METHOD FOR MODI FYI NG ELECTRI CAL PROPERTI ES OF CARBON NANOTUBES

CROSS- REFERENCE TO RELATED APPLI CATI ONS [ 0001] This application makes
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speci esg g srietpitic (for exanple, me/-SWNTs) and the rest sem conducting
(for exanple, sem SWNTs). [0005] For use as the FET active material, only
sem SWNTs are desired. The poor growh selectivity of sew SWNTs and

efficiency of destroying e - S Eatﬁ i’f i post synt hesi s separation
schenmes necessary. Various %ag e K y@giﬂégtterrpt ed to isolate
15 [0002] The present invention refers to the field of carbon nanotubes, in particular chemical

methods for modifying electrical properties of carbon nanotubes using radical initiators.

BACKGROUND OF THE INVENTION
[0003]  Since their discovery single-walled carbon nanotubes (SWNTs) have generated

20 much interest as one of the best candidates for electronic devices owing to their exceptional
conductivity and field-effect transistor (FET) behaviour. The undesired presence of metallic
nanotubes along with semiconducting nanotubes, however, is the major hurdle to obtain ideal
semiconducting devices, i.e. an unsolved obstacle to the realization of the widespread
applications of carbon nanotubes is the control of nanotube electronic properties.

25 [0004] During nanotube growth processes, the wrapping around and joining of a graphene
sheet leads to many possible chiralities. With most growth processes, about a third of the
nanotube species are metallic (for example, met-SWNTs) and the rest semiconducting (for
example, sem-SWNTs).

[0005]  For use as the FET active material, only sem-SWNTs are desired. The poor growth

30  selectivity of sem-SWNTs and efficiency of destroying met-SWNTs make efficient post-
synthesis separation schemes necessary. Various approaches have been attempted to isolate

semiconducting SWNTs from metallic ones for enhancing the semiconducting characteristics



sem conducting SWNTs fromnetallic ones for enhancing the sem conducting
characteristicsof devices, including dielectrophoresis, selective

oxi dat i onwOanmviide extraction, surfactant extraction, aoil/se2etone@ssi on,
surface alignnent, renpoval of nanotube bundl es, selective polyner w apping,
density gradient centrifugation and sepective chem cal functionalization.
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and nan ctromechani cal “devi ces, additives for batteries, radiation

sour cesisolagmg diffectne scied ©f carben (anogubesr ansi st ors) or i nterconnects. BRI EF
DESCRI PTI ON OF THE DRAW NGS [ 0010] The invention will be better understood
with reference to the detail ed description when considered in conjunction
W tify the non-limting exanpl es and the acconpanyi ng

SUMMARY OF THE INVENTION
[0007] In the first aspect the present invention relates to a method of modifying electrical
properties of carbon nanotubes by subjecting a composftion of carbon nanotubes to one or
more radical initiator(s).

20 [0008] In a second aspect the present invention relates to an electronic component such as
field-effect transistor comprising a carbon nanotube modified/obtained using the method of
the invention.

[0009] In a third aspect the present invention relates to the use of the modified carbon
nanotubes obtained by the modification method in conductive and high-strength

25  nanotube/polymer composites, transparent electrodes, sensors and nanoelectromechanical
devices, additives for batteries, radiation sources, semiconductor devices (e.g. transistors) or

interconnects.

BRIEF DESCRIPTION OF THE DRAWINGS
30 [0010] The invention will be better understood with reference to the detailed description
when considered in conjunction with the non-limiting examples and the accompanying

drawings, in which:



drawi ngs, in which:[0011] Fig. 1. shows a schematic illustration for the
chem cal nodification of SWNTs by BPO and ACN-derived radicals. [0012]
Fig. 2 shwa=o(oapi28bsor pti on spectra of the pristine, beRre®piG2p@003se
(BPO)- nodified and |,l '-azobis(cyanocycl ohexane) (ACN) -nodified SWNTs in
DMF. The initial mxing weight ratio o SWNTs and BPOis 1: 75, and the
wei ght ratio of SWNTs and ACN is 1:250. (b) Raman D and G bands of the
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[0015] Fig. 5 shows de Scannin PS spectra of CoMbCat(r) 65 SWNTs
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[0017] Fig. 7 shows the absorption spectra of the Tprl stine and BPO m)dlfl ed

SWNTs  (¢#asRACfomnANamodifispdabend Vil Qimodified 62 SWNT suipgnsionss. Theohepneti g. 8

shows t I f th ne, BPO and ACN-nodified SWNTs
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of (b) pristingeandj fiRctionalipgs SEINT é%%wnnbetm%n predbrtle ard sffegtaeehole
coati Ngy, g(ilfﬁ/spect ra of the (c) pristine and (d) BPO nodified SWNTs around
the Cls binding energy. DETAI LED DESCRI PTI ON OF THE PRESENT | NVENTI ON

[0015] Fig. 5 shows (a) Wide scanning XPS spectra of CoMoCat® 65 SWNTs before and

after modification with BPO and ACN, respectively. Inset shows the high-resolution Nls

15 ‘peak from ACN-modified SWNTs. (b) XPS spectra for the pristine and functionalized
SWNTs around the Cls binding energy.

[0016] Fig. 6. (a) SEM and (b) TEM image of the ACN-modified CoMoCat® 65 SWNTs.
[0017]) Fig. 7 shows the absorption spectra of the pfistine and BPO-modified SWNTs
(HiPCO) in 2 wt % SDS/SC (weight ratio= 1:4) solutions.

20 [0018] Fig.8 shows the absorption spectra of the pristine, BPO and ACN-modified
SWNTs (CoMoCat 65) in 2 wt % SDS/SC (weight ratio= 1:4) solutions after centrifuge at
20000 rpm for 90 min.

[0019] Fig. 9 shows (a) SEM, (b) TEM image of the BPO-modified CoMoCat® 65
SWNTs (mcnt: mepo=1:75). Inset of (b) is the high resolution image showing the presence of

25  surface coating. XPS spectra of the (c) pristine and (d) BPO-modified SWNTs around the

Cls binding energy.

