S —'-— RS University of Central Florida
f t STARS

UCF Patents Technology Transfer
7-3-2012

Dispersions of Carbon Nanotubes in Copolymer Solutions and
Functional Composite Materials and Coatings Therefrom

Qun Huo
University of Central Florida

Lei Zhai
University of Central Florida

Jianhua Zou
University of Central Florida

Find similar works at: https://stars.library.ucf.edu/patents
University of Central Florida Libraries http://library.ucf.edu

This Patent is brought to you for free and open access by the Technology Transfer at STARS. It has been accepted for
inclusion in UCF Patents by an authorized administrator of STARS. For more information, please contact
STARS@ucf.edu.

Recommended Citation

Huo, Qun; Zhai, Lei; and Zou, Jianhua, "Dispersions of Carbon Nanotubes in Copolymer Solutions and
Functional Composite Materials and Coatings Therefrom" (2012). UCF Patents. 128.
https://stars.library.ucf.edu/patents/128

.. + . * N + +

®.¢4+_".’ + N *’ * ) + *0 »‘
.+

Central e, AR ! STARS

Florida . ° + . + Showcase of Text, Archives, Research & Scholarship *


https://stars.library.ucf.edu/
https://stars.library.ucf.edu/
https://stars.library.ucf.edu/
https://stars.library.ucf.edu/patents
https://stars.library.ucf.edu/techtransfer
https://stars.library.ucf.edu/patents
http://library.ucf.edu/
mailto:STARS@ucf.edu
https://stars.library.ucf.edu/patents/128?utm_source=stars.library.ucf.edu%2Fpatents%2F128&utm_medium=PDF&utm_campaign=PDFCoverPages
https://stars.library.ucf.edu/
https://stars.library.ucf.edu/

US008211969B2

a2z United States Patent (10) Patent No.: US 8,211,969 B2
Zou et al. 45) Date of Patent: Jul. 3,2012
’

(54) DISPERSIONS OF CARBON NANOTUBES IN (58) Field of Classification Search .................. 428/220;
COPOLYMER SOLUTIONS AND 524/457, 458, 460, 461, 496, 495, 534, 547,
FUNCTIONAL COMPOSITE MATERIALS 524/548, 550, 555, 556, 525/410, 417, 535,
AND COATINGS THEREFROM 525/536; 528/73,377,378,379

See application file for complete search history.
(75) Inventors: Jianhua Zou, Orlando, FL (US); Lei .
Zhai, Oviedo, FL (US); Qun Huo, (56) References Cited
Orlando, FL (US) U.S. PATENT DOCUMENTS
(73) Assignee: University of Central Florida Research 6,602,974 B1* 82003 .McCullough etal. ... 528/73
Foundation, Inc., Orlando, FL, (US) (Continued)
(*) Notice: Subject to any disclaimer, the term of this OTHER PUBLICATIONS
patent is extended or adjusted under 35 Yung-Hoon Ha, et al., “Towards a Transparent Highly Conductive
U.S.C. 154(b) by 578 days. Poly (3.,4-ethylenedioxythiophene)”, Advanced Functional Materi-
als, 2004, 14, No. 6, June, pp. 615-622, WILEY-VCH Verlag GmbH
(21) Appl. No.: 12/249,859 & Co. KGaA, Weinheim.
(Continued)

(22) Filed:  Oct. 10,2008

Primary Examiner — Ling Choi

(65) Prior Publication Data . . .
Assistant Examiner — Darcy D Laclair
US 2009/0118420 Al May 7, 2009 (74) Attorney, Agent, or Firm — Jetter & Associates, P.A.
Related U.S. Application Data (57) ABSTRACT
(60) Provisional application No. 60/978,881, filed on Oct. A dispersion includes non-chemically modified carbon nano-
10, 2007. tubes, a soluble block copolymer providing at least one block
of a conjugated polymer and at least one block of a non-
(51) Int.CL conjugated polymer, and at least one solvent. At 25° C. exclu-
B29C 41/00 (2006.01) sive of any mechanical force and after one hour, at least 90%
B32B 27/00 (2006.01) of the carbon nanotubes exist in the dispersion as isolated
B32B 27/18 (2006.01) carbon nanotubes. The components of the dispersion can be
CO8K 3/04 (2006.01) combined with a polymer miscible with the block copolymer
CO9K 7/02 (2006.01) to form a carbon nanotube polymer composite upon removal
COSF 291/14 (2006.01) of the solvent. The dispersion can be cast on a substrate and
COSF 279/00 (2006.01) then dried to form a coating, including forming a superhy-
COSF 236/04 (2006.01) drophobic coating on the substrate. The non-conjugated poly-
COSF 236/20 (2006.01) mer of the block copolymer or another miscible conjugated
C08G 81/00 (2006.01) polymer including a copolymer can include functionalities
C08G 75/02 (2006.01) that non-covalently attach to the carbon nanotube surface,

(52) US.CL ... 524/496; 264/298; 264/299; 428/497 4; such as for enhanced solubility or enhanced biocompatibility.
524/495; 524/847; 525/535: 528/377; 528/379:
528/380; 977/742; 977/753 22 Claims, 9 Drawing Sheets

CNT/Block Copolymer 4

Substrate




US 8,211,969 B2
Page 2

U.S. PATENT DOCUMENTS
6,762,238 B1* 7/2004 Yangetal. ............. 524/543

2003/0088032 Al* 5/2003 Luebben et al. ... 525/410
2006/0062983 Al* 3/2006 Irvinetal. ... ... 428/220
2006/0076050 Al* 4/2006 Williamsetal. .............. 136/263

OTHER PUBLICATIONS

Frank Louwet, et al., “PEDOT/PSS: synthesis, characterization,
properties and applications”, El Sevier, Synthetic Materials, 135-136
(2003) pp. 115-117, AGFA-Gavaert N.V., R&D Materials,
Septestraat 27. B-2640 Mortsel, Belgium.

L.A. Majewski, et al., “Influence of processing conditions on the
stability of poly(3-hexylthiophene)-based field-effect transistors”,
American Institute of Physics, Applied Physics Letters, 88, pp.
222108-1 to 222108-3 (2006).

Jinsong Liu, et al., “Tuning the Electrical Conductivity and Self-
Assembly of Regioregular Polythiophene by Block Copolymeriza-
tion: Nanowire Morphologies in New Di- and Triblock Copolymers”,
Angew. Chem. Int. Ed., 2002, 41, No. 2, pp. 329-332.

Biswajit Ray, et al., “Performance improvement of Polymer Based
Solar Cell by Ordered Nano-Morphology”, 2010 18th Biennial Uni-
versity/Government/Industry Micro/Nano Symposium (UGIM),
West Lafayette, IN, Jul. 15, 2010.

Abigail Wacher, “A Radiation Model of a Rapid Thermal Processing
System”, Simon Fraser University. 1997, A Thesis Submitted in
Partial Fullfillment of the Requirements for the Degree of Master of
Science in the Faculty of Graduate Studies, Institute of Applied
Mathematics, Department of Mathematics, The University of British
Columbia, Feb. 2001.

G.Yu, et al., “Polymer Photovoltaic Cells: Enhanced Efficiencies via
a Network of Internal Donor-Acceptor Heterojunctions™, Science,
vol. 270, pp. 1789-1791, Dec. 15, 1985.

Biswajit Ray, et al., “Performance improvement of polymer Based
Solar Cell by Ordered Nano-Morphology”, 2010 18th Biennial Uni-
versity/Government/Industry Micro/Nano Symposium (UGIM),
West Lafayette, IN Jul. 15, 2010.

* cited by examiner



U.S. Patent Jul. 3,2012 Sheet 1 of 9 US 8,211,969 B2

102
CNT/Block Copolymer /

_|—101

Substrate

Fig. 1(a)



U.S. Patent Jul. 3,2012 Sheet 2 of 9 US 8,211,969 B2

P NN WU A ]
tr"-,rf-;‘_::g‘ 3
LR W)

Sondnid]
=l=aigy l.«h‘

s
a1
41

(T
¥

Iy

L X

—
v a

i

T b
T 2
Foeznaiinty

LR

¥ ""%:f:q'*':ﬂ:.ff":;ﬁ_";‘:’l
Eon ,'; :l'l;"n 1 :‘_A__‘;:."?.Jf::‘_;
ey e, -

o~

.

