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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
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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:



30[ 0010] The invention wll be better understood with reference to the
detail ed description when considered in conjunction with the non-limting
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2010/ 151232PCT/ SG2010/ 000238 3 [0011]Fig. 1. shows a schematic illustration
for the chem cal nodification of SWNTs3by BPO- and ACN-derived radicals.
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[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
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coating. XPS spectra of the (c) pristine and (d) BPO nodi fi ed SWNTs ar ound

the C - bi ndi..ng: YA hi . T. ) RESENT
I I\l\/EI\rrl%ﬁpé[%g%??ﬁﬁ?ﬁg 1?‘(131Il%h8</{nelggb i gs[,a(?'rtlﬁ%tc F%HBEOW ll%-l’%tﬁ}l nccf:j-a]r:leb-rgfb%o%ééa mantst of
the prosesskild éhadd@l migatbr. oThug) In ofxe embpdigicnethe pefeht Jivemaonirefgrs ® b he
present inventjon, it haﬁ%been surprisingly. fouynd that car gon nanot ubes my

be nodiPFad of anadifine the odectesal eRiopgRIes a0y caBront PaRPIERSC B s REL hod
1O 2010olmkgRRRCIL S0 ARS8 ol HOmbAd kifial | Ritfal S9! By odlibfls Yhe! d

based on t em cal no I cation can be obtained wth evéry kind o
r adi5c al eleatrital arayrertichhufisarbon nemeusasbmgiaved tchetheaparelspnysicalnshardciapisticseaey s t o

a met hqd qf .nodi fying the el ectri.cal praoperties of carhon nanotubes by
2ub; ect TP aIEbN LD e partie RO BERe! 5h SHEBGI Ry o 1 adi ca
initiatQofs) . G¥nermfl bMals-strigurAl BAERAICAchRsRBGLES rébrsGaDaReAANRIKbES
I nproved chem cal and physical characteristics nmay be obtai ned which

i ncr easdimensiens s shep hancapgsér wage-oNenwtreaerkd costpoalncen Yeoolassiimehatalthy, a

B S B ShAs e SRRy D Shr kL Pl b, 0

cl agsi frnaadpartities)t e dimensional (1D): nanorods, nanowires (also called nanofibers) and
nanotubes; and two dimensional (2D): nanoflakes, nanoflowers, nanodiscs and nanofilms.
[0023] A carbon nanotube as used in the present invention is a cylinder of rolled up
graphitic sheets. Single-, double- and multi-walled carbon nanotubes are known and can
equally be used in the method of the present invention. The carbon nanotubes may be of any

15 | desired length, such as in the range from about 0.1 nm to about 10 um, such as about 1 nm to
about 5 um or 10 nm to about 1 um. In one embodiment the carbon nanotubes may be at
most 2 um or between about 0.5 um and about 2 um or between about 1 um and about 2 um.
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
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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,
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substituted. Ini certain embodiments, an alkyl comprlses 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. "C|-Cyo 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
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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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15 and/or alkyne(s) or may react with the carbon nanotube. The reaction, i.e. the length of the C-
C chain may be controlled by the amount of alkene(s) and/or alkyne(s) present in the reaction
system. The alkene(s) and/or alkyne(s) may be optionally substituted. The term "optionally
substituted" in this respect refers to a group in which 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.
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nanot-ube devices. In one enbodi nent the al kene(s) and/or allc ne(sé are
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hal ogens Zygn carbonyl or nitro groups. WO 2010/151232PCT/ SG2010/ 000238
9 1004fT?% thod of the present i nvention is for nodifying the electrical

proper tj0es2]of Ty boihgement oDaR. carbdndhdxphig ting cihbs chaagettedBattse tHial t he
differ e\?e;[ctor}aonfoghlélbc%?bovr\lhilacnrz)tl%%)s/. 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



be present in the mxture may react with the radi cal produced by the
radical inititator or may specifically not react with the radical. Thus,
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| evel iganotubes is mixed 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.



not zero. Sem conducting SWNTs refer to carbon nanotubes wth varying band
gaps, wherein the term "band gap" refers to difference in energy between
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met hod according to the present inventjijon. Thus, the nethod of the present
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say, for exanple between 25C and 40C, or between 25C and
average skill in the art.
[0047] In one embodiment of the present invention the mixing is carried out for about 1
to about 60 minutes, such as about 1 to about 30 minutes or about 1 to about 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



25 50C, or between 25C and 60C, between 25C and 70C or between 25C and 80C.
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ot her hgpd ak po I rom ) r qdi spergion and
conpl ete rzah cét?:s.ig}r?? Thgaget e\rl\&cﬁ\gﬁkgﬁ(gm?he slﬁﬁ gglﬁeéﬁs?gﬁ hgé?ﬁgrg’l men'lti\g}I\I

condi t i disspoayletiylanine, @mblarppleinbly Exaaiples ofinbitipnlat hbeoticr slidscge acrtictasl,
person of average skill in the art. 100471l n one enbodi nent of the.present

i nvent i ‘61 PHE ﬁFCQP?]lg Rhenela oy Flghexsnel ¢y an eut? Ot'ﬁugbagwf %’@“}ﬁl?‘?u?gé,m%uch
as @houfiquldst 0 ﬁ@oul,33{ﬂalﬂ%ﬁhﬂkﬁ§olﬁfm@&%ﬂuoﬂobb%t@sboUdndlo 13- BidliSimid@b ligxwanpl e,
the mxing tine may be, but is not limted to, about 1 mn, about 2 mn,
about 3hexaflparaboratssuln spmg gmbadisrentsstha; liguidiisorpobr ipmc ligyisitExamples, ofapout 8

mn, about 9 mn. . 1Q. m A=Y o] e Mgy mn,

about Lf%r‘i lﬁ?wa@%ud(?q%%ﬁdn%’ (r%)u ggeoﬁ@b%h%lgo,’ rrl1a Bﬁﬁ?%hgﬁﬁ%n%éﬁﬁp %grta fn]‘lg(ﬁm about