DETAILED DESCRIPTION OF THE PRESENT INVENTION
[0020] In the following description non-limiting embodiments of the process of the
30 invention will be explained.
[0021]  According to the present invention, it has been surprisingly found that carbon

nanotubes may be modified in a simple, cost-effective, and solution processable method



[0020] In the follow ng description non-limting enbodi nents of the process
of the invention will be explained. [0021] According to the present

i nvent i orwoizb1omas23peen surprisingly found that carbon naodiSehew/onegs be
nodified in a sinple, cost-effective, and sol ution processabl e net hodusi ng
radical initiators. A high yield based4on the chem cal nodification can be
obtained with every kind of radical initiator. Thus, in one embodinent the
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The conductivity of the carbon nanotubes used may be freely selected according to any

specific requirements. Depending on the arrangement of the carbon hexagon rings along the

20  surface of the nanotubes, carbon nanotubes can be metallic or semiconducting. Any such
carbon nanotubes may be used in a method according to the present invention.

[0024) Carbon nanotubes exist in different forms, such as single-walled carbon nanotubes
(SWNT), double-walled carbon nanotubes (DWNT), multi-walled carbon nanotubes
(MWNT), or modified multi-walled carbon nanotubes.

25 [0025] A single-walled carbon nanotube (SWNT) is a seamless cylinder formed from one
graphite layer. For example, carbon nanotubes can be described as a graphite plane (so called
graphene) sheet rolled into a hollow cylindrical shape so that the structure is one-dimensional
with axial symmetry, and in general exhibiting a spiral conformation, called chirality. A
single-wall nanotube can be defined by a cylindrical sheet with a diameter of about 0.7 to

30  about 20 nm, such as about 1 to about 20 nm.

[0026] Double-walled carbon nanotubes (DWNT) consist of two layers of graphite sheets

rolled in to form a tube shape. The two layers of graphite sheets can form a concentric



graphite layer. For exanple, carbon nanotubes can be described as a
graphite plane (so called graphene) sheet rolled into a hollow cylindrical
shape so wbabviwise3gtructure i s one-di mensi onal wth axi CTsgEaometony23sand in
general exhibiting a spiral conformation, called chirality. A single-wall
nanot ube can be defined by a cylindric&l sheet with a dianeter of about 0.7
to about 20 nm such as about 1to about 20 nm [0026] Doubl e-wal | ed car bon
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graphite rolled in on to forma tube shape. The nanotubes can al So exist in
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nanot ubggl mixeursd thetedf vatledbue@edon nanot ubes. [0029] Carbon nanot ubes may
be prepared by several different nmethods known in the art. For exa

| e,
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into C qg))t 700 950 OC in flow of pure CO at a total pressure that
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andl ool 0i0ggNuUNC4rbon nabtabesvaDPIRY prepared biy cavesalppiffeient nerhdids gndvon snmeaakﬂ ed
CoMoCAT(r) SWNTs. Using this nethod, dianeter control of SWTs can
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Generally, in a HiPco method, metal catalyst is formed in situ when Fe(CO)s or Ni(CO); is
injected into a reactor along with a stream of CO gas at a temperature range of about 900-
1100 °C at a pressure of about 30 to 50 atm. The metal catalyst formed can be in the form of
20  nanometer sized particles. HIPCo SWNTs are produced following the disproportionation of
CO by the metal catalyst particles. In the present invention all types of SWNTs may be used
for the enrichment process. In an exemplary embodiment CoMoCAT® and HiPco SWNTs
were used to demonstrate the usability of the polymers described herein.
[0030] The radical initiators according to the present invention belong to the general
25 group of compounds that can produce radical species under mild conditions. These
substances generally possess weak bonds, i.e. bonds that have small bond dissociation
energies. Such bonds may be easily broken to form the respective radical. Generally, every
compound that may produce radical species may be used in the process of the present
invention. The radical formed from the radical initiator will react with the carbon nanotube in
30 order to produce a modified carbon nanotube. The electrical properties of the modified
carbon nanotube may be significantly different to the electrical properties of the unmodified

carbon nanotube,



were used to denonstrate the usability of the polyners described herein.
[0030] The radical initiators according to the present invention belong to
t he generwD 2groosm30f conpounds that can produce radi cal pepscew/onoeder m | d
conditions. These substances generally possess weak bonds, i.e. bonds that
have smal | bond di ssoci ation energies.¢Such bonds nmay be easily broken to
formthe respect ive radical. Generally, every conpound that nmay produce
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acid [0033] Examples of inorganic peroxides accordmg to the present invention may be, but

are not limited to, hydrogen peroxide, ammonium persulfate, hydroxymethanesulfinic acid
20  monosodium salt dihydrate, potassium persulfate, sodium persulfate and mixtures thereof.
[0034] An azo compound according to the present invention is a compound bearing the
functional group R'-N=N-R?, in which R' and R? can be either aryl or alkyl. The term "alkyl"
refers to a fully saturated aliphatic hydrocarbon. In certain embodiments, alkyls are optionally
substituted. In certain embodiments, an alkyl comprises 1 to 10 carbon atoms, for example 1
25  to 8 carbon atoms or 1 to 6 carbon atoms, wherein (whenever it appears herein in any of the
definitions given below) a numerical range, such as "1 to 10" or "C;-C,o", refers to each
integer in the given range, e.g. "Cl-Clo alkyl" means that an alkyl group comprises only 1
carbon atom, or 2 carbon atoms, 3 carbon atoms, 4 carbon atoms, 5 carbon atoms, 6 carbon
atoms, 7 carbon atoms, 8 carbon atoms, 9 carbon atoms, up to and including 10 carbon atoms.
30 Examples of alkyl groups include, but are not limited to, methyl, ethyl, n-propyl, isopropyl,
n-butyl, isobutyl, sec-butyl, tert-butyl, tert-amyl, pentyl, hexyl, heptyl, octyl, nonyl, decyl and

the like. The term "aryl" refers to an aromatic ring wherein each of the atoms forming the



nonosodi um salt di hydrate, potassium persul fate, sodium persulfate and

m xtures thereof. [0034] An azo conpound according to the present invention
is a conpeondiosaszng the functional group R*-N=N-R2, | RCHSGeoRN0238d R2
can be either aryl or alkyl. The term"alkyl" refers to a fully saturated
al i phati c hydrocarbon. In certain enbodi nents, alkyls are optionally
substituted. In certain enbodi nents, an al kyl conprises 1 to 10 carbon
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2, 2 azghs (N AlhaflbER MR SHPSLKE 30T@he 1Ptk prE%APln%bdtiohES Bebidolind» 1-
having a diatomic halogen bond. Such compounds can generate two free radicals resulting
from the homolysis of the bond. Example of such halogen-containing compounds are, but not
limited to, fluorine or chlorine.

