-produced CNTs are held together in bundles 
by strong van der Waals interactions. The bundling interferes 55 

with CNT dispersability and results in diminished electrical 
and mechanical properties of the nanocomposite as compared 
to theoretical predictions. Also, the commercially available 
samples generally contain a significant concentration of 
impurities, such as amorphous carbon and catalytic metal 60 

particles used for conventional nanotube synthesis. 
Most nanotube purification methods involve nitric acid 

treatment. This treatment leads to oxidation of the CNT outer 
walls, causing disruption of the conjugated electronic struc
ture and sometimes shortening of the CNTs. As a result, the 65 

electrical conductivity and the aspect ratios ofCNTs purified 
by nitric acid tend to decrease. 

A carbon nanotube-polymer composite comprises a first 
polymer continuous phase, and a plurality of carbon nano
tubes dispersed in the first polymer. The carbon nanotubes are 
non-functionalized nanotubes. The carbon nanotubes com
prise between 0.05 and 40 weight% of the composite, and at 
least 98% of the carbon nanotubes are not involved in nano
tube bundles. The composite can further comprise a second 
polymer different from the first polymer, wherein the second 
polymer is an electrically conducting polymer (CP). In this 
embodiment the composite can have a higher electrical con
ductivity as compared to the electrical conductivity of the CP. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows scanned SEM images of (a) prior art multi
walled carbon nanotubes (MWNTs), (b) MWNTs dispersed 
in TFA/DMF solvent according to an embodiment of the 
invention, and (c) MWNTs purified and dispersed in a TFA/ 
DMF solvent according to another embodiment of the inven
tion, respectively. 

FIG. 2( a)-( c) show scanned X-ray Photoelectron Spectros
copy (XPS) spectra of prior art as-received MWNTs, TFA
treated MWNTs according to an embodiment of the inven
tion, and prior art nitric acid-treated MWNTs, respectively. 

FIG. 3(a) is a 25° C. plot of the electrical conductivity of 
composite films according to an embodiment of the invention 
versus carbon nanotube loading ratio (mass fraction) using 
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MWNTs with an aspect ratio of 100, while FIG. 3(b) is a 
related plot for a MWNT aspect ratio of 1,000. 

FIG. 4 shows known UV-Vis absorption data for Poly(3,4-
ethylenedioxythiophene) (PEDOT) in acetone (A), chloro
form (B), tetrahydrofuran (C), DMF (D) and methanol (E). 

FIG. S(a) shows measured electrical conductivity for a 
MWNT/P3HT/PMMA composite according to an embodi
ment of the invention in the range ofO to 0.8 wt.% (shown as 
mass fraction). 

FIG. S(b) shows measured electrical conductivity for a 10 

MWNT/P3HT/PMMA composite according to an embodi
ment of the invention in the range ofO to 0.1 wt.% P3HT. 

4 
ety of both organic and inorganic compounds. Another 
example of a short chain fluorinated carboxylic acid is dif
luoroacetic acid (DFA). The boiling point ofDFA is 132-134° 
C. The relatively low oxidizing strength of the second solvent 
results in minimal oxidation of the carbon nanotubes, and 
thus retention of its highly electrically conducting properties. 

At least a first polymer is then mixed with the mixture 
solution to form a polymer comprising mixture. The solvents 
are then removed, such as by drying under vacuum, to form a 
highly dispersed nanotube composite. In the resulting com
posite, there can generally be from 0.001 to 40% by weight 
carbon nanotubes, and from 99.999 to 60% by weight poly
mer. In one embodiment, the composite comprises 1 to 10% 
by weight carbon nanotubes, and from 99 to 90% by weight 

FIG. 6(a) shows a scanned TEM image of a MWNT 
wrapped by poly(styrenesulfonate) (PSS) according to an 
embodiment of the invention. 

FIG. 6(b) shows a scanned TEM image of a PEDOT/ 
MWNT composite according to an embodiment of the inven
tion. 

15 polymer. The steps in methods according to embodiments of 
the invention can be performed at or near room temperature. 

Although almost all the solvents are removed in the remov
ing step, there generally remains trace residual amounts of the 
second solvent (e.g. TFA) remaining in the final composite FIG. 7 shows a representation ofa complex of PED OT with 

PSS coupled through an electrostatic interaction which is 
related to certain embodiments of the invention. 