55 m n, borhite aNahiityl6OmigtHylpydldinio@ndetraffh@doborate, $Bediatkyimidagolbumastrdiiotdbe- | ower

or upper limt of a respective time range. |In enbadi ments where sgni cation

i s usedaifs | orlialkylimidgzeibimdaxatiparebsae ohethples Seathpidazaliym Hsdcradnaiory be

25 AT | &fyi hRYE 3-5URAS- frlefhylifN@lzofhm™M ¥tfalis(Xs BR(EPRodthAphdndnt he

art is aﬁ*éﬁfg&?fi}lodse an@qd’eterr% ne the ap_proprigt’e m'(x_i ng ti.ne}qgl.rlld@)

set t i ngwritastedatomylidmemeoninimiys(eefinydmethgbinide dehylhvie mathy peuddzo bumeiifhero-

enrt Chrrr‘ralgtthar?gsultf(?rﬁlté\:ar bﬁQut?E?—%e%’ﬁismi(azrizo%um " 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-



100481The m xture of the carbon nanotubes and the radical initiator is nmade
by suspendi ng and/or dissolving the conponents in a solvent. Any sol vent
sui t abl e wor080158238pendi ng and/ or di ssol ving t he conpon@aTSGRe10800P3Xt Ur e

t hereof is enconpassed by the present invention. In one enbodi nent, all
components may be dissol ved and t he namotubes may be wel | -di spersed. In one
enbodi nent, dependi ng on the conpounds being present in W

2010/ 151232PCT/ SG20.10/ 238 12 the r.eactio i xt yr ' e i,ci al
Co use COVOUIS nuvraysnadtyDPohoniBh BERrdofert®any et P EHRl qul
can be pfidhMIRE tl@tRMefludbetBNeiIus rdphosihated JUBRYE 3 Imahyldmiddroiuganta-

liquid glsol vent), or a non-polar aprotic, non-polar E)roti c, dipol ar protic,

di pol ar flagrophesphate; tey(persafivoroqthyliteiflugsenheipbateotribeyl (riradecyliphotaheniviyui ds

i ncl udeygn oL -0 . hexa , ] ne, .. one,

to uone™ B A RaP ek hoileRad B AL BUBIRRARG, | ENFRBRIAT PurishiEhee

carbon fduswkthyerifluetophdyptiatef Uibanyl-1dinethyheyrrdlidiniuyd bs{thi@noromethylsulfonyl)

Exampl cOnF: dripeiat ML wR oA Sea BRSSP n] 1o R oREY @ty i

i sobut yi,; : &\ 3. inRGH , 1sobutyl

i sobut yir)lg g?&gﬁhmf neggl lt):lgrli{&é(j?g?é?gﬁgﬁ 3d?lme Llyl fo%ﬁ%ﬁi de, acetonitrile,

N, N- 10[048kt hylftenoetingilweradical indiirtianegjvatae etivation! i this respect means that

1 qui oeErad ek B P LG Derisror BUIIs B EBRolD, b Eeagifty ¥ithhe

di N} hytabsh Ridot@fel dndHu3 k& Al Ohd mo&{ﬁ%tﬁﬂr{gbbéé:s:ﬂ%rdm%tﬁiﬁ} may be carried
anp

N, Ndi i sopr opyl et hyl ami ne, or chl orophenol. E es of non-polar protic

| i qui dsoetrky amemieansawhigh is kpewnpuitthe a|andhshich mraanies suitehlel R eharrspectiye
ani line,_,Two. il | j e es,. ioni 5. Li oui .1

0 al ky FoRARire g ERCCBLF FRORLER i m? Bk Sarteg b, BR Mokt o, thermal

| i umhexhdatingy Kdid irdddéstion| redsw irdtigtinadisorichtdort. he liquid is a polar ionic
l'iquid. Exanples of a polar ioni¢ liquid include, but are not limted to,
1- et hy| [095fkt nY hermadiReding as acbyation msthod gnat Be upedoti §pse dheiepPRAtNG radie i um
tetyaf | Yo t.84iehoArigi kg bRt L havi
173 o RUPR LSt b R Sy U 8 0 AT LU UPRERRIE Rhoj haying any

bi s( pendetfingorabeffad oatthe byqrhlkb squictiona s ystem.- Bogt pekeSaretemperatirdawoll beknown
tetrakis( -hi s(trifluoronethyl phenyl)- borate, tetrabutyl-anmonium
bis(tri H‘ﬁ%?‘SﬁS‘f&VF‘}‘}'m de, ethyl-3-nethylinidazolium

trifl uofopsef hagesitdtioanmhe ensré What Ithe ciMbh ahsiubay? MeidIRo mBEdNs Ly | dighefsed
1-n-butyl-3-nethyl i m dazol i um g[ bm m) octylsulfate, and }