[0037] It is also possible to use redox systems as radical initiators for the inventive
25  methods. For example, redox systems may be mixtures of hydrogen peroxide, alkyl peroxide,
peresters, percarbonates, and the like, and any one of the salts of iron, titanous salts, zinc
formaldehyde-sulfoxylate, or sodium, formaldehyde-sulfoxylate, and reducing sugar;
mixtures of persulfates, perborate or perchlorate of alkali metals or of ammonium, combined
with bisulfate of an alkali metal, such as sodium metabisulfite, and reducing sugars; or
30  mixtures of persulfate of an alkali metal combined with an arylphosphonic acid, such as

benzenephosphonic acid and like compounds, and reducing agents.
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bound by t n case one or nore aI ene or “al kyne(s) are present
i n the Cehaininay by ocmmob_lq:d bhtheramtivoab f dlbeneés) aild/@nakbme(s)apmmﬁ ini thetréagtion | s

o e s e R B e SRS e
C C r addubaithited®n rtl‘ﬂ@%sp‘éttt fefdrsl kb Regroap KERMBIE) none, one, or more than one of the
hydrogen atoms has been replaced with one or more group(s) are independently selected
20 from, but not limited to, alkyl, heteroalkyl, haloalkyl, heterohaloalkyl, cycloalkyl, aryl,
arylalkyl, heteroaryl, non-aromatic heterocycle, hydroxy, alkoxy, aryloxy, cyano, halo,
carbonyl, nitro, silyl, amino, and the like. In the present invention using the term "radical"
also encompasses such reaction products of a radical with an alkene and/alkyne.
[0040] Depending on the optionally substituent, the chemical and physical reactivity and
25  properties of the alkene(s) and/or alkyne(s) and thus the final modified carbon nanotubes may
be altered. For example, in case the alkene(s) and/or alkyne(s) may have electron-
withdrawing groups, such electron-withdrawing groups imparted onto nanotubes after
reaction will improve the mobility and on-off ratio of nanotube devices. In one embodiment
the alkene(s) and/or alkyne(s) are substituted with one or more electron-withdrawing groups,

30  such as halogens, cyano, carbonyl or nitro groups.



and/ or al kyne(s) or may react with the carbon nanotube. The reaction, i.e.
the length of the CC chain may be controlled by the anobunt of al kene(s)
and/ or alw9re(igis13resent in the reaction system The al PemnsG2)10anes38r

al kyne(s) may be optionally substituted. The term "optionally substituted”
in this respect refers to a group in which none, one, or nore than one of
t he hydrogen atons has been replaced with one or nore group(s) are
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el ectronic properties. In this respect, the
vector of the carbon nanotubes. Chiral vector is a two dimensional vector (p, q) that is
20  commonly used to describe the geometry of carbon nanotubes (see for example, Wilder et al,
Nature 391, 6662, 59-62 (1998)). The values of p and q determine the chirality, or "twist" of
the nanotube. The chirality in turn affects properties such as conductance, density, and lattice
structure of the carbon nanotubes. Depending on the arrangement of the carbon hexagon rings
along the surface of the nanotube as characterized by its chiral vector, carbon nanotubes can
25  be metallic or semiconducting. For example, SWNTSs can be metallic when p — q = 3r, where
r is an integer, and can be semiconducting otherwise. Metallic SWNTs refer to carbon
nanotubes with non-zero density of states (DOS) at its Fermi level. The term “density of
states” refers to the number of states at an energy level that are available to be occupied, and
the term “Fermi level” refers to an energy level with a probability of 50 percent for existence
30 of an electron. Therefore, a SWNT can be metallic when the DOS value at its Fermi level is
not zero. Semiconducting SWNTSs refer to carbon nanotubes with varying band gaps, wherein

the term “band gap” refers to difference in energy between the valance band and the



term"a conposition of carbon nanotubes"” as used in the present invention
nmeans that at | east one carbon nanotube or two or nore different carbon
nanot ubeswanreipisesent in the system 1In one enbodi ment @CTiSIG201Pr0eEsst

i nvention single-walled carbon nanotubes (SWNT) are nodified. [0042] The
arrangenment of the carbon hexagon ringg can be characterized by the chiral
vector of the carbon nanotubes. Chiral vector is a two di nensional vector
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pr oper t Pessid fﬁ t‘ba?F"SSthV SYERAS §1e| s‘&atgwﬁ pf‘??@“?ﬁp awall-giamgter fubes pyithqut
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devi ce e oy m etieh, 3, AL fhe bl Hofidlito (i Robpblialh SA GRIEHE5A N0
nanotubes is mlxed with one or more radical initiator(s) in an organic solvent or a mixture of
organic solvents to form a mixture. The modification reaction can be carried out at any
20  suitable temperature as long as the desired (degree of) modification is achieved. The reaction
mixture containing the carbon nanotubes and the one or more radical initiator may, in one
embodiment, for example be heated to reflux. In other embodiments, the reaction may be
carried out at room temperature (25°C), or at any (elevated) temperature below the boiling
point of the used solvent, say, for example between 25°C and 40°C, or between 25°C and
25  50°C, or between 25°C and 60°C, between 25°C and 70°C or between 25°C and 80°C. If an
elevated temperature below the boiling temperature of the used solvent is chosen, this
elevated temperature depends of course on the boiling temperature of the solvent.
Independent of the chosen reaction temperature, the radical initiator is activated and the
obtained modified carbon nanotubes may optionally be isolated subsequently. In one

30 embodiment one or more alkene(s) and/or alkyne(s) are present during the reaction between

the radical initiator(s) and the carbon nanotubes.