DETAILED DESCRIPTION 

20 material that can be used to distinguish composites according 
to embodiments of the invention as compared to composites 
having the same polymer(s) and CNTs but formed by a dif
ferent method. The traces of the second solvent will generally 

Embodiments of the invention will now be described more 25 

fully hereinafter with reference to the accompanying draw
ings, in which exemplary embodiments of the invention are 
shown. This invention may, however, be embodied in many 
different forms and should not be construed as limited to the 
exemplary embodiments set forth herein. Rather, these exem- 30 

plary embodiments are provided so that this disclosure will be 
thorough and complete, and will fully convey the scope of the 
invention to those skilled in the art. Like reference numerals 
refer to like elements throughout. 

be complexed to the polymer(s) and/or the CNTs. The trace 
level of the second solvent can be generally quantified using 
X-ray photoelectron spectroscopy, atomic absorption or 
emission, or other elementary analysis technique. The trace 
concentration is generally in the ppm to pptrange, such as 0.1 
ppm to 1 ppt. 

The dispersion of the carbon nanotubes has been verified 
by scanning electron microscopic (SEM) and transmission 
electron microscope (TEM) analysis which have both dem
onstrated the absence of detectable aggregation or bundling 
of the CNTs. Percolation threshold can also be used for gen-

The terminology used herein is for the purpose of describ
ing particular embodiments only and is not intended to be 
limiting of the invention. As used herein, the singular forms 
"a", "an" and "the" are intended to include the plural forms as 
well, unless the context clearly indicates otherwise. 

35 erally qualitative comparisons or estimates of dispersion lev
els. 

Unless otherwise defined, all terms (including technical 40 

and scientific terms) used herein have the same meaning as 
commonly understood by one of ordinary skill in the art to 
which this invention belongs. It will be further understood 
that terms, such as those defined in commonly used dictio
naries, should be interpreted as having a meaning that is 45 

consistent with their meaning in the context of the relevant art 
and will not be interpreted in an idealized or overly formal 
sense unless expressly so defined herein. 

In one embodiment of the invention, upon which the first 
inventive embodiment will generally be described, the short 
chain fluorinated carboxylic acid comprises TFA. TFA is a 
strong but non-oxidative acid that is miscible with most com
monly used organic solvents. Mixture ofTFA in an organic 
solvent is often used to dissolve organic chemicals that are 
difficult to dissolve in other solvent systems. Although not 
fully understood, the strong salvation ability of TFA is 
believed to be due to the strong electron withdrawing prop
erty of the three (3) fluoro groups and the strong dipole 
moment provided by the TFA molecule. TFA and certain 
related short chain fluorinated carboxylic acid materials have 
been found by the Inventors to provide highly dispersed Embodiments of the invention describe methods for form

ing dispersed carbon nanotube-polymer composites, and 
related compositions of matter. The carbon nanotubes 
(CNTs) can comprises single wall nanotubes (SWNTs), 
multi-walled nanotubes (MWNTs), or mixtures of the same 

50 CNTs in organic solvents and polymer matrices. 

in various ratios. 

Tests performed by the Inventors using TFA have con
firmed this. As described below, using a co-solvent system 
comprising TFA and the organic solvent tetrahydrofuran 
(THF) orN,N-dimethylformamide (e.g. 5-lOvol. % ofTFA), 

55 the Inventors fabricated a CNT/PMMA nanocomposite thin 
film materials using MWNTs with different aspect ratios. 
Results obtained show this embodiment of the invention 
improves the dispersion of CNTs in polymer systems (de-

In a first inventive embodiment, a mixture solution is 
formed comprising a plurality of CNTs dispersed in a co
solvent comprising an organic solvent and a second solvent 
which comprises a short chain fluorinated carboxylic acid. 
The second solvent generally comprises 1 to 20 volume% of 
the co-solvent. The short chain (generally <4 carbon) fluori- 60 

nated carboxylic acid has a boiling point generally <150° C., 
such as <100° C., is less oxidizing than nitric acid, and is 
soluble in the organic solvent. The short chain fluorinated 
carboxylic acid can comprise trifluoroacetic acid (CF 3C02 H; 
hereafter TFA). TFA provides an unusual combination of 65 

properties including a relatively low boiling point (around 
72° C.), excellent miscibility and solubility with a wide vari-

scribed in the Examples below). As contrasted from known 
nitric acid treatment, the CNTs according to embodiments of 
the invention are not functionalized (e.g. oxidized) by the 
treatment with TF A, as supported by XPS data, such as 
described below relative to FIG. 2(a)-(c). Furthermore, TFA 
is a highly volatile solvent. After drying of the composite 
material is completed, TFA will evaporate, leaving very low 
trace levels in the nanocomposite. The resulting CNT nano-
composite materials have been found to have significantly 
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improved electrical and mechanical properties as compared 
to available nanotube-polymer composites. 