- . r X . A
vl LR T 3 'J‘S. = Sz it '%;;: I
.}1 e En e AN R b L ol
e g —— R A o e ) '-".—,"‘."’-'-"t%. - l"lk'i'a: .
r A o T XA S A

- L A : EE NS M B BN TS A e Rl

Fig. 1(b)



U.S. Patent Jul. 3,2012 Sheet 3 of 9 US 8,211,969 B2

e

, A AN
-'“'1-*“&'-5"1“.};? \
u.,.rlq}";?:.f. ?:td‘:' %4 %
A
o
x

AN
PR,

o Ry -w. : 'I

£ o ‘}""’ -._’;:';l.‘ kY E;;"'f
Ll & ERlp e M T A L Ty

s a}*‘ AL
e by Y FOL e gt o YA

Fig. 1(c)

TR

" g L5 ‘!ﬁi T
Sekrra bt dhea

\\\{e&w‘:«f ;,as‘;ﬁ;lﬁq, i



U.S. Patent Jul. 3,2012 Sheet 4 of 9 US 8,211,969 B2

= e PIHT-b-PS in chloroform
-« = P3HT-b-PS on glass substrate

Q
B LN
i

Absorption (a.u)
o
N

0.04__

400 500 600 700 800
Wavelength (nm)

-t-?—-— FP3HT-b-PS/SWCNT in chloroform
v— - P3HT-b-PS/SWCNT on glass substrate

—
N
1

Absorption{a.u)
=
©

i

o
o

400 500  B0O 70O 800
Wavelength (nm)

Fig. 2



U.S. Patent Jul. 3, 2012 Sheet 5 of 9 US 8,211,969 B2

2.0x107 4 e P3HT-b-PS
~ = PIHT-b-PSISWCNT(2:1)

Intensity (a.u.’

|
800

700
Wavelength (nm)

500 600

Fig. 3



U.S. Patent Jul. 3, 2012 Sheet 6 of 9 US 8,211,969 B2

Conductivity (S.cm™)
m
~f

~etme PIHTISWONT
—o— PIHT-b-PSISWCNT
E-8
E-9
‘L! ccl +—— Undetectable ,

00 02 04 06 08 10
Weight Percentage of CNT (%)

Fig. 4



U.S. Patent Jul. 3, 2012 Sheet 7 of 9

-J a Y B
SR il ]
A ] F {‘u’& "‘C.L. i s I:

SEM S5Qky X1GGU 10}!(}‘\ By ym‘\ Su ;—. AL

lﬂ‘?n'm 7l

._-\

r'.-?- q Tt ; oo
ALY ‘La:,. Plont “"‘:3
okv x1000 10ym r-—-* Iﬁ:« L_._,::.«

o':f,{ . ! (
B Rl T
n}‘\,;{\.: : «4‘,{_
TR HAn G
gu X {f 4

'
1
P
\

o v
Ir%:.’
T

&«a
\sCf’J:.

Fig. 5

US 8,211,969 B2



U.S. Patent

Jul. 3, 2012 Sheet 8 of 9 US 8,211,969 B2

Contact Angle({deq.}

05 1.0 1.5
P3HT-b-PSIMWCNTs (mass ratio)

Fig. 6



U.S. Patent Jul. 3,2012 Sheet 9 of 9 US 8,211,969 B2

1Y

Fif I
Fad
e

.-:-g‘ :;.:* g
el LA Ll ..t
;%' A b T TN, iy .
bt ’3 ‘*“{-“-‘r)'--. 3
¢ Vb F A
A , iﬁ" 7 }."ﬁl\-‘: e
* 2 P o JUINE T 1Y o
ﬁm—n 3"&-.» n:‘i{b&ﬂmiif{d Py - &

"OW  NI0EOD WDEOmm  100nm




US 8,211,969 B2

1
DISPERSIONS OF CARBON NANOTUBES IN
COPOLYMER SOLUTIONS AND
FUNCTIONAL COMPOSITE MATERIALS
AND COATINGS THEREFROM

CROSS REFERENCE TO RELATED
APPLICATION

This application claims the benefit of Provisional Applica-
tion Ser. No. 60/978,881 entitled “Dispersions of Carbon
Nanotubes in Block Copolymer And Superhydrophobic
Materials Therefrom”, filed Oct. 10, 2007, which is herein
incorporated by reference in its entirety.

FEDERAL RIGHTS

The U.S. Government has certain rights to embodiments of
the present invention based on National Science Foundation
CAREER awards (DMR 0746449, DMR 0552295 and ECCS
0748091), and NIRT award (DMI 0506531).

FIELD OF THE INVENTION

The invention pertains to methods for dispersing carbon
nanotubes in block copolymers and dispersions, electrically
conductive composites and functional materials therefrom,
and devices comprising surface coatings that comprise elec-
trically conductive carbon nanotube/block copolymer com-
prising composites.

BACKGROUND

Despite many of good electrical, mechanical and optical
properties of carbon nanotubes (CNTs), applications for
CNT’s are still generally limited. One of the main challenges
faced for the development of CNT-based materials is the
dispersion and stabilization of CNTs in a solvent media.
CNTs generally form bundles due to strong van der Waals
interactions between the respective nanotubes. Known meth-
ods to disperse CNT’s into solvents and polymer matrices
include direct mixing, chemical functionalization and third
component-assisted dispersion. Each of these methods pro-
vide certain advantages and certain disadvantages.

Exfoliation, using mechanical forces such as sonication,
although simple and cost effective, generally results in poor
quality dispersions. Nanotubes dispersed in this manner
quickly (e.g. within several minutes) precipitate from suspen-
sion or solution when the mechanical force stops.

Chemical modification and functionalization of CNTs
generally involves treatment with a strong oxidizing acid,
such as nitric acid, to form functional groups, such as car-
boxylic acid groups on the walls of the nanotube. Modifica-
tion is obtained by breaking carbon-carbon double bonds of
the CNTs and turning them into functional groups, such as
COOH groups in the case of strong acid treatment. In this
manner CN'Ts can be made sufficiently polar to become water
soluble or, upon modification of the carboxylic acid groups,
soluble in certain organic liquids. Although chemical modi-
fication is generally effective as a dispersion method, such
treatment inherently disrupts the long range nt conjugation of
the nanotube, resulting in diminished electrical conductivity,
mechanical strength, and/or a degradation in other properties.

Third component-assisted dispersion is currently consid-
ered to be the most effective approach. Surfactants molecules
such as sodium dodecyl sulfate (SDS), water soluble block
copolymers, DNA, proteins, and polyelectrolytes can be used
as the third component. These third components are primarily
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2

aimed at forming CNT dispersions in aqueous solutions.
Recently, conjugated conducting polymers have attracted
much attention as dispersants for CNTs. Conjugated poly-
mers are polymers with SP2 hybridized linear carbon back
bones. A wide variety of conjugated conducting polymers
such as poly(m-phenylene vinylene), poly(3-alkylth-
iophene), and poly(arylene ethynylene) have been shown to
be effective for dispersing CNTs. The dispersion effect is
attributed to the 7-rt interactions between the conjugated con-
ducting polymers and the CNTs. However, such m-7 interac-
tions limit the solubility of the conjugated polymers in sol-
vents and such CNT-conjugated polymers are generally
immiscible with other polymer systems.

Hence, there remains a need for stable CNT dispersions or
solutions, particularly in non-aqueous solutions, where the
desired properties (e.g. electrical and mechanical) of the
nanotubes are not compromised by reactions that can alter
their surfaces, and where little or no aggregation of the nano-
tubes are present in the dispersion, and the dispersion remains
stable for significant lengths of time, such as weeks or
months. Stable CNT dispersions or solutions would also be
useful to form composite materials and to develop new coat-
ings for use in a variety of technologies and applications.