[ 0044] The nodification of the carbon nanotubes, such as SWNT, according to
the inventive nethod may al so be size-dependent. Large di aneter tubes may
be rel atiwelzg10/3ea3 to the reaction with a radical initirar®G20iDeer2s88ore, in
one enbodi nent of the invention it may be possible to selectively silence
the electrical properties of snall-digmeter tubes w thout significantly
affect large sized tubes. For exanple, in a mxture of SWNT and MANT it may
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particul ar device. In qgne enbodi nent of the invention the .m xi may be
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m xture and/or the used radical initiator. In case of sonrcation, the

m xi ng avieragewkl inth¢ arbnce t he reaction. For exanple, in case sonication is
g T e e
sen - si tddbButVel m@fhitdsUBRS. asAbb@0l ®BoOLt 3EAGKItE ot dbdat Mayabout 10 minutes. For
example, the mixing time may be, but is not limited to, about 1 min, about 2 min, about 3
20  min, about 4 min, about 5 min, about 6 min, about 7 min, about 8 min, about 9 min, about 10
min, about 15 min, about 20 min, about 25 min, about 30 min, about 35 min, about 40 min,
about 45 min, about 50 min, about 55 min, or about 60 min. All mentioned time
specifications may be the lower or upper limit of a respective time range. In embodiments
where sonication is used as the mixing method, wattage on the sonicator can additionally be
25  varied to achieve a specific level of mixing. A person skilled in the art is able to choose and
determine the appropriate mixing time and settings based on the mixing method used to
derive a specific weight enrichment of the carbon nanotubes or SWNT.
[0048) The mixture of the carbon nanotubes and the radical initiator is made by
suspending and/or dissolving the components in a solvent. Any solvent suitable for
30 suspending and/or dissolving the components or a mixture thereof is encompassed by the
present invention. In one embodiment, all components may be dissolved and the nanotubes

may be well-dispersed. In one embodiment, depending on the compounds being present in



not significantly elimnate the influence of netallic tubes. This factor
can be optim zed according to the experinental needs and the nanotubes
used. Thewpaeswisefd2soni cation is also a critical factor PCriSGamnioo@sson is
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conmponent s a mxture thereo assed € present i1nvention. In
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an aqueous or non aqueous liquid, an organic |iquid (solvent or

non- poI kexaBynroboretes nbinsqyos ambpdigents thei lgicais pipetar donigliswidar @Wsl ef aor an
onE L) By AR L, PRI 1 S Bl P G
dl chl orsorare} Netigyl-4 Retydd@idifium tetrafluoroborate, 1,3-dialkylimidazolium-tetrafluorobo-
rate, 1,3-dialkylimidazolium-hexafluoroborate, 1-ethyl-3-methylimidazolium bis(pentafluoro-
20  ethyl)phosphinate, 1-butyl-3-methylimidazolium tetrakis(3,5-bis(trifluoromethylphenyl)-
borate, tetrabutyl-ammonium bis(trifluoromethyl)imide, ethyl-3-methylimidazolium trifluoro-
methanesulfonate,  1-butyl-3-methylimidazolium  methylsulfate,  1-n-butyl-3-methyl-
imidazolium ([bmim]) octylsulfate, and 1-n-butyl-3-methylimidazolium tetrafluoroborate.
Examples of a non-polar liquid include, but are not limited to mineral oil, hexane, heptane,
25 cyclohexane, benzene, toluene, dichloromethane, chloroform, carbon tetrachloride, carbon
disulfide, dioxane, diethyl ether, diisopropylether, methyl propyl ketone, methyl isoamyl
ketone, methyl isobutyl ketone, cyclohexanone, isobutyl. isobutyrate, ethylene glycol
diacetate, and a non-polar ionic liquid. Examples of a non-polar ionic liquid include, but are
not limited to, 1-ethyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyllamide bis-
30 (triflyl)amide, 1-ethyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]amide trifluoro-
acetate, 1-butyl-3-methylimidazolium hexafluorophosphate, 1-hexyl-3-methylimidazolium

bis(trifluoromethylsulfonyl)imide,  1-butyl-3-methylimidazolium  bis(trifluoromethylsul-



carbon tetrachl oride, carbon disulfide, tetrahydrofuran, dioxane, diethyl
et her, diisopropylether, ethylene glycol nonobutyl ether or

t et rahydrwbuosanisiBzanpl es of di polar aprotic |iquids areCmsGhylo/oeidy|

ket one, methyl isobutyl ketone, acetone, cycl ohexanone, ethyl acetate,

i sobutyl isobutyrate, ethylene glycol @ acetate, dinethylfornmam de,
acetonitrile, N,Ndinmethyl acetam de, nitronethane, acetonitrile,
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cyciphexanonen,s| cﬂ?é&% ion bﬁgggwart% be%mw&a@idai xy%atmgmﬁ&mavﬁgqn'ylbut

non-pol ar 1onic |iqui es of a non-polar ionic Iiquid include,
are not d¢tr1menta¢i effet on-th¢ hydralB renetiony bystéro.aFlad neerssary temperatures will be known

bi s[(tr hu%ﬂ%t%ﬂgsul fonyl Jam de bis- (triflyl)am de,

I-ethyl zoliumbis[(trifluoronethyl)sulfonyl]am de

trifl uopopaept atenicdticdlindy edsureithat! theica®aa! Havslubex dktd R BRSPSt Espersed
| - hexyl - 3-nmet hyl i m dazolium bis(trifluoronethylsulfonyl)im de,

1- but y| a8l sffipignilyricersted| withntls See radicalorlévieg panisationoh yayi #sqibe possible to
I GRS PRSP P SR PRSI ke o

I - but y| o83 theetdaytions v el@zampiychaxdlel sy oiph datiiga o€, sonication. Sonication may be

carried out between about 1 min and about 60 min, such as between about 5 min and about 45

min or between about 10 min and about 30 min, for example between about 20 min to about

30 min. In one embodiment of the invention, the sonication may be carried out at least about

25 5 min, at least about 10 min, at least about 15 min, at least about 20 min, at least about 25

min, at least about 30 min, at least about 35 min, at least about 40 min, at least about 45 min,

at least about 50 min, at least about 55 min or at least about 60 min. All the afore-mentioned

time values may constitute the lower or upper limit of possible time ranges. Light irradiation

may be carried out as generally known in the art. For example, such photo initiation occurs

30  when radicals are produced by ultraviolet or visible light irradiation of the reaction system.