One variation of the first inventive embodiment adds an 
electrically conducting polymer (CPs) to fabricate ternary 
CNT-CP-host polymer nanocomposite materials. CPs gener
ally comprise conjugated chains with it electrons delocalized 
along the polymer backbone. The electrical properties ofCPs 
can be changed from being semiconductive in its neutral state 
(e.g., 1 o-s Siem), to an electrically conducting state (e.g. 10-3 

to 104 Siem) when oxidized or reduced. Due to their unique 10 

optical and electrical properties, CPs have numerous poten
tial applications in a wide range of areas such as sensing, 
energy storage, and photovoltaics. However, more extensive 
applications ofCPs are still limited due to their difficulty of 

15 
processing. Similar to CNTs, conducting polymers are rigid 
conjugated macromolecules with strong Jt-Jt stacking inter
actions between polymer chains, making these polymers dif
ficult to dissolve and process. 

The Inventors have successfully developed a series of CPs 20 

generally based on modification of the polymer backbone or 
pendent groups that are readily soluble in organic solvents, 
such as tetrahydrofuran. As used herein, a CP refers to a 
polymer that provides an electrical conductivity of at least 
10-3 Siem in its electrically conducting state. The CP solution 25 

is essentially fully miscible with a CNT dispersion prepared 
using TFA as a co-solvent. It has been found that soluble 
conducting polymers can further improve the dispersion of 
CNTs in solution. 

Although not required to any embodiment of the claimed 30 

invention, Applicants, not seeking to be bound by any mecha
nism, provide the following that may explain certain advan
tageous performance aspects of composite materials accord
ing to embodiments of the invention. The electrical 
conductivity of a CNT-based composite material is not only 35 

related to the loading ratio of the CNT, but may also depend 

6 
EXAMPLES 

It should be understood that the Examples described below 
are provided for illustrative purposes only and do not in any 
way define the scope of disclosed embodiments. 
Dispersion of Carbon Nanotubes in Polymer Matrices Using 
Trifluoroacetic Acid as a Co-Solvent 

A dispersion ofMWNTs was tested in a variety of organic 
solvents including N,N-dimethylformamide (DMF), dichlo
romethane, hexanol, toluene, tetrahydrofuran, and acetoni
trile using sonication. The MWNTs used were CNTs gener-
ally with diameters ofl 10-150 nm and lengths of5-9 µm. The 
aspect ratio of these nanotubes was around 100. Although the 
CNTs show some good dispersion in some solvents such as 
DMF and hexanol, it is believed that the good dispersion is 
due to the high viscosity of the solvents. Unfortunately, both 
DMF and hexanol are not good solvents for polymer process
ing, because both solvents have high boiling points and/or 
high viscosity. 

After adding 5-10% TFA into the organic solvents, overall, 
the dispersity of the CNTs in all these solvents was found to 
increase significantly. The samples were found to only need 
to be sonicated for about 30-60 minutes to achieve a good 
dispersion. Furthermore, a bath type sonicator instead of a 
probe-sonicator was used for dispersion. This shortened soni
cation time and lowered sonication power significantly, and 
reduced the potential mechanical damage to the nanotubes. 
After the sonication, the CNTs remained to be dispersed in 
DMF, hexanol, dichloromethane and tetrahydrofuran for 
hours without significant precipitation. Among the different 
solvents tested, the best dispersion was obtained using a TF Al 
tetrahydrofuran mixed solvent system. Tetrahydrofuran is a 
good solvent for many organic polymers with low boiling 
point and viscosity, therefore, generally a better solvent for 
processing of polymers. In addition to tetrahydrofuran, the 
good dispersion ofCNTs in TFA/acetonitrile mixed solvent is 
also encouraging, because similar to THF, acetonitrile is also 
a low boiling point and low viscosity solvent, and many 
polymers are readily soluble in acetonitrile. 

Good dispersion of MWNTs in a co-solvent solution of 
TFA/DMF was visualized by scanning electron microscopy 
(SEM) as shown in the scanned SEMs shown in FIG. l(b). 
From the comparison ofas-received MWNTs (FIG. 1( a)) and 
nanotubes dispersed in TFA/DMF solvent (FIG. l(b)), it can 
be seen from the SEMs that the dispersion of CNTs improved 
dramatically with TFA as a cosolvent. It was also found that 
the combined TF A-D MF solvent system can be used to purify 
the CNTs by generally eliminating small carbon and catalyst 
particles. As shown in FIG. l(c), after five cycles of washing/ 

on the t=el barrier created by the host material between 
nanotubes. When a good dispersion is generally obtained, the 
nanotubes may become wetted by the host material. As the 
nanotube loading ratio is increased, the nanotubes generally 40 

may become closer and the carrier hopping from nanotube to 
nanotube can occur through the t=el barrier of the host 
material. The addition of a CP as a third component in carbon 
nanotube-polymer composite material may facilitate electron 
hopping among nanotubes by reducing the tunnel barrier, 45 

leading to a reduced the percolation threshold, and improving 
the electrical conductivity of the ternary composite material. 
The synergistic effect of carbon nanotubes and conducting 
polymers is believed to likely lead to a ternary nanocomposite 
material with advantageous electrical properties. 