1- n- but §nd saffieieniy reacted7with tha Tee radicalorldvig seicatprahaysalys be psvibledpar
i gy d LF [y ' il . 25
cycrbnelib et Bhferile to R &R el AP Tl THEH AN R Rrfififiiof

t et r achbdrliedmactiasbweredsisiplyl cokerolidd oxarie tidineg loyIsorichwdrn. Shinicaapn apay dther ,
met hyl propyl ketone, nethyl isoanyl ketone, nethyl isobuiyl. ketone,

Cycl ohelAmBheut TebuBappyt | SuLRUE60 By Pk Gy e g s B el o 43
non- pol gy bORlt&ebd S8 10 MiATRA G50 @1 30Pm PO RorRKaipld BUMvEer Audit 90 infif ki @Bout but
are not limted to, 1-ethyl-3-nethylimdazolium .

bi s[ (t r 30 minrlomet kyibpdimdnt nftHeanyaeioh the s@licqtioni thay bg earridéd out at least about

1- 1: 3-.nmethyl i d i i s[(trifluoronmethyl | f.onyl ] am, d
Lr i1 os diibottatest ThORTRL S Pk, Hoht 4 TRt TricHie RBr e ATk AL S about 25
1- hexy 1mgr etdast! dbBhORE R, WieRétebbud 39 ma, QRh&YHbs Ul 400mi, ht Easteabout 45 min,

1- butyl-3-net hyl i m dazolium bis(trifluoronethylsul- WO _
2010/ 15at2empaiyuSoonio/ at0esss8bas SPgni oriatilegst about 60 min. All the afore-mentioned

tri hexy]. t I ' [ : - : - hexyl-3- I
s AYERY o PURRBIREIAND B SR SR ROTB Sons AT

1- but y Im3y etdaptiedi dlit da gehdrally keosed iniceapt Foplerdrtple, such photo initiation occurs
tris(pentafluoroethyl)trifl uorophosphate, trihexyl (tetradecyl)phosphoni um
N'-34 hywhep mdwa,lq\mctpé@%ﬁ%tbmwltgwwpgphwaw.le highy jrpdiation gf the feaghingy (Stet ni um
tris(pe “ipag : j..f 1= - <

pyrrol | e siifed pURPRIHINGG alre) o BERPURERPLGador L ioh InayiBL Wipespary o

i m dazohdtivamethx eddicabinatpr@sphat e, 1- et hyl- 3- et hyl i m dazol i um

bi s(trifluoromethylsul fonyl)imde and 1-n-butyl-3-nmnethylimdazolium



100491After mxing the radical initiator is activated. Activation in this
respect neans that the radical initiator wll formthe necessary radicals

i n order wWo 28toansi23the reaction with the 10 carbon nanot mb@sGasd/ s to
initiate the nodification process. The activation rmay be carried out by any
means which is known in the art and whigch may be suitable for the
respective radical initiator. For exanple, the activation may be carried

out by, n i, t.he i i i iafi X
initiat Eoggilor O%%Arﬂxcmg[‘ﬁgﬂﬁ %'iaéot%ogf%ﬁéedr grr'lglaats tgeag?ﬂairll%ﬂgsswgé F}{\}a |'(§(r§ P F}’é{rﬁ@g lFrr:ly be
used i nisdasentthaet masypegidatien-redditical red&tidndi prodiicerralliasls.aAdiadsatagt o Oredexer gy
t hat can, be easi I?/ provi ded by heating w t hout havi q any detrinental

ef fect Bif1atinR 1pthet that theradica ﬁméiygtewaymécwe%ésgsapék?éﬁﬁse%&r&é@wrw be
known tﬁné@&t%ﬁlhkﬂaﬁﬂeﬁer son. 100511Soni cation may ensure that the carbon
nanot ubes” were honogenously di spersed and sufficiently reacted with the
free radosdll s. shagnbodimatt afteri dctivatyorabhsb chreyip@ssit Whe r¢asti@ beivwath ythe

el evate the tenpg{eaturle, to activate the radi cah}?i Fi tiators. Th? initiation
and t erSAMROOFRES He FOTRINg Rt smRE RS RSty INCBISe 5T 8F pSHReRtant fnflgd of
soni catjefpitared sARE BAth (R ¥uR@nfidit a8 thOptbciPRAWRRT RRA the nBhdtubebiAgiext 60
mn, such as between about mn and about 45 mn or between about 10 mn
and abowhicBbagbaen formededuaing|the precediegiprabedire.20 nin to about 30 min. In one
enbodi of the invention, e _sqm cat i.0 [rie t
about g@ Bé‘”m’ nlfn A ﬁnétg)rsatm%%oout{tgiaj O%lr}lhe? Cﬁqu%e'['a%%tug)g%u ylog’%%nﬂw %?a}sf)leags'
abawt 2PhdMisblatioh mhBabE cabiebloul DyTbik, isadot|18ASdd &) dllfratd, Remtrifigdatibeagd/oabout
35 min, at |east about 40 mn, at |east about 45 mn, at |east about 50
min, atseftbingt Thpeentribgatiommey bgrcarrisdout ataenenljuged oqnditiogs. For example,

af or e- TROLLAR a%ib%a\fl eu(%ﬁiémgut?g&sig InbHfifnitk ‘?o,lé?vl\@drst ouVBHﬁfhu{e's,néttleeﬁi
possi bl e tinme ranges. "Light Trradiration nay be carried out as generally
known iabotihé0 aninutefoat keasngboet 1§ ucihutekodtoleasti dboat 2O mioutesir & 188t vabeut 25

radi cal s, are produced b%/ ul.travi ol et ol; Vi gi ble | I%Plt i rrBadi i on of Ehe
react i JRINGYRSt dhnleastaBou P9 mipptss 2L depstphqut e aRYEsS B ey P'éts%i&“?‘{}%s’ a
congi t g abhChs TukRE, BERASSMNt 150 AtlutdalsR 4theast 3aMbe@ks iminhiedt B one VO
2010/ 151232PCT/ SG2010/ 000238 14 [0052] Redox initiation may be carried out
as genesmehiddymentshmcentrifugaticn is carrigd oak tovg| wur, The eenitifuggiiontsagednmay be, but

oxi dat i.Qn- Uct i on.reacti.on e i . .