SUMMARY

This Summary is provided to comply with 37 C.F.R. §1.73,
presenting a summary of the invention to briefly indicate the
nature and substance of the invention. It is submitted with the
understanding that it will not be used to interpret or limit the
scope or meaning of the claims. In a first embodiment of the
invention, a carbon nanotube comprising dispersion com-
prises a block copolymer comprising at least one block of a
conjugated polymer and at least one block of a non-conju-
gated polymer, at least one solvent for dissolving the block
copolymer to form a solution; and a plurality of non-chemi-
cally modified carbon nanotubes (CNTs) dispersed in the
solution. The solvent can comprise an organic solvent, such as
chloroform, toluene, or tetrahydrofuran. At 25° C. exclusive
of any mechanical force after one hour at least 90% of the
plurality of CNTs exist in the dispersion as isolated CNTs.

As used herein, the phrase “non-chemically modified
CNTs” refers to CNTs that have an outer surface that is
essentially exclusive of carbon atoms bonded to other species
that result from breaking the carbon-carbon SP2 (7t-7t) bonds
on the CNT surface. Thus, in embodiments of the invention,
modification of surface of the non-chemically modified
CNTs is achieved by delivering existing functional groups to
CNT surfaces via the non-conjugated block in the block
copolymer. In contrast, in conventional approaches, strong
oxidants such as peroxides or strong acids such as nitric acid
are used to break the carbon-carbon bonds on the CNT sur-
face and turn them into polar groups, such as COOH groups.

In another embodiment of the invention, the non-conju-
gated polymer can comprise various functional groups that
non-covalently associate with the CNT surfaces to maintain
the non-chemically modified CNTs while manipulating
CNT’s properties, such as, but not limited to, solubility and
biocompatibility. In one specific example, the conjugated
polymer (e.g. Poly(3-hexylthiophene)=P3HT) block non-co-
valently attaches to CNT surface through m-w interactions,
whereas the non-conjugated polymer (e.g. polyacrylic
acid=PAA) block with a tunable composition locates at the
surface of CNTs to provide the CNT’s with different func-
tionalities (e.g. COOH). As used herein, non-covalently
attached refers to one or more weak interactions that do not
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involve covalent bonds, such as m-m interactions, van der
Waals interactions, and static charge interactions.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1(a) shows a cross sectional view of a coated substrate
comprising a substrate and a CN'T/block copolymer compris-
ing coating thereon, according to an embodiment of the
invention.

FIG. 1(b) is a depiction derived from a transmission elec-
tron microscope (TEM) image of P3HT-b-polystyrene(PS)/
MWCNT (1:1) dispersion, the scale bar being 100 nm,
according to an embodiment of the invention.

FIG. 1(c) is a depiction derived from a TEM of a single
MWCNT covered by a thin layer of P3 HT-b-PS, the scale bar
being 5 nm, according to an embodiment of the invention.

FIG. 2 are UV-Vis spectra of (a) PAHT-b-PS in chloroform
as a cast film on a glass substrate; (b) P3HT-b-PS/SWCNT
(2:1) in chloroform as a cast film on a glass substrate, accord-
ing to various embodiments of the invention.

FIG. 3 are fluorescence spectra of pure P3HT-b-PS and
P3HT-b-PS/SWCNTs (2:1) dispersion in chloroform,
according to an embodiment of the invention.

FIG. 4 are plots of the electrical conductivities of P3HT-b-
PS/SWCNT and P3HT/SWCNT nanocomposites in PS
matrices versus the weight percent of SWCNTs, according to
an embodiment of the invention.

FIG. 5(a)-(c) are depictions derived from SEM images of
P3HT-b-PS/MWCNTs composite films on glass substrates
with a mass ratio of P3HT-b-PS to MWCNTs 0.5:1, 1:1 and
1.5:1, respectively, according to an embodiment of the inven-
tion.

FIG. 6 shows a plot of the increase in the water contact
angle with the increase of the mass ratios P3HT-b-PS to
MWCNTs from 0.5:1 to 1.5:1, according to an embodiment
of the invention.

FIG. 7 shows a depiction derived from magnified SEM
image of a honeycomb structure showing a P3HT-b-PS-rich
wall and a MWCNT-rich base, according to an embodiment
of the invention.

DETAILED DESCRIPTION OF THE INVENTION

The present invention is described with reference to the
attached figures, wherein like reference numerals are used
throughout the figures to designate similar or equivalent ele-
ments. The figures are not drawn to scale and they are pro-
vided merely to illustrate the instant invention. Several
aspects of the invention are described below with reference to
example applications for illustration. It should be understood
that numerous specific details, relationships, and methods are
set forth to provide a full understanding of the invention. One
having ordinary skill in the relevant art, however, will readily
recognize that the invention can be practiced without one or
more of the specific details or with other methods. In other
instances, well-known structures or operations are not shown
in detail to avoid obscuring the invention. The present inven-
tion is not limited by the illustrated ordering of acts or events,
as some acts may occur in different orders and/or concur-
rently with other acts or events. Furthermore, not all illus-
trated acts or events are required to implement a methodology
in accordance with the present invention.

One embodiment of the present invention is directed to a
dispersion or solution of non-chemically modified carbon
nanotubes (CNTs) including at least one solvent and a block
copolymer comprising at least one block of a conjugated
polymer and at least one block of a non-conjugated polymer
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4

as the dispersing and stabilization agent. At 25° C. exclusive
of any mechanical force, after one hour at least 90% of the
plurality of carbon nanotubes exist in the dispersion as iso-
lated nanotubes. The CNTs, can comprise either single-wall
CNT’s (SWNTs), multiwall CNTs (MWNTs), or mixtures
thereof. The conjugated polymer segments are adapted to
associate with the nanotubes via 7-rt interactions to overcome
the van der Waals interactions between combinations of nano-
tubes that would otherwise bundle the CNTs, permitting their
dispersion in the presence of the block copolymer and a
suitable solvent for the non-conjugated block of the copoly-
mer. Embodiments of the present invention are also directed
to composites and coatings derived from the CNT dispersions
(e.g. after drying).

The concentration of CNTs in the dispersion generally
ranges from 0.2 to 5 mg/ml., and the weight ratio between
CNTs and the conjugated block copolymers generally ranges
so that the weight ratio between CNTs and conjugated poly-
mer block is from 1:0.2 to 1:25.

In embodiments of the invention, the dispersing agent is
generally the block copolymer. As used herein, the block
copolymer can be a diblock copolymer, triblock copolymer,
multiblock copolymer or graft copolymer where one or more
conjugated blocks are grafts on a non-conjugated polymer
block or one or more non-conjugated blocks are grafts on a
conjugated polymer block. In general, but not necessarily, the
number of conjugated blocks is restricted to few in number,
generally one or two, such that a physical cross-linking of tri,
multi and multi graph copolymers by CNTs is inhibited. The
necessity to restrict the number of conjugated blocks to one or
two will generally depend on the binding constants of the
individual conjugated blocks with the nanotubes, the relative
proportions of block copolymers to nanotubes, the size of the
conjugated and non-conjugated blocks, the relative size of the
conjugated and non-conjugated blocks, and the size of the
nanotubes. With appropriate combinations of factors, there
are generally no limitations to the number of conjugated
blocks on the copolymer. Dendrimers with a single or only a
few conjugated blocks on the periphery are generally useful
copolymers for an embodiment of the invention. The molecu-
lar weight distribution of the block copolymers and of the
individual blocks in the block copolymer can be narrow
M,,M,,=1.8), about normal (M, M,=1.9 to 2.1) or broad
(M,,M,,Z2.2), wherein Mw is the weight average molecular
weight and Mn is the number average molecular weight, as
defined below:

Number average MW (M,,)=2(MN,/Z(N;)

Weight average MW (M, )=3(M?N,)/Z(M,N;)

When multiblock or multi graft polymers are used, the
molecular weight distributions can be very large.