In another inventive embodiment, a method of forming 
ternary carbon nanotube-polymer composites comprises the 
step of forming a dispersed mixture solution comprising a 
plurality of dispersed CNTs, at least one surfactant, and a first 
polymer in water or other polar solvent (e.g. methanol or 55 

acetone) comprising solvent solution. A monomer is added to 
the dispersed mixture solution. The monomer is then poly
merized to form a dispersed ternary nanotube-comprising 
composite. In one embodiment, a water dispersible conduct
ing polymer/MWNT composite with high electrical conduc- 60 

tivity is formed, such as with the CP PEDOT. The composite 
can utilize a variety of other CPs, such as polypyrrole, and 
polyaniline. The group of suitable conjugated polymers can 
generally include conjugated polymers for which polymer
ization can be initiated by an initiator after monomer is added 65 

to the dispersed carbon nanotube solution (e.g. addition poly
merization). 

50 centrifugation and redispersion in TF A/DMF solvent, there is 
a significant decrease of impurity particles in the CNT sample 
without shortening the nanotubes. 

As noted above, treatment by strong acids, such as nitric 
acid, has been used routinely for improving the solubility and 
dispersion ofCNTs in various solvents. However, nitric acid 
treatment is known to cause oxidation of the nanotube sur-
face, destroying or at least damaging the conjugated structure 
and as a result decreasing the electrical conductivity of the 
nanotubes. The structural integrity of the CNTs after treat
ment by TFA according to the invention was investigated by 
XPS. From the comparison of the XPS spectra of the as-
received MWNTs (FIG. 2(a)) with TFA-treated according to 
an embodiment of the invention (FIG. 2( b)) and known nitric 
acid treated MWNTs (FIG. 2(c)), it is clear that TFA-treated 
nanotubes according to an embodiment of the invention were 
not measurably oxidized. In contrast, nanotubes treated by 
nitric acid (FIG. 2(c)) showed a clear signal of oxidized 
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carbon at 289.1 eV in the form ofCOOH groups in the XPS 
spectrum. FIG. 2(b) also shows significantly reduced impu
rity carbon peaks at around 287.7 eV after multiple purifying 
TFA/DMF washing cycles, agreeing with the SEM observa
tions obtained. 
Fabrication of CNTIPMMA Nanocomposite Thin Film 
Materials and Electrical Conductivity Study 

Using MWNTs dispersed in TF A/THF solutions according 
to an embodiment of the invention, the Inventors fabricated 
nanotubelPMMA composite films using a draw down bar 
casting method. PMMA solids or THF solutions of PMMA 
were mixed with CNT suspensions weight ratio ranging from 
0.2 to 1.5%. The de electrical conductivity measurements of 
the MWNTIPMMA composites were determined using a 
standard two point contact method with a Keithley 2400 (for 
lower resistance) and 6517 (for high resistance) instrument. 
FIGS. 3(a) and (b) are 25° C. plots of electrical conductivity 
of disclosed composite films versus carbon nanotube loading 
ratio using MWNTs with an aspect ratio of 100 and 1,000, 
respectively. From the data, it can be seen that the electrical 
conductivity of the nanocomposite films follows a typical 
percolation threshold theory. The percolation threshold of the 
nanocomposite films, defined herein as the CNT filler content 
required to achieve a 25° C. electrical conductivity 
.sigma.>=10-8 Siem for a CNTldielectric polymer compos
ite, was found to be 0.67 .+-.0.08 wt% ofMWNT loading for 
MWNTshavinganaspectratio oflOO shown in FIG. 3(a).All 
three sets of samples shown in FIG. 3(a) gave about the same 
percolation threshold. This excellent reproducibility is a 
strong indication of a good dispersion of carbon nanotubes in 
the polymer matrix. At approximately loading ratio of 1.25%, 
the electrical conductivity of the nanocomposite can be seen 
to have become stabilized at about 10-3 Siem. 