i 1 st O TONER AL MPREC] KE ol 2456 sbBHATKE ordibr Bt AR Sl S
rates oifrusing/ geertl ditter angms,Obudheapebatenadple a| POISRBirhflucoethelkho APTER) ,
after activation and carryi ng out e reaction between the conponents, the

resul t irﬁamh’ia??,uF‘gapﬂﬁy’“ﬁéldﬁ?'é%@ﬁfm‘il‘?twQPNPFf) OFRITBFaNg ST, 3BPYHSE SAMMERYY chised

e e S e B P L R e e e o o ure,

[ 0054] | particudatesizoidé tretie toktotrhef arbiquifliand foem lacsedimaenot Inbes emsbodopentarfahe y be

I sol at epdr'esent 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.



10 The isolation may be carried out by, but is not limted to, filtration,
centrifugation and/or settling. The centrifugation may be carried out with
gener al | ywogeo/ism3di ti ons. For exanple, the centrifugat Pom/SGaygiome2ssarri ed
out, but is not limted to, at |east about 5 mnutes, at |east about 10

m nutes, at |east about 15 m nutes, atjsl east about 20 m nutes, at |east
about 25 mnutes, at |east about 30 m nutes, at |east about 35 m nutes, at
| east a 40 nut 15 | east_ about 45 .m €s, i |l eas bout .50
m nut es Rﬁ%ﬁl at Tﬁ%earg1 tﬁ(z%o%att thfS Ph S%'ﬁ[t gyentiop oeﬂgblg%gg%i'ﬁ%dnlﬁ E?th@ 8%&6}?? ﬁ%aéat ion
i's carrpPe®idé of Warbbnh@ahotubtheDegdidingf bgahé eadicdeiaiiat@yuded, inbtht ihsentiot
limted to, about 10 Kg, about 20 Kg, about 30 Kg or_nore. Filtration may
be car r Prgessudifigeanh garhem aangtuligs masy bomadiied sThys, Bodffigatian gfhiequsgd radical
pol yt et 1 af . SRV i =di - ride
(o) L REPLICERE aldbl HOmERADAERG B, korfh b difle Mickie” | C2a for
filtyat[(@57pur PhsemgleSeallddi cagbors nhivduly of dSinbyntithi mAy pdvot be ukal es fiskitt | e

to the bottomof a liqujid.and for sedinent, In one odi nent of the
by esont Sy ANTRF (R oBEieH I hE R BB P, e ShaiaBe Hes BB o
days angl aBeuE" ddvefkia Mﬁ&e@%g%%ﬁﬁ%d@&% chhnf@Y 1A valith] WS Kide OF

bet ween about 2 days and about weeks. | n one enbodi ment the standing tine
i s at |dmeneldbmade df §ayin the FE€adtthaprssknt nvgayien thetchagiel lieegplacadbyta s8mdays,

at | east. abou days, at | east ou days,..at Jl.east.apout 6 days,. . at
east - aBE Wlgd beg; nibie Sisa e o, BV nyh, LIETFE AR GeRYR ' o
| eap) ap@ithl itedksodified cAfBEn AhRStEbeIRITLhOPRSENt InVentSRERd Vil stidin. O raTRYof at
constitute the |lower or upper limt of ﬂg;§|ble time ranges. [0055]1n one

enbodi nisast abhet FQOs shel ayatnisastfabedt Hthat Ingstsabeue 10G03t deaghiabo Bdatwfeash 30an
organi c ' Y Y, ) ‘ Li.aned
above. iUt of HORl 3R SPEb. EDmdTRo B AR KM EBLPAR R
2010/ 15(b2 IBRETVOBE2 860t Q00 Do kb 300N 26Tt 00 hbad 50001 st up 668@& dboun Ve, i on
enabl es the nodificatign of electrjcal properties of carhgn napotub

bepend #tpobA0hebpalos: o S abeit daBhh bmet HapBneteps | apost abes B0 er en
carpon ARt PRBOEYoREnBRiheR dthe FHS1s FRFHAERith e Khivifad s Afc cadbgal
initiator may be used to adapt the nodification as suitable for the

r espect nanetubanadipppress thOPSpartithef gictedlie cathdn oanatvbdsowhrchirresulisendfighene

i nventio .al e .used as.field-effect transistor (FET). | C , the
et ot rote fodifhd B dButeuimanabar Tufhel m iy AABE PaRPh o o bisgSy The PETY