The conjugated block polymer can be, for example, poly-
thiophene, polypyrrole, polydioxythiophene, polydioxypyr-
role, polyfluorene, polycarbazole, polyfuran, polydioxyfu-
ran, polyacetylene, poly(phenylene), poly(phenylene-
vinylene),  poly(arylene  ethynylene),  polyaniline,
polypyridine, polyfluorene and any of these polymers that
have substitutions such as alkyl, alkenyl, alkynyl, alkoxy,
aryl, aryloxy, halogen, ester, or amide. The substituents can
be chiral or achiral. The conjugated polymer can be a copoly-
mer, for example having the same base conjugated repeating
unit but different substituents on different repeating units or
different conjugated repeating units. The conjugated poly-
mers with substituents can be regio or stereo regular or regio
or stereo random. The degree of polymerization of the con-
jugated block can generally range from 2 to about 1,000
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depending upon the specific blocks ability to form sufficiently
strong and stable interactions with the CNTs in the presence
of the dispersing solvent.

The non-conjugated polymer blocks can be common step-
growth or chain-growth polymers that can be coupled with,
grafted to, grafted on, initiate, or terminate a conjugated poly-
mer to form the desired conjugated-block-non-conjugated
polymer as long as the non-conjugated polymer is readily
dissolved in one or more solvents or a mixture of solvents.
The individual non-conjugated polymer block can be linear or
branched. The polymers can generally range from sterecoregu-
lar (tactic) or stereorandom (atactic). When possible the non-
conjugated polymer can be regioregular (head to head or head
to tail) or regiorandom. The non-conjugated branch can be a
copolymer of two or more monomers. Among polymers that
can be used for the practice of embodiments of the inventions
include polystyrene, polyacrylates (such as polymethylacry-
late), polymethacrylates (such as polymethylmethacrylate)
polydienes (such as polybutadiene), polyalkyleneoxides
(such as polyethyleneoxide), polyvinylethers, polyalkylenes,
polyesters, polycarbonates, polyamides, polyurethanes,
polyvinylpyrrolindone, polyvinylpyridine, polysiloxanes,
polyacrylamide, epoxy polymers, and fluorinated variations
of these polymers. The degree of polymerization of the non-
conjugated block polymer can generally range from about 20
to about 1,000,000.

A variety of solvents that are chemically inert towards the
nanotubes, such that CNT bonding remains unaltered, can be
used for the practice of embodiments of the invention. Gen-
erally, but not necessarily, it is also desirable that the solvent
is generally inert with respect to the copolymer. Generally, the
solvent is chosen by the solubility of the non-conjugated
block of the block copolymer. Other factors that may be
considered in the selection of the solvent depend upon the
intended use of the CNT-conjugated-block-non-conjugated
copolymer. Typically, the CNT dispersion can be prepared by
a relatively gentle sonication of CNTs in the presence of a
conjugated-block-non-conjugated copolymer solution.

In one embodiment of the invention, the CNT-block
copolymer dispersion can be used to prepare CNT polymer
composites. Using a polymer that is identical to or miscible
with the non-conjugated polymer in the block copolymer
permits a dispersion of the CNT block copolymer in the
polymer. Generally the dispersion will be formed by mixing
a solution of the polymer with the CNT block copolymer
dispersion. The composite can be formed upon the removal of
the solvent. By controlling the proportions of the CNT-block
copolymer and the polymer, the level of CNT’s in the com-
posite can be controlled. The quality of the dispersion of the
CNT-block copolymer of an embodiment of the invention can
be so high that CNTs can be dispersed in the polymer matrix
nearly individually (e.g. at least 90%) such that the composite
can be rendered electrically conductive at a very low level of
CNTs, such as evidenced by an extremely low percolation
threshold for electrical conductance, as low as 0.03%, or even
less.

As used herein, the percolation threshold for electrical
conductance is the CNT concentration threshold in which the
electrical conductance of the composite rises in a discontinu-
ous fashion to a higher level, and thus evidences the critical
threshold in which long-range connectivity of CNTs is first
established (See FIG. 4 described below). The percolation
threshold thus corresponds to the lowest CNT filler loading
level where a significant conductivity increase for the com-
posite is observed. The loading ratio has been used as an
indicator of CNT dispersion quality in the polymer matrix.
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Generally, lower percolation thresholds are observed for
higher quality nanotube dispersions in polymer matrices.

FIG. 1(a) shows a cross sectional view of a coated substrate
100 comprising a substrate 101 and a CN'T/block copolymer
comprising composite coating 102 thereon, according to an
embodiment of the invention. Coated substrate can be formed
by casting a dispersion according to an embodiment of the
invention on the surface of substrate 101, and then evaporat-
ing the solvent. The thickness of the coating generally ranges
from 0.1 um to 200 um. The substrate can comprise a variety
of materials, including metals, semiconductors and dielec-
trics (e.g. glasses), woods, fibrics, and plastics. Although not
shown, the coating may be patterned, such as by using lithog-
raphy techniques and ink jet techniques. The composite mate-
rials can generally contain 0.1 to 99.9 weight percent of
CNTs, 0.1 t0 99.9 weight percent conjugated polymer and 0.1
to 99.9 weight percent non conjugated polymer.

FIG. 1(b) is a depiction derived from a transmission elec-
tron microscope (TEM) image of P3HT-b-PS/MWCNT (1:1)
dispersion, the scale bar being 100 nm, according to an
embodiment of the invention. Almost all (>90%) of the
MWCNTs can be seen to reside in the dispersion as isolated
(i.e. not bundled) nanotubes. FIG. 1(¢) is a depiction derived
from a TEM of a single MWCNT covered by a thin layer of
P3HT-b-PS, the scale bar being 5 nm, according to an
embodiment of the invention. A thin amorphous coating layer
of P3HT-b-PS with a thickness of about 2 nm can be seen on
the surface of an outer wall of the MWCNT.

The high electrically conductivity aspect of composites
according to embodiments of the invention make coatings of
such materials generally appealing for a variety of applica-
tions. Such applications include, but not limited to, piezoelec-
tric actuators and power generators (e.g. CNT/polyvinylidene
difluoride composites), organic photovoltaics, ultra-thin
lithium ion batteries, supercapacitors and ultra-thin electro-
magnetic bandgap (EBG) absorbers.

In one embodiment of the invention, superhydrophobic
coatings are formed by drying certain CNT/block copolymer
dispersions according to embodiments of the present inven-
tion as described in the Examples below. A super-hydropho-
bic surface is generally defined in the art and is defined herein
as a surface which provides a contact angle greater than 150°
with a drop of water at normal ambient temperatures (about
25° C.). Due to unexpected segregation effects during drying
for certain CNT/block copolymer dispersions, the base por-
tion of the superhydrophobic coating was found comprises
primarily (such as at least 90% by weight) the CNTs and a top
portion of the superhydrophobic coating comprises micro-
and nanostructural features that comprise primarily ((such as
at least 90% by weight) the block copolymer. In this embodi-
ment, the block copolymer can comprise poly(3-hexylth-
iophene-block-polystyrene). The resulting micro- and nano-
structural features combined with the high electrical
conductivity of superhydrophobic surfaces according to
embodiments of the invention (e.g. 10 to 1,000 S/cm) make
these materials appealing for a variety of applications, includ-
ing, but not limited providing electromagnetic interference
shielding properties to a substrate, or sensors that are free of
moisture interference, such as gas sensors on a substrate.

In yet another embodiment of the invention, the non-con-
jugated polymer provided by the block copolymer can com-
prise various functional groups that non-covalently associate
with the CNT surfaces to manipulate CNT properties, such as
solubility and biocompatibility. As described above, “non-
covalently attached” refers to one or more weak interactions
that do not involve covalent bonds, such as m-r interactions,
van der Waals interactions, and static charge interactions.
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These embodiments provide a simple and versatile approach
to disperse and functionalize CNTs in a single step process
using conjugated polymer comprising block copolymers. The
conjugated block (e.g. P3HT) will bind to the CNT surfaces
through non-covalent m-m interactions, and help prevent
CNTs from aggregating, while the non-conjugated block with
various functionalities on CNT surfaces will introduce a vari-
ety of function groups to CNTs. This approach can readily
improve the CNT properties such solubility and biocompat-
ibility, provide functional groups for further functionaliza-
tion, and retain the original structures and properties of non-
chemically modified CNTs. The functionality of CNT can be
controllable by selecting different conjugated block poly-
mers, and varying the relative amount of the functional non-
conjugated polymers.