8 
from a variety of immiscible liquid combinations, such as 
water and an oil. In the test performed, iron nitrate nonahy
drate was dissolved in distilled water. Then tretraoctylammo
nium bromide (TOAB), a chain transfer agent, was dissolved 

5 in methylene chloride and mixed with the aqueous iron nitrate 
solution. 3,4-Ethylenedioxy thiophene (EDOT) was then 
added to this mixture under stirring. Polymerization was car
ried out for 24 hours. The solution was mixed with isopropyl 
alcohol and centrifuged. The solid polymer was then washed 

10 with isopropyl alcohol. Dark blue polymer (Mn=5,200 
according to GPC) was obtained after overnight under 
vacuum. The polymers are soluble in various organic sol
vents. As shown in FIG. 4A-E, the UV-Vis absorption of 
Poly(3,4-ethylenedioxythiophene) (PEDOT) is different 

15 various in different solvents, likely due to the different inter
chain interactions, where the solvent is acetone in (A), chlo
roform in (B), tetrahydrofuranin(C), DMF in(D) and metha
nol in (E). 

Another method to synthesize organic solvent soluble con-
20 ducting polymers is through the modification of polymer 

backbone, or their pendent groups. Polythiophenes have been 
made soluble while maintaining their high electrical conduc
tivity by the substitution of an alkyl chain onto the polymer 
repeating unit. Nanocomposites according to an embodiment 

25 of the invention were also prepared from polythiophene 
(P3HT) and MWNTs. Head to tail coupled Poly(3-hexylth
iophene-2,5-diyl) (P3HT) was synthesized by using the 
McCullough method (See McCullough, Richard D.; Lowe, 
Renae D.; Jayaraman, Manikandan; Anderson, Deborah L. 

30 Design, synthesis, and control of conducting polymer aichi
tectures: structurally homogeneous poly(3-alkylthiophenes), 
Journal of Organic Chemistry (1993), 58( 4), 904-12). The 
average molecular weight was between 5,000-15,000 glmol. 
The solution of P3HT was prepared by dissolving 0.005 g of Based on the initial tests performed, it was hypothesized 

that by using higher aspect ratio MWNTs, the percolation 
threshold could be significantly decreased. The higher aspect 
ratio of carbon nanotubes may facilitate the formation of a 
continuous nanotube network, leading to increased electrical 
conductivity. Indeed, similar studies conducted on MWNTs 
shown in FIG. 3(b) with an aspect ratio of 1,000 (diameter of 40 

about 20 nm, and length of about 20 .mu.m). The high aspect 
ratio MWNTs were also successfully dispersed in TFA/THF 
solvents. The conductivity measurement of nanocomposites 
prepared from this high aspect ratio MWNT showed a much 
lower percolation threshold. At a nanotube weight ratio of 45 

0.05 wt%, the electrical conductivity of the nanocomposite 
film is already on the order oflo-7 Siem. 

35 P3HT in 3 ml THF. The solution was heated to about 40° C. in 
water bath to improve the solubility and sonication was 
applied intermittently until the solid polymer was completely 
dissolved. The solution appeared to be bright orange. Then 
400 µl ofTFA was added into the P3HT solution with assis
tance of slight sonication. 

A certain amount of multiwall carbon nanotube (varied 
from 0.00006 to 0.0125 g) was then directly added into the 
P3HT solution as received. Then the reaction mixture was 
sonicated for 2-3 minutes. For the MWNT obtained from 
Aldrich, the diameter was 110-117 nm and the length was 5-9 
µm. It was observed that no apparent aggregate was formed. 
For the multi wall carbon nanotubes obtained from NanoLab, 
which were generally 15.+-5 nm in diameter and 5-20 µmin 
length, no apparent aggregate was observed up to 0.0005 g of 
carbon nanotube. 

Synthesis of Soluble Conjugated Polymers 
As known in the art, certain electrically conducting and 

electrochemically active polymers can be synthesized using 50 

electrochemical synthesis and oxidation polymerization 
where monomers such as thiophene, aniline or pyrrole 
undergo oxidation when exposed to a positive (i.e. anodic) 
electrode potential or oxidants (i.e. FeCl3 ), yielding cation 

1 g of polymethyl-methacrylate (PMMA) powder with 
average molecular weight of 12,000 glmol (Aldrich) was 
added into the mixture solution. The final MWNTIP3HTI 
PMMA solution was sonicated for 3-4 hours until all the 

radicals or other reactive species. Once formed, these species 55 PMMA powder was dissolved. The temperature of the water 
trigger the polymerization process to form oligomers and/or bathin the sonicatorwas controlled to be below 35° C. during 
polymers. Usually, these methods are relatively straightfor
ward and easy to perform. However, the resultant polymers 
are generally not soluble in solvents. For example, poly(3,4-
ethylenedioxy thiophene; PEDOT) synthesized using such 60 

methods is not soluble in common solvents. Many potential 
applications of conjugated polymers are significantly limited 
due to this solubility issue. 