The skilled person will be aware of the respective conditions which may be necessary to

activate the radical initiator.



tris(pentafluoroethyl)trifluorophosphate, trihexyl (tetradecyl)phosphoni um
N'-ethyl-N, N, N , N -tetranet hyl guani di nium 1-butyl- 21-nmethyl pyrrolidinium
tris(pentwdl2oovisershdyl ) trifl uorophosphate, 1-butyl- 1-nmeCmsiG2oyrop@Bs di ni um
bis(trifluoromethylsulfonyl) imde, |-butyl-3-methyl imdazolium

hexaf | uor opAosphat e, |-ethyl-3-nethylijg dazol i um
bis(trifluoronethylsulfonyl)inide and 1-n-butyl - 3-nethylim dazolium [0049]
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I|mted][%%<3 he?nappheatlng, light irradiation, redox initiation or
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the respective radical initiator has a di ssoci n_energy tha an be
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erson 0051] Sonication may ensure that the carbon nanotubes were
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may be carried out between about 1 min and about 60 mn, such_as between

about 5Seiling ahhe senstifugationynay be camicdent wathasneredy weed eonditigns forsaample, for
exanpl ;b %El’ﬂﬁ%aﬁgﬁ) Way2R Bfled gutagl(ﬁuig 3P llmlt@d t(l) r‘c1t et %Uﬁ?g'rﬂﬁmes,oét lgeﬂ?

i nvention e son|ca i on may carried east about | east
about Ifboni h) mﬂnulee,aa;tt leagy cabbutl b5 munutes,t at| keaa;tababbat) rmﬁutm; nat laastlabastt 2&bout
25 mn, at |eas

mn, | east ahqut. 35 m n, east about 40
o atmiulES: FolBuEos 30 Hunddes (b A Stuhe SEbHeN, olees aet Ib TS i n o
at flseasbasbByte 49 inQtes Abl 1dabtCatifuP 50~ MO B Cat t lefe 6BLUSS HiMMte§ONSbhé Ut €
the |l ower or upper limt of possible tine ranges. Li ght irradiation may be

carri eobr@bﬂduagntgbmeqrmmﬁrgammamwdtoméﬁmlthouFo hegseatrifigationsperdonay be, but
' .”' tiat, ' Dt Ig(('i) r%]o %Snthf(? o%t 3% 2 g%qﬁlcﬁngyor %or%.alyﬂtpatf‘)h n?d’y l)fé (?AIRL(?

| i ght |rrad|a 1'on"s
out using general filter means, such as for example a polytetrafluoroethylene (PTFE)

membrane, a poly-vinyliden-di-fluoride (PVDF) membrane or another commonly used
20 membrane that can be used for filtration purposes. Settling is the process by which
particulates settle to the bottom of a liquid and form a sediment. In one embodiment of the
present invention the standing time for settling may be between about 0 days and about 4
weeks, such as between about 1 day and about 3 weeks or between about 2 days and about 2
weeks. In one embodiment the standing time is at least about 1 day, at least about 2 days, at
25  least about 3 days, at least about 4 days, at least about 5 days, at least about 6 days, at least
about 1 week, at least about 2 weeks, at least about 3 weeks, or at least about 4 weeks. All the
afore-mentioned time specification may constitute the lower or upper limit of possible time
ranges.
[0055] In one embodiment the resulting modified nanotubes are thoroughly washed with
30  an organic solvent. The organic solvent may be any solvent already mentioned above and

which may be suitable for the respective nanotube.



The skilled person will be aware of the respective conditions which may be
necessary to activate the radical initiator.[0052] Redox initiation may be
carried owD2200/g&23eral ly known in the art. For exanpl e, PCI/SG2010r006238 t hat
many oxi dati on-reduction reactions produce radicals. An advantage of redox
initiation is that that the radical prigduction may occur at reasonable
rates over a very V\,i de range of tenperatures. [0053) I n one enbodi nent,
after ti C y ng E}l reactl h onpo t he
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may be bet vveen about ys and about 4 weeks uc en about day
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obtained with the modified carbon nanotubes of the invention may find application in
macroelectronics, printable electronics (such as ink jet printed electronics), and flexible

20  electronics.
[0058] The carbon nanotube species, such as SWNTs modified according to the present
invention may be used in addition to the above in several applications, for example as
electronic component. Examples of further applications of carbon nanotubes include, but are
not limited to, conductive and high-strength nanotube/polymer composites, catalysts,
25  transparent electrodes, sensors and nanoelectromechanical devices, additives for batteries,
radiation sources, semiconductor devices in general (e.g. transistors, see above),
ultracapacitors or interconnects.
[0059] The invention illustratively described herein may suitably be practiced in the
absence of any element or elements, limitation or limitations, not specifically disclosed

"on

30  herein. Thus, for example, the terms "comprising”, "including",

"non

containing", etc. shall be
read expansively and without limitation. Additionally, the terms and expressions employed

herein have been used as terms of description and not of limitation, and there is no intention



ranges. [0055] In one enbodi nent the resulting nodified nanotubes are

t horoughly washed with an organic solvent. The organic solvent may be any
sol vent awpeauyismsati oned above and which may be suit ablPeTiSGRO10860238
respective nanot ube. [ 0056] The nethod of the present invention enables the
nodi fication of electrical propertiesgf carbon nanotubes. Depending on the
radical initiator used in the inventive process di fferent carbon nanot ubes
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used to a catron as su e respecti ve nanot ubes.
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The FETg gg& dqﬁﬂcﬂﬁﬁbé% cﬂﬁ?%&h@@h&%ﬁpon nanot ubes of the invention may

find app |ca lon 1 n na ronics, printable electronics (such as ink
j et prife0eH el @tter embcd;)nenamﬂe fMithia thie fo i vein redeims and hODE]itiflgh exareplenin
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nanot ubes include, but are not limted to, conductive and high-strength

nanotubEWpUhyM@ﬂhmgmbcynﬁegyouapﬁﬂysbsm(ﬂﬁ@h&@d@@hgﬂbmectrodes sensors and
nanoel ect ronechani cal devices, additives for batteries,

EXPERIMENTAL SECTION

20 [0062] Materials
[0063] Benzoyl peroxide (BPO) and dimethylformamide (DMF) were obtained from
Aldrich and used as purchased. The purified single walled carbon nanotubes used in the
experiments (SWeNT®SG 65 tubes) were purchased from SouthWest Nanotechnologies
(USA) and they were directly used without further purifications. The preparation of the