In a first exemplary embodiment, CNT surfaces are func-
tionalized while remaining non-chemically modified CNTs
with carboxylic acids by dispersing and functionalizing non-
chemically modified CNTs with a suitable copolymer, such
as P3HT-b-PAA block copolymers. A good dispersion of
MWCNT can be obtained by sonicating CNTs and P3HT-b-
PAA in tetrahydrofuran (THF). According to a mechanism
believed to be operable, P3HT blocks attach to the surface of
CNT through mt-w interactions, while the PAA blocks locate at
the surface of CNTs and functionalize the CNTs with car-
boxylic groups, without chemically modifying the CNTs.

Applicants present certain theoretical aspects below that
are believed to be accurate that appear to explain observations
made regarding embodiments of the invention. However,
embodiments of the invention may be practiced without the
theoretical aspects presented. Moreover, the theoretical
aspects are presented with the understanding that Applicants
do not seek to be bound by the theory presented.

The as-obtained CNTCOOH was characterized by a trans-
mission electron microscope (TEM). The TEM images
obtained revealed well dispersed CNTs with high aspect
ratios. Since the P3HT-b-PAA block copolymers bond with
CNTs through non-covalent -t interactions, and a short time
sonication is applied for the dispersing process, the chemical
structure, electric and mechanical properties of CNTs are
maintained. High resolution TEEM image of CNTCOOH
revealed that the CNTs are covered homogenously with
P3HT-b-PAA. The homogenous and non-specific coverage of
CNT by P3HT-b-PAA ensures the uniform distribution of
carboxylic groups on CNT surfaces.

The density of carboxylic group on functionalized CNTs
was found to be controllable by varying the composition of
P3HT-b-PAA. P3HT-b-PAAs with P3HT to PAA molar ratio
of'1:6.8 and 1:0.9 can be synthesized and applied to disperse
CNTs in THF. Free P3HT-b-PAA in the dispersion can be
removed by three cycles of centrifugation and re-dispersing
in THF.

The dispersed CNT-COOH can be finally collected by
centrifugation and dried in vacuum. The carboxylic group
density of the obtained CNT-COOH was characterized by the
titration with NaOH, and was determined to be 7.5 mmol/g
and 1.2 mmol/g for the P3AHT-b-PAA with the P3HT to PAA
ratio of 1:6.8 and 1:0.9, respectively. Therefore, dispersing
and functionalizing CNTs using P3HT-b-PAA block copoly-
mers can not only introduce carboxylic groups onto CNT
surfaces but also provide uniform distribution of carboxylic
groups on CNT surfaces with controlled density.

As noted above, one embodiment of the invention com-
prises functional groups that non-covalently associate with
the CNT surfaces to manipulate CNT solubility. CNTs with
good solubility in a variety of solvents are desirable for dif-
ferent applications. In this embodiment, CNTs can be
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obtained by surface modification with conjugated block poly-
mers with an amphiphilic non-conjugated block.
Amphiphilic polymers are polymers which are soluble both
in polar solvents and non-polar solvents and will thus anchor
on CON surfaces and grant the CNTs solubility in a variety of
solvents that would not be solvents for CNTs alone. To dem-
onstrate this idea, a conjugated block copolymer with an
exemplary amphiphilic block-comprising P3HT-b-poly (poly
(ethylene glycol) methyl ether acrylate) (P3HT-b-PPEGA)
was synthesized. MWCNT was first dispersed by P3HT-b-
PPEGA in chloroform, and chloroform was then removed to
obtain a solid product. The solubility of the P3HT-b-PPEGA
dispersed MWCNT was tested by redispersing the solid prod-
uct in various solvents. In comparison, the solubility of P3HT
dispersed MWCNT was also tested. The P3HT dispersed
MWCNT is soluble in chloroform, but not soluble in toluene,
methanol, ethanol, dimethylformamide (DMF), acetonitrile,
or water. In contrast, PXHT-b-PPEGA dispersed MWCNT is
soluble in various solvents including chloroform, toluene,
methanol, ethanol, DMF, and acetonitrile. All these solvents
are good solvents for the PPEGA block, indicating that the
solubility of CNTs can be manipulated by the PPEGA block.

As noted above, one embodiment of the invention com-
prises biocompatible polymers that render the CNTs more
biocompatible. Various biological applications of CNTs such
as vehicles for drug delivery, DNA and protein delivery, can-
cer cell destruction agents, and cell imaging and labeling tags
have been extensively investigated. However, it is known that
both MWCNT and SWCNT are cellular toxic. Therefore,
reducing the cytotoxicity and increasing the biocompatibility
of CNTs is an important step for establishing their biological
applications.

Surface modification of CNT with exemplary biocompat-
ible polymers such as poly (E-caprolactone) has been found
by the present inventors to be an efficient approach to reduce
the cytotoxicity of CNT’s. One way to attach biocompatible
polymers such as poly (E-caprolactone), polyethylene gly-
col, poly(2-hydro-oxyethyl methacrylate), polysiloxane,
polyhydroxyalkanoate, polylactides, onto CNT surfaces by
using conjugated polymer comprising block copolymers,
such as P3HT-b-poly (E-caprolactone) (P3HT-b-PCL as dis-
persants. It is believed the PCL block anchors to CNT surface
through the interaction of the conjugated (e.g. P3HT) block
with the CNTs.

To test the cytotoxicity of P3HT-b-PCL dispersed CNT
(including both SWCNT and MWCNT), the CNT dispersants
were spin coated onto glass cover slides, and the in vitro
cytotoxicity was then assessed by a Live/Dead viability/cy-
totoxicity kit. This assay is based on the simultaneous deter-
mination of live and dead cells with fluorescence probes of
calcein AM and EthD-1. In this test, calcein AM is well
retained within live cells, producing an intense green fluores-
cence in live cells, while EthD-1 binds to nucleic acids of
(lead cells, and produces a bright red fluorescence in dead
cells. Neuroblastoma glioma (NG) cells with a concentration
of 4x10* cells/well in a 6-well tissue culture plate were incu-
bated with glass cover slides covered with P3HT-b-PCL dis-
persed CNTs at 37° C. for 72 hours. After washing the glass
slides three times by phosphate-buffered saline to remove
cells which were not attached to the glass slides, the slides
were then incubated in a combined Live/Dead assay solution
of calcein-AM (2 uM) and EthD-1 (4 uM) at 37° C. for 45
min.

The numbers of live and dead cells on the slides were
determined on at least six randomly selected areas from three
slides. As a control experiment, the cytotoxicity of P3HT
homopolymer dispersed CNT and glass cover slide was also



US 8,211,969 B2

9

assessed. During the experiments, both P3HT dispersed and
P3HT-b-PCL, dispersed MWCNTs were found to be hydro-
phobic and could not be wetted by the buffer solution con-
taining NG cells. Only the cytotoxicity of P3HT-b-PCL func-
tionalized SWCNTs  (P3HT-b-PCL/SWCNT)  was
investigated. The NG cell was found to exhibit a high viability
of more than 80% on the P3HT-b-PCL/SWCNT coated sub-
strate, while the cell viability on glass substrates is about
43%, which means that the high viability is mainly contrib-
uted by P3HT-b-PCL/SWCNT and the sub-layer glass does
not affect cytotoxicity study. In contrast, the cell viability on
the P3BHR/SWCNT coated substrate is tested to be 46%,
which is much less than that on the P3HT-b-PCL/SWCNT
coated substrate. The higher cell viability on the P3HT-b-
PCL/SWCNT coated substrate results from the presence of
biocompatible poly (E-caprolactone) blocks on CNT sur-
faces which enhance the biocompatibility of CNTs.

EXAMPLES

The following non-limiting Examples serve to illustrate
selected embodiments of the invention. It will be appreciated
that variations in proportions and alternatives in elements of
the components shown will be apparent to those skilled in the
art and are within the scope of embodiments of the present
invention.