Using a two-phase (e.g. aqueous solution-methylene chlo
ride) system, the Inventors have successfully synthesized 65 

organic-soluble PEDOT polymer via an oxidation polymer
ization. More generally, the two phase-system can be made 

sonication. 
The composite film was obtained by casting the final 

MWNTIP3HTIPMMA solution on a glass slide by a draw
down bar (Paul N. Gardner Company, Inc) at 50 mils. The film 
was allowed to dry at ambient condition for 48 hours to allow 
the evaporation of solvent and TF A. 

The electrical conductivity of the resulting film was mea
sured. After the composite film was dried, two lines of silver 
paint with the length of2 cm were cast onto the surface of the 
composite film to form the electrodes. The distance between 
the two electrodes was 0.3 cm. The thickness was measured 
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by a digimatic caliper (Mitutoyo Corp.) with resolution of 
0.001 cm. The resistance of the film was measured by a two 
probe method with a Keithley 6517A Electrometer/High
Resistance meter. 
Electrical Conductivity of CNT/CP/Polymer Ternary Com- 5 

ponent Nanocomposite Materials 
The addition of conjugated conducting polymers to the 

CNT/host polymer nanocomposites improves the conductiv-
ity of the nanocomposites likely by reducing the electron 
hopping barrier energy between the carbon nanotubes. As an 10 

initial study, a set of MWNT/P3HT/PMMA composite thin 
film materials were prepared using the soluble P3HT synthe
sized. Although this study used MWNT as an example, the 
same principle may be applied to SWNTs, and mixtures of 
SWNTs and MWNTs as well. The conducting polymer effect 15 

was examined on both low aspect ratio (about 100 and high 
aspect ratio (about 1,000) MWNT composites. FIG. S(a) 
shows measured electrical conductivity for the composite in 
therangeofOto 0.8 wt.% (shown as mass fraction) P3HT. For 
a composite including 0.5 wt% P3HT, the percolation thresh- 20 

old of the ternary nanocomposite was found to decrease to 
lower than 0.06% compared to the percolation threshold of 
0.67% for low aspect ratio MWNT/PMMA binary composite 
(with 0.5% P3HT). FIG. S(b) shows measured electrical con
ductivity for the composite in the range of 0 to 0.1 wt. % 25 

(shown as mass fraction) P3 HT. For high aspect ratio MWNT 
nanocomposite, the percolation threshold decreased from 
0.05% to less than 0.003% after adding P3HT (0.5 wt. % 
P3HT) to the nanocomposite. From the data obtained, it was 
clear that the addition of conjugated polymer into the nano- 30 

tube composite material decreased the percolation threshold 
of the nanocomposites orders of magnitude. 
Synthesis of Water Dispersible PEDOT /MWNT Composite 
with High Conductivity 

Multi-wall carbon nanotubes (MWNTs) purchased from 35 

Nano lab with diameter of 15.+-.5 nm and length of 5-20 µm 
were used as received. Poly(4-styrenesulfonic acid) (PSS) 
with molecular weigh of75,000 was purchased from Sigma
Aldrich as 18 wt. % aqueous solution. 3,4-ethylenediox
ythiophene and sodium persulfate were all obtained from 40 

Sigma-Aldrich and used as received. 
A series of PSS/CNT dispersions in water with the weight 

ratio of2:1, 4:1, 8:1, and30:1 were prepared. A representative 
procedure for 2:1 PSS/CNT dispersion is described as fol
lows: 4 mg MWNT was added to 6 mL PSS water solution 45 

with the concentrations of 1.33 mg/mL. The solution was then 
sonicated for 3 h and stable colloid of PSS-wrapped MWNT 
in water was obtained. Experiments also showed that weight 
ratio of PSS/MWNT below 2:1 resulted in dispersion with 
less stability. 

3.8 µL of the CP monomer 3,4-ethylenedioxythiophene 
(EDOT) was added to above 2: 1 PSS/MWNT dispersion. The 
weight ratio between EDOT and PSS was 1.6:1. After t~e 
reaction mixture was shaken for one hour, EDOT was dis
solved in the dispersion. A very small amount of precipitate 
was formed and was removed by centrifugation at 1500 rpm. 

50 

55 

21.3 mg sodium persulfate (molar ratio between sodium 
persulfate and EDOT is 2.5:1) as oxidant was then added to 
the dispersion to initiate the polymerization of EDOT. The 
reaction mixture was gently shaken at room temperature for 60 

24 hr. After the polymerization, the product was purified by 
four centrifugation/re-dispersion cycles. 