25  SWNT suspensions for FET device fabrication comprises of surface modification of
SWNTs with BPO in DMF and centrifugation to obtain the supernatants. According to
the data sheet of the manufacturer, SWeNT®SG 65 carbon nanotubes have the following
typical properties: tube diameter (0.8 + 0.1 nm), high aspect ratio (1,000), carbon
content (>90% by weight), >50% of tubes are (6,5) chirality, >90% of tubes are

30 semiconducting.



radi ati on sources, sem conductor devices in general (e.g. transistors, see
above), ultracapacitors or interconnects. [0059] The invention

i1l ustratwoebw/deseri bed herein may suitably be practi cedTiSe2et@oe@hisence of
any element or elenents, |[imtation or limtations, not specifically

di scl osed herein. Thus, for exanple, tipe ternms "conprising”, "including",
"containing", etc. shall be read expansively and without limtation.
AdditioEaL] Te he terns and expressions enpl oyed herein have been used as
terms o tption and not of limtation, and there is no intentionin

t he use of such terns and expressions of excluding any equival ents of the

f eat ur eBrgluranionrnd cdeben nhfdtubes pddifiedsvith8PR®f, but it is recognized that
various nodifications are possible within the scope of the invention

clainmed, Thus,_jt shoyld be understood that al t he ,present ipvention
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t he

[0065] The reaction between BPO and SWNTs can be schematically seen in Figure 1.
Figure 2a presents the optical absorption spectrum of the pristine CoMoCat® SWNT
ensemble (Table 1) as purchased (different nanotube species are identified as characteristic
absorbance peaks), and spectra of the SWNTs modified with BPO in dimethylformamide
20  (DMF) solution. In this connect, it is noted that the SWeNT®SG 65 carbon nano tubes are
~ prepared by the CoMoCat® method (a detailed explanation of the CoMoCat® method can be
found on http://www.sigmaaldrich.com/materials-science/nanomaterials/comocat-carbon-
nanotubes.html).
[0066] Table 1. Characteristics of species present in CoMoCat® SWNTs. The diameter is

25  calculated based on the optimized tight-binding parameters.

Species 5,4) 5,5) 6,5) (6,6) (7.5) (7,6)
Property semi Met semi met semi Semi
Diameter (nm) 0.620 0.686 0.757 0.825 0.829 0.895

Evidently, after reaction with the radicals, all the absorption peaks were reduced. In

particular, the peaks of metallic species (5,5), (6,6) and the smallest semiconducting species



SWNT suspensions for FET device fabrication conprises of surface

nodi fication of SWNTs with BPO in DMF and centrifugation to obtain the
super nat awmo201085e32di ng to the data sheet of the manuf a®Cuser)108VEBE () SG
65 carbon nanot ubes have the follow ng typical properties: tube dianeter
(0.8 0. 1 nm, high aspect ratio (1,0Q0), carbon content (>90% by wei ght),
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Figure 1. Fi'gure’ 2a presents the optical absorption zgectrun1of t he

pristind déwm;ala( Tc)msmPémé?wnl leet( 2481 e861)38%553§?ﬁ chésed 4hangs Brerf@i, X.
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prepared by t he CoMoCat (r) met hod (a detail ed explanation of the CoMoCat

(r) nethod can be found on
http://ww. si gmaal dri ch. coml mat eri al s-sci ence/ nanomat eri al s/ conocat - car bonn

a“°f§be§reﬂ‘atﬁﬁi%n of carbon nanotubes FETs

[0067) The SWNT FETs (SNFETs) were fabricated by drop-casting the obtained
SWNT suspension on a bottom contact device geometry, where 100 nm thick of Au
electrodes (as Au-SWNT contact) were patterned on top of SiO,/Si substrates using
standard lithography techniques. The gate dielectrics SiO; is 300 nm thick. The
20 geometry of the investigated devices is 50 pm in channel length and 25 um in channel
width. For the drop-cast procedure, 25 pL of SWNT suspension was dropped onto the
devices, followed by drying at room temperature and rinsing of de-ionized water. The
procedure was repeated until the BPO functionalized SWNT density is high enough to

form a percolation path or to the desired current level.

25 [0068] A confocal Raman microscope (WITec CRM200) equipped with 488 nm of
laser was used for Raman measurements. Optical absorption measurements were
performed in a Perkin Elmer Lambda 9 UV-Vis-Nir spectrometer. All electrical
measurements were carried out in ambient using a Kiethley semiconductor parameter
analyzer, model 4200-SCS. Atomic force microscopy (AFM) measurement was carried

30 out using an Asylum Research MFP-3D system to image the SWNTs. The scanning



[0066] Table 1. Characteristics of species present in CoMbCat (r) SWNTs.
The dianmeter is cal cul ated based on the optim zed tight-binding paraneters.
Speci es (WOWP1(B1Br (6,5) (6,6) (7.5) (7,6) Property semrCTNER0®®NI238ret sem
Sem Dianeter (nn) 0.620 0.686 0.757 0.825 0.829 0.895 Evidently, after
reaction with the radicals, all the ahgorption peaks were reduced. In
particul ar, the peaks of netallic species (5,5), (6,6) and the small est

sem t ) tely di t
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in the presu cause mai n consi's s of
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(Fig. 7). In general, the reaction of radicals with the smaller dianeter
seemto _dom nate the reaction selectivity [cf. D. B. Mawhi nney, V.
Naunenkgharactexizatign agd Disepssion yat es, J. " Am Chem Soc. 2000, 122,
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C. Haddon, 'U. D. Venkat eswar an Tomanek h Rev. Lett.
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Chem. Comm. 2003, 362-363) mduced by sidewall functlonallzatlons.