Components for an Exemplary Block-Copolymer CNT Dis-
persion

Poly(3-hexylthiophene-block-polystyrene) (P3HT-b-PS),
a diblock copolymer, was synthesized according to the pro-
cedure disclosed in Mihaela et al. Polymer, 2005, 46, 8582-
8586, which is incorporated in its entirety herein, with the
P3HT block having a 98% head-to-tail regioregularity. This
block copolymer is readily soluble in chloroform, toluene,
and tetrahydrofuran (THF). Gel permeation chromatography
(GPC), measurement using polystyrene as a standard, indi-
cates a number average molecular weight M,, of 23000 dalton
with a polydispersity of M, /M, =1.3. The composition of
P3HT-b-PS was estimated to contain 34.1% and 65.9%
(weight percentage) of P3HT and PS, respectively, according
to 'HNMR spectral analysis. Homopolymer P31-HT used for
comparison study was purchased from Aldrich (M, =26000
and M, /M, =2.1 by GPC method with polystyrene standard).
HiPco SWCNT was purchased from Carbon Nanotechnolo-
gies with a diameter of 0.8-1.2 nm and a length of 100-1,000
nm. The purity was reported to be >65%. MWCNTs were
purchased from Nanolab with a diameter of 10-20 nm and a
length of 5-20 um, with a purity >95%. The CNTs were used
as received without further purification or chemical modifi-
cation.

Preparation of Exemplary Block Copolymer CNT Disper-
sions

CNTs were mixed with chloroform and P3HT-b-PS by
sonification for 1 hour at a temperature of 18-20° C. main-
tained with a water bath. The minimum mass ratio of P3HT-
b-PS to CNT’s required to achieve a good dispersion was
about 0.6 and 0.5 for SWCNT and MWCNT, respectively.
The highest concentration of CNT dispersion achieved was
about 2.5 mg/ml and 3.0 mg/mL for P3HT-b-PS/SWCNT
(2:1, mass ratio) and P3HT-b-PS/MWCNT (1:1, mass ratio),
respectively. Good dispersion of CNTs was also obtained
with toluene and tetrahydrofuran (THF). The SWCNTs dis-
persion was more stable to centrifugation at 13,200 rpm for
30 minutes that was the dispersion of MWCNTs in the
copolymer solution. The P3HT-b-PS/CNTs dispersions were
dried and readily re-dispersed in chloroform, toluene, or THF
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upon gentle sonication for a few minutes. The dispersed solu-
tions were stable for a period of a few months without any
obvious precipitation.
Comparison of Dispersions Using Block Copolymers or Con-
jugated Homopolymer

Comparison studies of carbon nanotube dispersion in chlo-
roform were conducted using homopolymer P3HT rather
than the P3HT-b-PS block copolymer. Mass ratios of P3HT to
CNTs, 0.65 and 0.6 for SWCNT and MWCNT, were required
to achieve a good dispersion. As the P3HT-b-PS to CNT ratio
was 0.6 and 0.5, and the weight fraction of the P3HT in the
block copolymer was 0.341, the mass ratio of P3HT to CNTs
for dispersion using P3HT-b-PS were 0.205 and 0.171 using
SWCNT and MWCNT, respectively. Additionally, the P3HT/
CNTs dispersions were not as stable as P3HT-b-PS dispersed
CNTs as CNTs precipitation occurred in a few days.
TEM Analysis of P3HT-b-PS/CNT Cast from Dispersions

A dispersed CNT solution comprising MWCNTs was cast
on TEM grids and analyzed by TEM, a depiction thereof
being presented in FIG. 1(b), and briefly described above. As
noted above, the vast majority (>90%) of MWCNTs were
found to reside in the dispersions as isolated nanotubes. A
high resolution TEM image of a MWCNT segment revealed
the presence of a thin amorphous coating layer with a thick-
ness of about 2 nm on the surface of the CNT wall, a depiction
thereof being presented in FIG. 1(c), and briefly described
above. This thin layer coating is consistent with P3HT-b-PS
copolymer being assembled on the CNT surface. The inter-
action of the copolymer layer with the carbon nanotube sur-
face appears to be very strong. After dispersion of carbon
nanotubes in copolymer solution, the carbon nanotubes can
be collected by centrifuge to remove free copolymers. The
P3HT-b-PS/CNTs isolated by centrifugation were readily re-
dispersed in chloroform, toluene or THF, indicating that the
conjugated copolymer remained on the CNT surface even
after multiple cycles of washing with solvent and centrifuga-
tion.
P3HT-b-PS/SWCNT Dispersions

For the SWCNT dispersion, two groups of tubular struc-
tures were discernable in the TEM obtained. One structure
displayed an average diameter of about 5-6 nm and another
structure displayed an average diameter of about 10-20 nm.
The first structure having an average diameter of about 5-6 nm
was the major component of the dispersion comprising at
least 90% of the CNTs and appears to be completely de-
bundled individual SWCNTs coated with the block copoly-
mer as the diameter of the P3HT-b-PS/SWCNTs would be
anticipated for a copolymer coating of about 2 mm, as
observed by TEM for P3HT-b-PS/MWCNTs, on individual
SWCNTs, which have a diameter of 0.8 to 1.2 in. The second
P3HT-b-PS/SWCNTs structure occasionally found (<involv-
ing 10% of the CNTs) appears to result from SWCNTs that
are not completely de-bundled.
Spectral Analysis of P3HT-b-PS Association with CNTs

The interactions between the block copolymer and CNTs
were studied by UV-Vis absorption and fluorescence spec-
troscopy. In dilute chloroform solution, P3HT-b-PS exhibits
anabsorption band centered at 454 nm, as shown in FIG. 2(a),
which can be assigned to the regioregular P3HT block in the
copolymer. When the P3HT-b-PS solution in chloroform was
cast on a glass substrate, a dramatic red shift of the absorption
band was observed from the dried film with the absorption
band split into three peaks at 513, 560, and 604 nm, FIG. 2(a),
asis consistent with such spectra from solid state regioregular
P3HT. The red shift has been attributed to a better chain
stacking in the solid state that increases the average conjuga-
tion length of the P3HT and decreases the band gap. These
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equivalent spectral features displayed by the block copolymer
suggest that the solid state assembly structure of P3HT is not
inhibited by the PS block.

The UV-Vis absorption spectrum of a P3HT-b-PS/SWCNT
dispersion in chloroform, FIG. 2(5) also displays the three
absorption peaks at 513, 560 and 604 nm differing from that
of'the solid P3HT-b-PS only in the intensities of these peaks.
Therefore, it is believed that P3HT-b-PS polymer forms a
similar conjugation length when associated with SWCNTs as
that found in the solid state by P3HT. Referring to what was
observed from TEM analysis, it appears that P3HT-b-PS
polymers are deposited onto the surface of CNT walls, with
P3HT moiety stacking on CNT in an ordered and condensed
manner, and PS blocks are oriented towards the solution
phase. The UV-V is spectrum of P3HT-b-PS/SWCNT from a
cast film is quite similar to that in solution, again differing
only in relative peak intensity. Therefore it appears that the
interaction between the P3HT blocks with the CNTs is stable
in solid state and that no rebundling of CNTs occurs upon
evaporation of the solvent. The stability of this interaction
appears to permit the repeated drying and redispersion of a
P3HT-b-PS/CNT solution. A peak around 750 nm in the
UV-Vis spectra of the P3HT-b-PS/SWCNT dispersion in
chloroform and P3HT-b-PS/SWCNT solid film on a glass
substrate is also observed. This peak is consistent with elec-
tron transfer from P3HT to SWCNT due to the SWCNT’s
high electron affinity, oxidizing the P3HT and reducing the
SWCNTs.