The PEDOT /PSS/CNT dispersion in water was cast onto a 
glass substrate and left air-dried for two hours under ambient 
condition and then further dried under vacuum for 24 h. The 65 

film obtained shows a deep blue color, which carmot be re
dissolved in water again. The film thickness was obtained by 

10 
averaging four measurements on different spots of the film 
using a profilometer. Two probe electrical properties mea
surements at room temperature were carried out using Kei
thley 6517, and the resistance of the sample was obtained 
through current-voltage curve, which was further used to 
deduce the conductivity of the sample. 

The dispersion ofMWNT by PSS according to an embodi
ment of the invention was studied by TEM as shown in the 
scanned TEM image shown FIG. 6(a). A typical thickness of 
the TEM samples prepared was in a range of 20-100 nm. As 
shown in FIG. 6(a), MWNTs are wrapped by PSS and the 
highly negatively charged nature of PSS stabilized the 
MWNT as individual tubes. Polymerization of EDOT then 
selectively took place on the surface of MWNT, leading to 
PEDOT/MWNT composite dispersible in water. 

FIG. 6(b) shows a scarmed TEM of a resulting PEDOT/ 
PSS/CNT composite according to an embodiment of the 
invention after addition ofEDOT to the dispersion and poly
merization. The maximum electrical conductivity that can 
generally be obtained through this approach is around 10-100 
Siem. PEDOT may complex with PSS through the electro
static interaction depicted in the schematic of FIG. 7. The 
TEM image shown in FIG. 6(b) indicates that the MWNTs 
were dispersed well as individual tubes. No aggregation or 
bundles ofMWNTs are shown throughout the FIG. 6(a) or 
FIG. 6(b) images, although some MWNTs appear to be 
touching one another. The MWCNTs shown in FIGS. 6(a) 
and 6( b) are not bundled MWNTs. As used herein, "bundled 
CNTs" such as bundled MWNTs, means the CNTs in the 
compo~ite will not separate from other CNTs when diluted by 
a solvent, whereas non-bundled CNTs even if in contact 
readily separate upon dilution. Touching appearing in the 
TEM images of FIGS. 6(a) and 6(b) can be caused by at least 
two factors. First, e TEM images are 2D images they may 
show two MWCNTs touching each other that would not be 
touching in real 3D samples that are generally at least 1 Os of 
µms thick. Second, the high concentration of the CNTs in the 
films prepared for TEM tend to lead to CNTs touching each 
other. 

The conductivities of PEDOT/MWNT composites with 
different formulations are shown in Table 1 (below). The 
conductivity of PEDOT which is synthesized using the same 
procedure as PEDOT/MWNT except without addition of 
MWNT was also measured as controls. The conductivities of 
PSS/MWNT dispersions were also studied as a comparison. 

TABLE 1 

Formulation and 25 ° C. conductivity of 
PEDOT/MWNT and PSS/MWNT 

EDOT PSS CNT 
(mg) (mg) (mg) 

PEDOT/PSS/CNT-1 2 
PEDOT/PSS/CNT-2 1 
PEDOT/PSS/CNT-3 0.27 
PEDOT/PSS 0 
PSSCNT-1 0 4 
PSS/CNT-2 0 2 
PSS/CNT-3 0 

Conductivity 
(s/cm) 

16 
20 
10 

0.15 
11.5 

9 
1.7 

The weight ratio ofEDOT and PSS was kept as 1: 1.6 for all 
formulations because it has been previously shown that 
PEDOT synthesis using this ratio shows highest conductivity 
and good dispersity in water. From Table 1, it is seen that all 
PEDOT/PSS/CNT composites shows distinct improvement 
in conductivity compared with PEDOT/PSS, and the electri
cal conductivity does not change much with the increase of 
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wherein at least 98% of said plurality of carbon nanotubes 
are not involved in nanotube bundles. 

2. The composite of claim 1, further comprising a second 
polymer different from said first polymer, wherein said sec
ond polymer is an electrically conductive conjugated polymer 
which provides an electrical conductivity of at least 10-3 

Siem in its electrically conducting state. 
3. The composite of claim 1, wherein said composite is 

soluble in water or organic solvents. 
4. The composite of claim 1, wherein said concentration of 

said short chain fluorinated carboxylic acid is from 0.1 part 
per million (ppm to 1 ppt of said composite. 