"drai n" omenee G tRY ndbdsRdl eaBeh GlanbGibe dNNAE -inYdhtioA MeNtfiinapplitadocas, the
channel is made of Si. In the FET of the present invention the channel is

r epl acewagpelgctsames mgintablgelestiovisy Kenshnasnskulse rEpdest gleagonies): 3ed j figxae i on.
ThQ?EEngﬁxhﬁﬁ based on the 10 radical initiator-nodified carbon nanotubes
of e present invention have an on-off ratio of at |east about 100, such
as at | p#s8] abbhe c&rbiy naiotleagiccebosuich hO®WHTs In@difieda bawtdibg 06 theaprebamhist
about 10000, or at |east. about 15000. Exan’g{)es of on-.off rations include,
but ar eMHERIN; Y ¢ Ps5d Wpedstitiamde theygbrie Bosryeral maRticalings, IpoRmPiDE,
about  500QrondPQIHp AR ExBRBIS of ¢koher ABAIatiSRO0E capbithand@ids iiRtel HiCREO,
about 11000, about 12000, about 13000, about 14000 15 or about 15000. In
one enbudi Hemted tohecanddttevel sndubighetrengthv némotihs/podyreratcethprsites) | datalysts; bon

na ube, and s ress the properti of talli car bon,.nanot uhes, .whi ch
oo ¢ SrimsBeten PRETRS  fesort] B8 ForpEteBomEbRcal foGh ARHER IRt o L e
reacti opditibh sQet&al SemitbRiuchols debicad niad genéral t (¥es. MaElinéik@Es, C 3¢ Odbove),
nanot ubes of the invention may find application i n macroel ectronics,

pri nt abblragdpaeitaraar weer¢annedtsas ink jet printed el ectronics), and flexible

20el ect hiCS. 0%§§| - | [ ; a ifLed
accordi L"gg?]g tEll;ee pr est-eEn lﬁ‘?ls\rt/%ﬁ? ?lgﬁ&%é‘pegeﬁﬁggldﬁ}ax S}%P i g%%t\(%gﬁt%ﬁe ab%%/e in
sever al apdel cAbnp REemdnOroreslamnmits, Hmitation or limitations, not specifically disclosed

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



el ectroni c conponent. Exanples of further applications of carbon nanotubes
i nclude, but are not limted to, conductive and hi gh-strength

nanot ube/Wwol29rersizsonposi t es, catal ysts, 25 transparent eCesSGRoEN80238ensor s
and nanoel ectronmechani cal devices, additives for batteries, radiation
sources, sem conductor devices in genggal (e.g. transistors, see above),

ul tracapacitors or interconnects. [0059] The invention illustratively
d b t ab : af t
el ement 8. BREO L e 4l Rbrd iR SFLHRL T RRuARSRISEUR felPes SHETRCT "

Thus, faid desatRder poftors @hdreof, banipis &b@@lzed"thmarmdhmgibdxﬁoamsﬁsaara |pags'ible etc.
shal I be read expansively and without limtation. Additi on E]P quSt erns
q

and expVihisithe sceneppioie dnyrakian laimed Hansn ituhenldabe P‘éqeﬁséo‘lﬁ fi and
not of Felal

20101 151555bat Bl 36 §565 5o PRLERNLOTprdisy pmbodiments and optional o
exclsudi fegtusesy medificaddreaidsvarfativhef fleamuereons remhndlad thaleis dlretdimdisolpsgbm'ay ons

t hereof, but i cog at var S . no i ans ar 0SSi

w thi n bneerehe B R hibehn Bk it Tl Moo Ab e b0
that al ffoiefath6e RiBIFMRE sb(fﬁé‘%ﬁttl'ng"ihdéﬁﬁmpeen specr fically disclosed by
preferred enbodi nents and optional 5 features, nodification and variation

of the [086@int |Blmuezr¢bbm &ds bhesr deseribed diroadly o czsoeriendly hrseineEeeh od the by

t hose skilled in.t and that. su a re
cone: dehEe e spikity onf e Bl HREb R TR Ml B BER B Ot b B o

has| gbeepurdefe ikedtidn. oaml ncrides gﬁrg%heﬁcahésxmﬁedxﬁ@me machtiof withe praviserser
speci es and subgeneric groupings falling within the generic_disclosure also

f or m 10nggatiYe bmitatien fempaing 2y, suliersmetien %fmzéhq grugSRBpH estRwhethen mobt t he
i nvent i @0 MLy RaREQv cﬂfcaP?&%ﬁtk%ﬁeljem tation renoving any subject matter

fromthe genus, regard ess 0 or not the excised material is
speci fi@ablly rediet esibbdiments.ar¢ GbinlGe Heloveinp @thime and nam%ammmgwxam}ﬂes In

foll | d -limt I ddi t f eat
o Lo ity e TS o7 stpebis el dednrabieg e ernd G rimanaliikishAmas " ©°

15thosehgdd el ihhé Be valltreMghlze tRAQAOIRRNENAL AddSthbRYEAbiPBed $n RSO of
t hereby described in ternms of any individual nenber or” subgroup of nenbers

of t he airikdizidugh memberrxXPERIVENTAmedBErF|lobithe Markush group.

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.



20100621Material s 100631 Benzoyl peroxide (BPO and di nethyl formam de (DVF)
were obtained from Al drich and used as purchased. The purified single

wal | ed cawbemoam3szubes used in the experinents (SVWeNT(PLESGEGI0t000R38) wer e
pur chased from Sout hWest Nanot echnol ogi es (USA) and they were directly used
Wi thout further purifications. The pregparation of the 25 SWNT suspensi ons
for FET device fabrication conprises of surface nodification of SWNTs with
BPO in %maggg,centri fugation to obtain the supernatants. According to the
data sh e manufacturer, SWeNT(r)SG 65 carbon nanotubes have the
followi ng typical properties: tube dianeter (0.8 0.1 nn), high aspect

ratio (Rréfdrhtionafeanbew nhrotubles MModihiyd weitly BPO >50% of tubes are (6,5)
chirality, >90% of tubes are 30sem conductl ng.