[0070]) Thin-film field-effect transistor (FET) devices based on BPO-modified SWNTs

were fabricated by simple drop-casting method and electrically characterized. Figure 3b

shows the transfer curve (drain current I versus gate voltage V,) of a typical transistor

20  device. The effective hole mobility of this device is around 1.7 cm?/Vs and its on-off ratio is

>11400. As revealed by AFM imaging, the thickness of the deposited SWNT film is ~40

nm (not shown). Figure 3b shows the histogram of the on-off ratios of the devices made

with pristine or BPO-modified SWNTs. The statistics was obtained from the drop-cast

devices without deliberate control on film thickness, i.e., the SWNT containing droplets

25  were applied to the channel area until the resistance of the device became smaller than 10

MQ. Only very low on-off ratios (ranging from 1.2 to 10) were obtained from the devices

made by the pristine CoMoCat® SWNTs, implying that electrical property of the

percolative network of pristine SWNTs is determined by the minor metallic species. In

drastic contrast, the devices from the BPO-modified SWNTs were dominantly

30 semiconducting, with on-off ratios higher than 1000 (98 out of 100 devices). Only 2‘devices

were found to have relatively low on-off ratios (a few hundreds). Such electrical

characterization further supported our conclusion that the metallic species were electrically



forma percolation path or to the desired current level. [0068] A confocal
Raman m croscope (W Tec CRM200) equi pped with 488 nm of |aser was used for
Raman neaworermestzs2 Optical absorption neasurenents wer @CpsSGamee3sn a
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were carried out in anbient using a Kigthley sem conductor paraneter

anal yzer, nodel 4200-SCS. Atom c force m croscopy (AFM neasurenent was
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of the HWOTRkesFigads Yianth 9grshewithe XoRaBpidtoelcitfanspeSwisTepy (PRRS))spattiasiorcs was
obt ai ne%equ‘igt%et g‘n% l§i§8-9ﬁocd?ﬁet3d SWNTs around the Cls binding energy. In the wide range of
XPS spectra, only difference between these samples is the profile of SWNT species (Fig.
5a). Curve-fitting the XPS spectra in Figs. 9a and 9b reveals that the peak intensity of the

20 sp® carbon tubes at 284.3 eV was relatively increased after BPO-modification. This
observation is consistent with the notion that the coatings on SWNTs are phenyl (sp
carbon) group-containing chemical groups introduced by BPO derived radicals.

[0073] The selective suppression of metallic species in CoMoCat® SWNTs is not
unique to the peroxide initiator BPO. The azo-type initiator such as 1,1°-

25  azobis(cyanocyclohexane) (ACN; chemical structure shown in Fig. 1) also exhibits similar
selectivity. Figure 2a shows the absorption spectra of the ACN-modified SWNTs in DMF
solutions, where the metallic species are clearly suppressed. Figure 3a demonstrates the
transfer curve of a FET drop-cast from ACN-modified SWN'Ts and its on-off and carrier
mobility go up to 10° and 4.2 e’ /Vs, respectively. In summary, the radical initiator BPO or

30 ACN allows for controllable release of radicals activated by probe-sonication, and the

decomposed radicals preferentially react with small diameter SWNTs (most of nanotubes

obtained by the CoMoCat® method are <I nm) and metallic SWNTs. Using this strategy,



devices wi thout deliberate control on filmthickness, i.e., the SWT
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PTFE membrane can be dispersed to organic solvents (such as DMF or NMP) depending on
the substrate compatibility of the solution or the subsequent device fabrication process.

20  SDS/SC co-surfactant solution is only one of the options.

Preparation of carbon nanotubes FETs

[0075] The re-dispersed solution can be directly used to fabricate transistor devices by

drop-casting or ink-jet printing technique.



observation is consistent with the notion that the coatings on SWNTs are
phenyl (sp2 carbon) group-containing chem cal groups introduced by BPO
derived rw0i208/51230073] The sel ective suppression of meCalSGzelogp@sses in
CoMoCat (r) SWNTs is not unique to the peroxide initiator BPO The azo-type
initiator such as 1,1 ' - azobis(cyanggycl ohexane) (ACN, chem cal structure
shown in Fig. 1) also exhibits simlar selectivity. Figure 2a shows the
absorpt'Pn spectra of the ACN-nodified SWNTs in DMF sol utions, where the
netallié¥%¥%mies are clearly suppressed. Figure 3a denonstrates the
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radical initiator ACN solution (10 ng/nL in DVF) was added into the
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6. The method of claim 1, wherein the radical initiator is selected from the group
consisting of organic peroxides, inorganic initiators, azo compounds, halogen-containing

20  compounds and mixtures thereof.

7.  The method of claim 6, wherein the organic peroxides are selected from the group
consisting of methyl ethyl ketone peroxide, benzoyl peroxide, acetone peroxide, pinane
hydroperoxide, cumene hydroperoxide, tert-butyl hydroperoxide (TBHP), 1,1-bis(tert-
25  amylperoxy)cyclohexane, 1,1-bis(tert-butylperoxy)-3,3,5-trimethylcyclohexane, 1,1-bis(tert-
butylperoxy)cyclohexane, 2,2-bis(sert-butylperoxy)butane, 2,4-pentanedione peroxide, 2,5-
bis(tert-butylperoxy)-2,5-dimethylhexane,  2,5-di(tert-butylperoxy)-2,5-dimethyl-3-hexyne,
2-butanone peroxide, di-fert-amyl peroxide, tert-butylperoxy octoate, tert-butylperoxy
neodecanoate, tert-butylperoxy isobutarate, dicumyl peroxide, lauroyl peroxide, tert-
30 amylperoxy pivalate, tert-butylperoxy pivalate, ters-butyl peroxyacetate, tert-butyl

peroxybenzoate, tert-butylperoxy 2-ethylhexyl carbonate and mixtures thereof.



the substrate conmpatibility of the solution or the subsequent device

fabrication process. SDS/ SC co-surfactant solution is only one of the

opti ons. Woepaviaiizoan of carbon nanotubes FETs [0075] Thecrscdiwpessed

solution can be directly used to fabricate transistor devices by

drop-casting or ink-jet printing technisque.C ains: 1. A nethod of nodifying
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one or nore radical .initia he rrethod of
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hydroxyethyl)propionamide)], 2,2'-azobis(isobutyramide) dihydrate, and mixtures thereof.

10. The method of claim 6, wherein the halogen-containing molecules are selected from the
group consisting of fluorine and chlorine.

20
11.  The method of any of the preceding claims, wherein the modification is carried out in

the presence of one or more alkene(s) or one or more alkyne(s) or mixtures thereof.