CNT content. This is not surprising since MWNT have high 
electrical conductivity and once it is well-dispersed into the 
PEDOT matrix, the conductivity will be greatly improved. 
PEDOT //PSS/CNT even shows higher conductivity than cor
responding CNT dispersion. It is believed that in PSS/CNT 
dispersion the whole MWNT was wrapped by PSS which is 
less conductive, while for PEDOT/PSS/CNT composite, 
~olymers wrapped on the surface of MWNT, leading to 
mcreased electrical conductivity. Besides the higher conduc
tivity, another advantage of PEDOT/PSS/CNT over PSS/ 10 

CNT is that after the casting film of PEDOT/PSS/CNT is 
formed and dried, the film is no longer soluble in water or 
other organic solvents. However the PSS/CNT film is still 
solu?le in water, which makes it less applicable as conducting 
coatmgs. 

While various embodiments of the invention have been 
described above, it should be understood that they have been 
presented by way of example only, and not limitation. Numer
ous changes to the disclosed embodiments can be made in 
accordance with the disclosure herein without departing from 20 

the spirit or scope of the invention. Thus, the breadth and 
scope of the invention should not be limited by any of the 
above described embodiments. Rather, the scope of the inven
tion should be defined in accordance with the following 
claims and their equivalents. 

5. The composite of claim 1, wherein said plurality of 

15 
carbon nanotubes comprise between 1 and 10 weight% of 
said composite. 

25 

6. The composite of claim 1, wherein said plurality of 
carbon nanotubes consist of multi-walled nanotubes 
(MWNTs). 

7. A carbon nanotube-polymer composite, formed by a 
process comprising: 

forming a mixture solution comprising a plurality of car
bon nanotubes dispersed in a co-solvent comprising an 
organic solvent and a second solvent comprising a short 
chain fluorinated carboxylic acid, said fluorinated car
boxylic acid having a boiling point below 150° C., being 
less oxidizing than nitric acid, and being soluble in both 
said organic solvent and water, 

mixing at least a first polymer with said mixture solution to 
form a polymer comprising mixture, and 

removing said co-solvent from said polymer comprising 
mixture to form a dispersed nanotube-polymer compos
ite, 

wherein said composite comprises: 
a polymer continuous phase comprising at least said first 

polymer, and 
wherein said plurality of carbon nanotubes are dispersed 

in said polymer continuous phase, wherein said plu
rality of carbon nanotubes are non-functionalized 
nanotubes, and wherein said plurality of carbon nano
tubes comprise between 0.05 and 40 weight% of said 
composite, 

wherein at least 98% of said plurality of carbon nano
tubes are not involved in nanotube bundles. 

8. The composite of claim 7, further comprising adding at 
least a second polymer different from said first polymer to 
said mixture solution. 

Although the invention has been illustrated and described 
with respect to one or more implementations, equivalent 
alterations and modifications will occur to others skilled in 
t~e art upon the reading and understanding of this specifica
t10n and the annexed drawings. In particular regard to the 30 

various functions performed by the above described compo
nents (assemblies, devices, circuits, systems, etc.), the terms 
(including a reference to a "means") used to describe such 
components are intended to correspond, unless otherwise 
indicated, to any component which performs the specified 35 

fun~tion of the described component (e.g., that is functionally 
eqmvalent), even though not structurally equivalent to the 
disclosed structure which performs the function in the herein 
illustrated exemplary implementations of the invention. In 
addition, while a particular feature of the invention may have 40 

be~n disclosed with respect to only one of several implemen
tat10ns, such feature may be combined with one or more other 
features of the other implementations as may be desired and 
advantageous for any given or particular application. Further
more, to the extent that the terms "including" "includes" 45 

"having", "has", "with", or variants thereof are ~sed iii eithe; 
the detailed description and/or the claims, such terms are 
intended to be inclusive in a manner similar to the term 
"comprising." 

We claim: 

9. The composite of claim 7, wherein said first polymer or 
said second polymer comprises an electrically conducting 

50 
polymer. 

10. The composite of claim 7, wherein said second solvent 
comprises trifluoroacetic acid. 

1. A carbon nanotube-polymer composite, comprising: 
a polymer continuous phase comprising at least a first 

polymer, and 
a plurality of carbon nanotubes dispersed in said polymer 

continuous phase, wherein said carbon nanotubes are 
non-functionalized nanotubes, 

a short chain fluorinated carboxylic acid in a concentration 
from 1 part per billion (ppb) to 1 part per thousand (ppt) 
of said composite; 

wherein said plurality of carbon nanotubes comprise 
between 0.05 and 40 weight% of said composite, and 

11. The composite of claim 7, wherein said plurality of 
carbon nanotubes comprise between 1 and 10 weight % of 

55 
said composite. 

12. The composite of claim 7, wherein said plurality of 
carbon nanotubes consist of multi-walled nanotubes 
(MWNTs). 

13. The composite of claim 1, wherein said composite is 

60 
exclusive of any surfactant. 

* * * * * 
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