2010/ 15 CT..SG2010/.000238 17 Pr i on qf carbon_nanot ubes
odi eﬂmﬁf’ B OO BFOUNS Y g dallo ey b aﬁg%@% Bih disperedan Al B
SWNTs wgs pUIERENIRY i8 utadni@hioRMor %@' Hid. Ofhe” LRrddbh iSO veRt infle thitedO

m n. The ultrasonication was inplenmented 5 by inmersing an ultrasonic

probe (Bomnoerdnganerirasoni¢ probe (Bodéads: &\IdxtetdB) IncntModéle VEIKT 39plintpitba i n

addea 1 5VA0T bR g amtiEn v Bile pemat bR Ao SR PeRgerki e Torbeiea by

30 m n BPO RePHddAlto0ID mif § Bsbtamel ISR a@?mswh BPfont t@n;sdﬂstme@srbn@wws
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schematically seen in Figure 1. Figure 2a presents the optical absorption
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15 for FET device fabrication.

[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



20 (DWF) solution. In this connect, it is noted that the SWNT8SG 65 carbon
nano tubes are prepared by the CoMdCat(r) nethod (a detail ed expl anati on of
t he CoMoGaiD(2n)0/15et3hod can be found on PCT/SG2010/000238
http://ww. si gmaal dri ch. coml materi al s-sci ence/ nanomat eri al s/ conocat - car bonn
anotubes. htm ). [0066] Table 1. Charactgyistics of species present in
CoMbCat (r) SWNTs. The dianeter is 25cal cul ated based on the optim zed
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al so pl r ol 5 PRE 8§ 0 nan e V\NT
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on a botops) ﬁmpammeme@ﬁwﬂﬂ@m §¥octivhie Whlﬁ@nﬂfﬁll’id‘tluﬁks @by Mo plagtonsles
(as Au- SWNT contact) were patterned on top of Si02/Si substrates using

standard |ithography techniques. The gate dielectrics Si02 is 300 nmthick.
The 20 geonetry of the investigated devices is 50 gmin channel |ength and

25 H’I cpg anthqu)ttf}lar jols ntdngtuq)regqmcﬁsst procedure, 25 !'lL of SWNT suspensi on

was dropp evices, ftollowed by drying at roomtenperature and
rinsing of de-ionized water. The procedure was repeated until the BPO
fincti ofel67y ed TERANSWHENFETs (SNRETH) mwg"abtﬁ@téd)rbm dropecastihgt therotpatkdor t o

t he desj current level, 25 10068 confocal e ( ec
CRNR00) S BENT SRR O bt ALt G BB r B L (DL A7
Opti cal cRBFOIRL [ RNATBRAFNTEUBRtasH) WRER PRIJREIRE fop &f BeDKEN sibsiRited-asthga 9
UV-Vis-Nir spectroneter. All electrical
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



measurenents were carried out in anbient using a Kiethley sem conduct or
paranet er anal yzer, nodel 4200-SCS. Atom c force m croscopy (AFM
measur enewo 20mg15¢xer i ed 30 out using an Asyl um Resear chPRERGIQ0gY&BEM t O

i mage the SWNTs. The scanning WD 2010/ 151232PCT/ S&010/ 000238 19 el ectron
m croscope (SEM image was taken usingga Htachi Utra-high-Resolution
S4800 scanning el ectron m croscope. Transm ssion el ectron m croscope (TEM

d b FEI_Phi)dns. T i 20 Fl ect. . X .
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ESCA Ladg(d2Qhnnthgi Mt F o Mitrosdd pEhBF A indsicrré 1k &tito @ Rlcos &p¢STIEM) 4a9@8Ad 0

confirmthe effective and %eferent i al suppression of nmetallic tubes in the
CoMbCatly SWFEleRkidiph|Teecn®ai@ Elepeat Micutscope PrRan phatoglsatrepepagEiscPry

t ubes compared_ (Fig. Y . 0 d ] | tudi nal G bands
fromne alﬁ)iaélg}s)yﬁésc\?/%s'(su%et% /%gkfi I%‘ifﬁt\@?ﬁ 9‘3@?@% Iégggg%lt'git'g?ﬂ% I'fication,

i ndicating the preferential suppression of netallic-species. Meanwhile, the
D bands of SWNTs were enhanced after nodification due to destruction of
graphitic lattice (cf. M S Strano, C. A Dyke, M L. Usrey, P. W Barone,
M J. Afhayactenizatipn apd PisqussigPttrel |, R H. Hauge, J. M Tour, R E

Smal | ey, I e 9: 11522 . sku,
Ve 2] a Ty .°g€>ﬁ";"§ e RE oge,rmlt’f?,su%ggzgﬁo%ggg;m\ééa)lMH.t “%gqﬁiﬁg, P

Rever dyCoMoCh® Ria¥hshesmbtde;, Ramarl speiteaa gf treeprisGheand BBGrmodifiod ,tuté:szwez&)
e o ardaietl, et ong il RSN D Ul sl
si npl e dran- GAStI&e RBERA AR dmeliBieAtidnC ahd ataipafiRCpRIdréfih shppréssfoBBf Shows
the transfer curve (drain current Id versus gate voltage Vg) of a typical
t r ansi smefallic-species. Meanwhile, the D bands of SWNTs were enhanced after modification due
to destruction of graphitic lattice (cf. M. S Strano, C. A. Dyke, M. L. Usrey, P. W. Barone,
M. J. Allen, H. W. Shan, C. Kittrell, R. H. Hauge, J. M. Tour, R. E. Smalley, Science 2003,
301, 1519-1522; b) D. McIntosh, V. N. Khabashesku, E. V. Barrera, J. Phys. Chem. C
15 2007, 111, 1592-1600; c¢) H. Q. Peng, P. Reverdy, V. N. Khabashesku, J. L. Margrave,
Chem. Comm. 2003, 362-363) induced by sidewall functionalizations.
[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 eiectrical

characterization further supported our conclusion that the metallic species were electrically