Intimate interaction between P3HT-b-PS and CNTs is also
indicated by the fluorescence quenching of P3HT-b-PS by
CNTs due to electron transfers. Under UV-Vis irradiation, an
exiton is generated on P3HT with an electron present in the
highest occupied molecular orbit (HOMO 2.8 eV) and a hole
in the lowest unoccupied molecular orbit (LOMO 4.9 eV), the
electron in the HOMO transfers to the adjacent carbon nano-
tube rather than recombining with the hole. As shown in FIG.
3, P3HT-b-PS block copolymer exhibits a strong fluorescence
emission at 575 nm. However after SWCNTs were dispersed
in copolymer solution (2:1 mass ratio between P3HT-b-PS
and SWCNTs), 97% of the fluorescence emission was
quenched. Similar fluorescence quenching was also observed
in MWCNT dispersions of the block copolymer. Comparison
study of dispersing SWCNTs using P3HT showed only 75%
of the fluorescence emission was quenched when the same
P3HT to SWCNTs ratio as that which gave 97% quenching
with the block copolymer was used, indicating a more effi-
cient interaction of P3HT-b-PS with CNTs than between the
CNTS and P3HT.

Polystyrene/CNT Composites

Using a 2:1 mass ratio P3HT-b-PS/SWCNT dispersion,
polystyrene nanocomposites were fabricated with varied
weight ratios of CNTs. The 2:1 P3HT-b-PS/SWCNT disper-
sions yielded nanocomposites that displayed the highest elec-
trical conductivity of the nanocomposites prepared. Polysty-
rene nanocomposites using P3HT/SWCNT dispersions, with
equivalent P3HT to SWCNT ratios were also prepared. Four
point probe electrical conductivity of the nanocomposite thin
films, with a thickness of about 30 um prepared using a
drawdown bar, was measured using a Keithley 2400 instru-
ment. Percolation thresholds were obtained from the plots of
conductivity versus SWCNT weight ratio as shown in FIG. 4.
As described above, the percolation threshold corresponds to
the lowest filler loading where a significant electrical conduc-
tivity increase is observed. The percolation threshold
observed for a P3HT-b-PS/SWCNTs nanocomposite was
0.03% SWCNT with 0.06% P3HT-b-PS, which is signifi-
cantly) lower than the value of 0.12% observed for a P3HT/
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SWCNT nanocomposite. The PAHT-b-PS dispersed SWCNT
according to an embodiment of the invention was found to be
stable in a PS-chloroform solution over several months of
standing, while P3HT dispersed SWCNTs was found to pre-
cipitate out from the same PS solution in one day.
Superhydrophobic Surfaces

MWCNTs were mixed with block copolymer with varying
(1:1 to 5:1) mass ratios of block copolymer to CNT. The
mixtures were suspended in chloroform and sonicated for 1
hour at 18-20° C. with the temperature maintained using a
water bath. Superhydrophobic surfaces were prepared by
drop casting the dispersions at a concentration of 0.1-0.3
mg/ml, onto a substrate followed by drying of the cast films in
a fume hood. The film thickness was determined to be about
1 um using a profilometer (Dektak ST). The morphologies of
films from east P3HT-b-PS/MWCNTs dispersions with dif-
ferent mass ratios were studied by scanning electron micros-
copy (SEM).

As shown in depiction derived from a SEM image in FIG.
5(a), films from a low block copolymer to CNT ratio, such as
0.5:1, were found to display a cracked honeycomb structure
with an irregular discontinuous wall. As shown in depiction
derived from a SEM image in FIGS. 5(5) and 5(¢), films with
higher mass ratios of P3HT-b-PS to CNT, 1:1, and 1.5:1,
respectively, were found to exhibit an intact more regular
honeycomb structure of protruding features. At the higher
mass ratios of block copolymer, the dark pore of the honey-
combs becomes smaller and the protruding walls become
thicker and rougher. The diameter of the honeycomb pores
was found to range from about 2 to about 15 pm and the height
of the honeycomb walls ranged from 200 to 500 nm. This
honeycomb surface was found to display superhydrophobic-
ity for films cast on a wide variety of substrates including
glass, graphite, gold, paper, plastic, cellulose membranes,
fabric, silicon wafers and aluminum foil.

Water placed on the surface of a superhydrophobic coating
formed from P3HT-b-PS to MWCNT at a 1.5:1 mass ratio
according to an embodiment of the invention, was found to
form a bead. As the mass ratio of block copolymer increased
over the range examined, the water contact angle on the
honeycomb structured surface increased from 155.5+1.4° to
157.1£2.6 and to 158.6+1.4° as shown in FIG. 6.

A depiction derived from a highly magnified SEM image
obtained as shown in FIG. 7, reveals different morphology
and compositions of the wall and the base of the protruding
honeycomb structure. The protruding wall results from pri-
marily P3HT-b-PS polymers decorated with a small amount
of MWCNTs, while the main component in the base appears
to be a randomly entangled carbon nanotube networks with
nanoscale porosity which fulfills the requirements for a supe-
rhydrophobic surface. The phase separation morphology was
further supported by fluorescence microscopic measure-
ments. As described above, the block copolymer is fluores-
cent in both solution and solid state at around 575 nm, but this
fluorescence is quenched when the block copolymer is in
contact with CNTs. The honeycomb morphology of the film
is observed in the fluorescence micrograph where the honey-
comb walls fluoresce a bright green while the base remains
dark. Hence, the honeycomb wall is block copolymer-rich
comprising excess block copolymer that is not bound to car-
bon nanotubes. In the base area, block copolymer coated
MWCNTs are the main component, as the area appeared to be
dark due to the fluorescence quenching by the MWCNTs. The
non-conjugated block of the block copolymer appears to play
a key role in the honeycomb structure formation and the
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superhydrophobicity. When a dispersion of MWCNTs and
homopolymer P3HT was cast on glass slides, no honeycomb
structure was observed.

The stability of the superhydrophobic surface is important
for most practical applications. The superhydrophobic films
described above were found to remain superhydrophobic
after being immersed in water for more than one week, or
exposed in a high humidity environment for several months.
Furthermore, the superhydrophobic coatings of the present
invention are electrically conductive, with electrical conduc-
tivity for generally being in the range of 10-1,000 S/cm at 25°
C., depending on the block copolymer and carbon nanotube
composition. This conductivity range is appropriate for many
applications such as electromagnetic interference shielding
and electrostatic dissipation. The EMI shielding effectiveness
of'a P3HT-b-PS/MWCNT nanocomposite coating was mea-
sured to be around 28 dB at the X-band region. This P3HT-
b-PS/MWCNT nanocomposite coating also exhibits fast gas
sensing response to ammonia, acetic acid and organic vapors
as observed from the drastic conductivity change of the films
upon adsorption of the gaseous molecules. Such superhydro-
phobic coatings according to embodiments of the invention,
may also be used for corrosion protection of a wide range of
metal materials. The charge transfer formation between the
carbon nanotubes and conjugated block copolymers is
another interesting property that may be useful for photovol-
taic cell applications.

Biocompatible CNTs Via Non-Chemical Surface Function-
alization

HiPco SWCNT was purchased from Carbon Nanotech-
nologies with a diameter of 0.8-1.2 nm and a length of 100-
1000 nm. The purity was declared to be above 65%.
MWCNTs were purchased from Nanolab with a diameter of
10-20 nm and a length of 5-20 pm, with the purity above 95%.
The as-received CNTs were used directly without further
purification or chemical modification. All the dispersing of
CNTs by conjugated block copolymers used chloroform as
solvents except the P3HT-b-PAA/CNT dispersion which was
dispersed in THF. The concentration of CNTs was fixed to be
1 mg/ml, and the weight ratio between CNTs and conjugated
block copolymers was tuned so that the weight ratio between
CNTs and P3HT block was fixed to be 1:0.5 and 1:0.7 for
MWCNT and SWCNT, respectively. After mixing the
copolymers and CNTs in solvent, 30 mins sonication was
applied to obtain the CNT dispersion. The CNT/PMMA com-
posites were prepared by simply mixing different weight ratio
of dispersed SWCNT and the PMMA chloroform solution
(10 wt. %), after thoroughly mixed for 1 hour by stirring, the
composite thin films (~30 pm) were cast on glass substrates
by a drawdown bar. The electrical conductivity of the films
was measured by a standard four probe method using Kei-
thley 6517A. Optical images of the composite films before
and after annealing were taken by an Olympus BX51 system.
The TEM images of P3HT-b-PAA dispersed MWCNT were
taken by an FEI TECNAI F30. The density of carboxylic
groups of P3HT-b-PAA dispersed MWCNT was character-
ized by titration with 10~> mmol NaOH solution using phe-
nolphthalein as the indicator. UV-Vis measurements of
P3HT-b-PPEGA dispersed MWCNT in different solvent
were performed using a Cary 300 UV-Visible spectrophotom-
eter. The in vitro cytotoxicity of P3HT-b-PCL dispersed
CNTs was assessed by a Live/Dead viability/cytotoxicity kit,
and a fluorescence microscope (Olympus BX51) was used to
count the viability of NG cells.