12. The method of claim 11, wherein the alkene is selected from the group consisting of
25  ethenyl, propenyl, butenyl, 1,4-butadienyl, pentenyl, hexenyl, 4-methylhex-1-enyl, 4-ethyl-2-

methylhex-1-enyl, and mixtures thereof.

13.  The method of claim 11, wherein the alkyne is selected from the group consisting of
ethynyl, propynyl, butynyl and mixtures thereof.

30
14.  The method of any of claims 11 to 13, wherein the alkene or alkyne is substituted with

one or more electron-withdrawing groups.
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2,2' -azobi s " OX propi onam

2, 2's-azobi s(N Mcﬂdhtﬂ@th&k@lﬂfbﬂ ﬁ@tbeublylamn dine) dichloride, 2,2'-

azobi s(2-am di nopropane) dichloride,

2,2 -azobi s(\, wﬂmpﬁevﬁgﬂ I&Héqﬂsﬁotlbemdaﬁﬁdd@;borsnazwwbcs azobi s(2- met hyl - N-[

1, 1- bi s( hydr oxynet hyl ) - 2- hydr oxyet hyl ] propi onam de), 2,2'-azobi s(2-

rret hyl -N-[ 1, 1- bi s( hydroxynet hyl ) et hyl ] propi onam de),

2, 2" - azioi sThe methodl eNeladn lﬁyd«vlﬁmgfiﬁtlhjodh)g)nh)qoicomamm@) of carbon nanotubes is

2,2' -azobi.s(i sobutyram de i, hydrate, and m xtures thereof. 10. The net hod
of cl ai §AEed %/l‘ci‘tl‘f@ o gﬂ?ﬂﬁﬂ?‘ﬁ&"‘ﬁ‘ﬁf’ecul es are selected fromthe

grogye consi sting of fl uor| ne and chlorine. 11. The nethod of any of the
preceding clains, wherein the nodification is carried out in the presence
of one bk n’ﬂreemaﬂhkéné@e)) 06t‘hem1@cedmgrrdaumsavvlhylm( Eh)e radicaliiRitigtoss aterpstivged 12,

The net hog‘ lg?%g}%?ightﬁ%%% E‘%’d‘t‘%‘ﬁﬂ? 2N fiLndzose ecf .ed fromthe group

consi stl? nyI pent enyl ,
hexenyl, 4-nethyl hex-I-enyl, 4 et hyl - 2- met hyl hex-1-enyl, and m xtures
thereof. 13. The method of claim 11, wherein the alkyne is selected from

the grolh cOisnetpdgfany ef elgisl 15 tor Tpyhigrein heraragmic émuew%%%%d frorthef |
14.,sTh h f |
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any of dxbiﬁomnmlmﬂnengclﬂcbrafdm vdrborei remabidomm,hoatbomrrprsuﬁ'elg tetrabyidngfutdne

conposi f.ion of  car bo pt ubes w th ad| initiat n an organi
sol yent‘}‘?)’fanﬁ I‘Hf‘)ElEXJr%t (S}S@Bﬁ‘???fleg‘@f v’étﬁ?' n¢ & Y‘Eﬂl angRuLy u?t er, ‘H‘E’gygﬁﬂ\yﬁg t he
radi calgdidHel hfttiB/1:isddE)1 ketone, acetone, cyclohexanone, ethyl acetate, isobutyl isobutyrate,

ethylene glycol diacetate, dimethylformamide, acetonitrile, N,N-dimethyl acetamide,
20  nitromethane, acetonitrile, N-methylpyrrolidone, dimethylsulfoxide water, methanol, ethanol,

butyl alcohol and. formic acid.

19. The method of any of claims 15 to 18, wherein the isolation is carried out by filtration,
centrifugation and/or settling.

25
20. The method of any of claims 15 to 19, wherein the reaction is carried at room

temperature.

21. The method of any one of claims 15 to 20, wherein the isolated carbon nanotubes are

30  washed with an organic solvent.

22. A field-effect transistor comprising a carbon nanotube separated using a method of any

one of claims 1 to 21.



and optionally isolating the nodified carbon nanotubes. 16. The nethod of
claim 15, wherein m xing the conposition of carbon nanotubes is carried out
by soni cavonrgloorsizsei rring or shaking the mxture. 17. TireTiseRmogoeiBs any of
the preceding clains, wherein the radical initiators are activated by
thermal heating, light irradiation, redox initiation and/or sonication. 18.
The nmethod of any of clains 15 to 17, wherein the organic solvent is
selected fromthe group consisting of hexane, heptane, cycl ohexane,
benzene, toluene, pyridine, dichloronethane, chloroform carbon
tetrachhpride ofafé BROQi S EdndfanotuBls SEMRANSS tHE Aibthodl SPaRRf cHiMt Mytb 2etimer

di i sopropyl ether, ethylene glycol nonobutyl ether, methyl ethyl ketone,

met hyl ¢andbetivel anﬁémm@reruﬂenm@be@mmm@ﬁ@s eatalysts,deansparent dlestpdesy |

|sobutyrate eth cglale thy o]

N, N- di n%tnﬁ P %‘cdet gecgr&(netCh%nn%{f §ne ac® gﬁ,ﬁ 110Fobr%-lg?egt ﬁaq%ﬁ%?lr cg)+&rﬁohe

di met hyéeﬁﬁ&drﬂ&t@ﬁdm&e@r(e ghRAMaAEHE), uitidoaioltors Ry intbreanmeotsol and form c acid.
19. The method of any of clains 15 to 18, wherein the isolation is carried

out by filtration, centrifugation and/or settling. 20. The nethod of any of
claims 15 to 19, wherein the reaction is carried at roomtenperature. 21
The nmet-hod of any one of clains 15 to 20, wherein the isolated carbon

nanot ubes are washed with an organic solvent. 22. A field-effect transistor
conprising a carbon nanotube separated using a nethod of any one of clains
1 to 21.23. Use of the nodified carbon nanotubes obtain by the nmethod of
any of clains 1 to 2 1 in conductive and hi gh-strength nanot ube/ pol yner
conposites, catalysts, transparent el ectrodes, sensors and

nanoel ectromechani cal devices, additives for batteries, radiation sources,
sem conductor devices (e.g. transistors), ultracapacitors or interconnects.