20 device. The effective hole nobility of this device is around 1.7 cnNs
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30 gXCN 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,
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re-di spg¥ampleiZs 5 2 wt % of co-surfactants which consists of sodi um dodecyl

sul f at e?glg‘%ltlﬁ'ﬂq £ 39A S RLBLE nfbdfidd fvit&lcN wei ght ratio= 1:4). It is
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conpat i [0074]t y ©NTtprevdeed (8i ma veare dispersed de §0mbt orgemic selutiabs (ighiasPMEdcess.

20SDS/ SC. ¢ crant tio g:rN pne of ns n of
car bon "ﬁ%@} Cig? 1?689& ré]le tg %Se s'%cr}meglttﬂé?ltgegg ngaf)lon ﬁ?%c@h;gused
t o tioabrtategult ﬁﬁgﬁbﬁ b@éctiayiif abe bﬁ(bs@?@d?rt GadtibAJ0.05 mLNKf fadicaPinitidtbNACN
t echni que. 10/.151232PCT/ SG2010/ 000238 22
solution (10 mg/mL in DMF) was added into the solution, followed by dissociation of the
initiators using mild sonication (30min). The radical reaction is performed in ambient
condition (room temperature). After modification with ACN, the suspension was filtered
" through a 0.25 pm PTFE membrane, followed by repeated washing with DMF and acetone to
15  remove the residuals. Then the powders collected from PTFE membrane were re-dispersed in
a 2 wt % of co-surfactants which consists of sodium dodecyl sulfate (SDS) and sodium
cholate hydrate (SC) (weight ratio= 1:4). It is noted that the powders recovered from the
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.



Clainms: 1. A method of nodifying the electrical properties of carbon

nanot ubes by subjecting a conposition of carbon nanotubes to one or nore
radi cal iwotoswBi3g). 2. The method of claim 1, wherei nPeEiS&R0i0®0EPRCi es of
carbon nanot ubes are suppressed. 3. The nethod of any one of the preceding
clainms, wherein the carbon nanotubes 3he single-walled carbon nanotubes. 4.
The nmethod of claim 3, wherein nodification of electronic properties allows
to suppress the electronic properties of net-single-walled carbon nanotubes
over seéﬁ%ﬁﬁ@lemalled car bon nanot ubes. 155. The nethod of any of clains 2
to 4, wherein the nmethod is to suppress single-walled carbon nanot ubes over
mul ti-walled carbon nanot ubes. 6. The nmethod of claim1, wherein the

radi cal 1.i ni Airaetbed p§ modifyingethe felastnicah prapeBiep of sagiost nangtubes by gubiiceting a
peroxi des, inorgani¢c initiators, azo unds., . en-cont ai ni ng 20
corrpoun?féﬂpé)ﬁﬁ'o %xfﬁri’gg nf”ﬁoé?ﬂéegfm b?? Oﬁlﬁé%m%#%dﬁ fg’rapog{sgi?m 6, wherei ngt he

organi c peroxides are selected fromthe group consisting of nethyl ethyl
ket one peroxi de, benzoyl peroxide, acetone peroxide, pinane hydroperoxide,
cumene hydrbsanetkpdief claian { - whergin metallis speciss f capbppmpiotubesiarg sinpressed. 25
anyl per oxy) cycl ohexane,

1,1-bis(tert-butyl peroxy)-3,3,5-trinethylcycl ohexane, 1,1

- bi s(t 3.t burhd methodygfcymsl ohexbitle, pecdlihg sldims,t wherein ther axhorbnsratehes are
2,4-pentaqe%%ﬁn Eroxide, 2,5- bis(tert-butyl peroxy)-2, 5-di net hyl hexane,
2, 5-di (g F@F%'?%Q9W¥%?§=dinethy1-3-hexyne, 2- but anone per oxi de,

di -teert-anyl peroxide, tert-butyl peroxy octoate, tert-butyl peroxy
neodecanoate, tert-butyl peroxy isobutarate, dicunyl peroxide, |auroyl

per oxi dé, tBret meB@uinpf pdaiox, prheatint modifisationh i y¢leasromiey ppepediast allows to

tert-butyl peroxyacetate, tert-hutyl .peroxybenzoate, tert-butyl per.ox
2 ot y | HERR U HHEE: Einpeion o el v SAY08 JWeh anbibts BUboSAELREK-
2010/ 154 28ARGTHon@2Ad1HE00238 23 8. The net hod of claim 6, wherein the

inorganic initiators are selected fromthe group consisting of hydrogen
per oxi de, ammoni um persul fate, hydroxynet hanesul fm c acid nonosodi um sal t

di hydrag e, POt ASHLDERG] DY cdRhE 2 SO BAE R el @7 stptbd Gpid Daneef

carbon nanotubes over multi-walled carbon nanotubes.

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.