While various embodiments of the present invention have
been described above, it should be understood that they have
been presented by way of example only, and not limitation.
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Numerous changes to the disclosed embodiments can be
made in accordance with the disclosure herein without
departing from the spirit or scope of the invention. Thus, the
breadth and scope of the present invention should not be
limited by any of the above described embodiments. Rather,
the scope of the invention should be defined in accordance
with the following claims and their equivalents.

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
the art upon the reading and understanding of this specifica-
tion and the annexed drawings. In addition, while a particular
feature of the invention may have been disclosed with respect
to only one of several implementations, such feature may be
combined with one or more other features of the other imple-
mentations as may be desired and advantageous for any given
or particular application.

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. Further-
more, to the extent that the terms “including”, “includes”,
“having”, “has”, “with”, or variants thereof are used in either
the detailed description and/or the claims, such terms are
intended to be inclusive in a manner similar to the term
“comprising.”

Unless otherwise defined, all terms (including technical
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
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.

The Abstract of the Disclosure is provided to comply with
37 C.F.R. §1.72(b), requiring an abstract that will allow the
reader to quickly ascertain the nature of the technical disclo-
sure. It is submitted with the understanding that it will not be
used to interpret or limit the scope or meaning of the follow-
ing claims.

We claim:

1. A carbon nanotube comprising dispersion, comprising:

a block copolymer comprising at least one block of a con-

jugated polymer and at least one block of a non-conju-
gated polymer;

at least one solvent for dissolving said block copolymer to

form a solution; and

a plurality of non-chemically modified carbon nanotubes

dispersed in said solution,
wherein a weight % of said non-conjugated polymer
exceeds a weight % of said conjugated polymer, and

wherein at 25° C. exclusive of any mechanical force and
after one hour, at least 90% of said plurality of carbon
nanotubes exist in said dispersion as isolated carbon
nanotubes.

2. The dispersion of claim 1, wherein said block copolymer
is a diblock copolymer, triblock copolymer, multiblock
copolymer or a graft copolymer wherein at least one conju-
gated block is grafted on a non-conjugated polymer or at least
one non-conjugated block is grafted on a conjugated polymer.

3. The dispersion of claim 1, wherein said conjugated
polymer comprises polythiophene, polypyrrole, polydiox-
ythiophene, polydioxypyrrole, polyfluorene, polycarbazole,
polyfuran, polydioxyfuran, polyacetylene, poly(phenylene),
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poly(phenylene-vinylene), poly(arylene ethynylene), polya-
niline, polypyridine, any substituted variation thereof, or any
copolymer thereof.

4. The dispersion of claim 1, wherein said non-conjugated
polymer comprises polyacrylates, polymethacrylates, poly-
dienes, polyalkyleneoxides, polyvinylethers, polyalkylenes,
polyesters, polycarbonates, polyamides, polyurethanes,
polyvinylpyrrolindone, polyvinylpyridine, or polysiloxanes.

5. The dispersion of claim 1, wherein said solvent is an
organic solvent or an aqueous solvent.

6. The dispersion of claim 1, wherein said block copolymer
comprises poly(3-hexylthiophene-block-polystyrene) and
said solvent comprises chloroform, toluene, or tetrahydrofu-
ran.

7. The dispersion of claim 1, wherein said non-conjugated
polymer includes at least one functional group that upon
drying said dispersion associates to a surface of said plurality
of carbon nanotubes, without covalent bonding thereto.

8. The dispersion of claim 7, wherein said non-conjugated
polymer comprises a biocompatible polymer.

9. The dispersion of claim 7, wherein said non-conjugated
polymer comprises an amphiphilic non-conjugated polymer.
10. A carbon nanotube polymer composite, comprising:

a plurality of non-chemically modified carbon nanotubes;

a block copolymer comprising at least one block of a con-

jugated polymer and at least one block of a non-conju-
gated polymer;
wherein a weight % of said non-conjugated polymer
exceeds a weight % of said conjugated polymer, and

wherein said carbon nanotube polymer composite com-
prises at least 0.05 weight % of said plurality of carbon
nanotubes, and a percolation threshold of said carbon
nanotube polymer composite is less than 0.1 weight % of
said plurality of carbon nanotubes.

11. The composite of claim 10, wherein said conjugated
polymer comprises polythiophene, polypyrrole, polydiox-
ythiophene, polydioxypyrrole, polyfluorene, polycarbazole,
polyturan, polydioxyfuran, polyacetylene, poly(phenylene),
poly(phenylene-vinylene), poly(arylene ethynylene), polya-
niline, polypyridine, any substituted variation thereof, or any
copolymer thereof.

12. The composite of claim 10, wherein said non-conju-
gated polymer comprises polyacrylates, polymethacrylates,
polydienes, polyalkyleneoxides, polyvinylethers, polyalky-
lenes, polyesters, polycarbonates, polyamides, polyure-
thanes, polyvinylpyrrolindone, polyvinylpyridine, or polysi-
loxanes.

13. The composite of claim 10, wherein said non-conju-
gated polymer includes at least one functional group that
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associates to a surface of said plurality of carbon nanotubes,
without covalent bonding thereto.

14. The composite of claim 13, wherein said non-conju-
gated polymer comprises a biocompatible polymer.

15. The composite of claim 13, wherein said non-conju-
gated polymer comprises an amphiphilic non-conjugated
polymer.

16. The composite of claim 10, wherein said block copoly-
mer comprises poly(3-hexylthiophene)-block-polystyrene).

17. The composite of claim 16, wherein said composite
comprises a superhydrophobic coating that is positioned on a
substrate surface, wherein a base portion of said superhydro-
phobic coating comprises primarily (by weight) said plurality
of carbon nanotubes and a top portion of said superhydropho-
bic coating comprises features comprising primarily (by
weight) said block copolymer.

18. A method of forming carbon nanotube polymer com-
posites, comprising the steps of:

providing a dispersion comprising a block copolymer com-

prising at least one block of a conjugated polymer and at
least one block of a non-conjugated polymer, wherein a
weight % of said non-conjugated polymer exceeds a
weight % of said conjugated polymer, and a solvent for
said block copolymer to form a solution, a plurality of
non-chemically modified carbon nanotubes dispersed in
said solution, wherein at 25° C. exclusive of any
mechanical force and after one hour, at least 90% of said
plurality of carbon nanotubes exist in said dispersion as
isolated nanotubes; and

evaporating said solvent from said dispersion to yield a

carbon nanotube polymer composite.

19. The method of claim 18, wherein said conjugated poly-
mer comprises poly(3-hexylthiophene), and said method fur-
ther comprises casting said dispersion on a substrate surface
before said evaporating, wherein said composite comprises a
superhydrophobic coating on said substrate, wherein a base
portion of said superhydrophobic coating comprises prima-
rily (by weight) said plurality of carbon nanotubes and a top
portion of said superhydrophobic coating comprises features
comprising primarily (by weight) said block copolymer.

20. The method of claim 18, wherein said non-conjugated
polymer includes at least one functional group that upon
removal of said solvent to dry said dispersion associates to a
surface of said plurality of carbon nanotubes, without cova-
lent bonding thereto.

21. The method of claim 20, wherein said non-conjugated
polymer comprises a biocompatible polymer.

22. The method of claim 20, wherein said non-conjugated
polymer comprises an amphiphilic non-conjugated polymer.
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