59. The method of claim®6, wherein the azo-conpounds are selected fromthe
group consi sti ngof azobenzene, di et hyl di azene, azobi si sobutyronitrile, 1,1 '-
azobi s( cywoaowelsodsexane) (ACN), 2, 2' -azobi s(2- et hyl pr opCcoseniidioness

di hydrochl ori de ,

2,2' -azobis(2-nmethyl propionitrile), 4, 43 azobls(4 cyanoval ericacid), 4,4' -azo
bis(4 cyanovalerlc acid), 2, 2'-azob|s(2 butanenitrile),

4,4 - bIS ig acid),1,1- 10 bi | oh |
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zziz gbﬂ s( Qbrm”(rl;e/ Imdthddl ot chiim( by dihepeyrirelid ukg-c@mpyetide xare tsaieciedr fpmothengidap
'-azobi s(2-
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whor e nYHEVHEH | FERL] ofr - GoBHT PRATBLITE N the P BSeHEB BPRonaBF b s

al | genefRbisedy c%@xﬂecﬁ%rﬁtrﬂé)kYﬁﬁ@ﬁ)bu%rlai@)&téyaﬁ%r%?ﬁ{ee(Dc 2'-azoBid[2-thB@yRt hod

of claim1ll, "wherein the al Kene is s€lected from roup con5|st|n of
25et hengfl, )W(bp@ny}'metbult)éﬁlwdro&yemybmm@rwﬂe pent enyl2.2'tragkigh2-methyl-N-

4- et hy X 4- et.h en r e 13.
The. mot B e BTET IR o &r HOD ROV Ry &N R I S
consi st a28ispf-agidiydprbpanBy @ohtide, b212Yarpbis@n'-dimdthyleseiddbatyemhiday) 5VIR'-
2010/ 151232PCT/ SG2010/ 000238 ) . )
. azobis(2-methyl-N-[1,1-bis(hydroxymethyl)-2-hydroxyethyl]propionamide),  2,2'-azobis(2-
15  methyl-N-[1,1-bis(hydroxymethyl)ethyl]propionamide), 2,2'-azobis[2-methyl-N-(2-

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.



24 15. The method of any of the preceding clains, wherein the nethod
conprises: mxing the conposition of carbon nanotubes with a radical

i ni tiat orworrosmsea3gani ¢ sol vent or a m xture of organi c PEDISGROMH0E238 f or m a
m xture, Sactivating the radical initiator; and and optionally isolating
the nodified carbon nanotubes. 16. Thg nmethod of claim 15, wherein m xing
t he conposition of carbon nanotubes is carried out by sonicating or
stirring or shaking the mxture. 10 17. The nethod of any of the preceding
clainms, wherein the radical initiators are activated by thermal heating,
light ifg adn?etmamodbedl%ﬁtﬂebfe@édl@@c@nﬂé WhebR tHeahétBdd corprisedhe met hod of
any of clains 15 to wherein the organic solvent is selected fromthe 15
group consi sti ryixaig ﬁ@ﬁQWOSlhe@@é%bOmyQﬂO@mawél a padicab itiateiHin g ganic

pyri di ne, dICh|O oneth n rachl oride, carbon
di sul fide, t% Oﬁ?mfuﬁ}lgeno Orgagnicasr?e e”}qs ﬂ‘qﬁ é‘%%ﬁlr@ di i sopropyl et her,

et hyl ene gl ycolacﬁomg{gxhykadedamﬁﬁt,latmetahw et hyI ket one, net hyl |sobutyl
ket one, acetone, cyclohexanone, ethyl acetate, isobutyl isobutyrate,

ethyl ene gl ytolandiopsienalbyeiso aﬁmaetthﬁwor%ﬁww nageBdshi trile, N, N-di met hyl
acet am de, 20ni tronet hane, acetonitrile, N nethylpyrrolidone,

di met hyl sul f oxi de water, nethanol, ethanol, butyl alcohol and. formc acid.
19. Theld’retﬁmjmfhoanyf ofaim| Ef, nmhel&ntmixlﬁg thdh eompositidre oif atteni manokwbesasr i ed

out by filt t|on centrifugation. and/ settllng 25 20. The nmet hod of
any of @& 5 sppicatng fshFrdE P AP G PBY®s carried at room
t enfper at ure. 21. The nmethod of any one of clainms 15 to 20, wherein the

i sol ated carbon nanot ubes are 30washed with an organic solvent. WO
2010/ 1512 37HeTheBtad vdA000P 88 preceding claims, wherein the radical initiators are activated

by thermal heating, light irradiation, redox initiation and/or sonication.

18. The method of any of claims 15 to 17, wherein the organic solvent is selected from the
15 ‘group consisting of hexane, heptane, cyclohexane, benzene, toluene, pyridine,
dichloromethane, chloroform, carbon tetrachloride, carbon disulfide, tetrahydrofuran,
dioxane, diethyl ether, diisopropylether, ethylene glycol monobutyl ether, methyl ethyl
ketone, methyl isobutyl 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.



25 23. Use of the nodified carbon nanotubes obtain by the nethod of any of
clainms 1 to 21 in conductive and high-strength nanotube/ pol ynmer conposites,
cat al yst swotznamispseent el ectrodes, sensors and nanoel ecPCoOSSCHANDE3S
devices, additives for batteries, radiation sources, 5sem conductor devices
(e.g. transistors), ultracapacitors onsi nterconnects.

23.  Use of the modified carbon nanotubes obtain by the method of any of claims 1 to 21 in
conductive and high-strength nanotube/polymer composites, catalysts, transparent electrodes,
sensors and nanoelectromechanical devices, additives for batteries, radiation sources,

5  semiconductor devices (e.g. transistors), ultracapacitors or interconnects.



